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Preface 

At the request of the US Environmental Protection Agency 
{EPA) , the National Academy of Sciences hosted a US-USSR bi
lateral symposium December 10..13, 1986, in Washington, D.C. 
on the topic "Comprehensive Analysis of the Environment." The 
meeting was fifth in a series of symposia on this topic and was 
part of an ongoing project within the framework of the intergov
ernmental Agreement on Cooperation in the Field of Environmen
tal Protection between EPA and the USSR State Committee for 
Hydrometeorology and Control of the Natural Environment (Hy
dromet) . Lee M. Thomas, Administrator of EPA, and Yuriy A. 
Izrael, Chairman of Hydromet, who serve as co-chairmen of the 
Joint Committee which oversees this agreement, also served as 
co-chairmen for the Symposium. A complete list of participants 
appears in Appendix 1. 

The Symposium's goal was to help clarify the various fac
tors which influence the quality of the environment, including the 
impact of pollutants on the ecosystem and human health, the in
fluence of human activity on the biosphere, and the scientific basis 
for determining ecological resilience. A general session addressed 
approaches and basic concepts, while technical sessions covered 
such topics as monitoring approaches and technology, regional
scale case studies, management applications, and global monitor
ing strategies. Future directions for joint research were discussed 

· at the closing session. A brief overview of the technical sessions 
introduces and provides a cont ext for the papers presented at 

iii 
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the Symposium. The official protocol of the meeting appears in 
Appendix 2. 

Interpretation services provided by Natalie Latter, George 
Markov, and Dwight Roesch during the Symposium are gratefully 
acknowledged, with particular thanks to Mr. Roesch for his assis
tance in translating the Soviet presentations for this publication. 
Financial support from EPA and the John D. and Catherine T. 
MacArthur Foundation is also acknowledged and appreciated. 

The views expressed in the individual presentations which 
follow are those of the authors, and do not represent the views of 
any official organization or agency. 
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Overview of Technical Sessions 

GLENN E. SCHWEITZER 
National Academy of Sciences 

The Fifth US-USSR Symposium on Comprehensive Analysis 
of the Environment was intended to contribute to an understand
ing of the influence of human activities on the biosphere and, 
more specifically, of the impact of pollutants on ecosystems and 
on human health, thereby improving the scientific and technical 
basis for developing a broadly-based strategy for monitoring and 
managing the environment. 

The Symposium was held against a background of extensive 
international, bilateral, and national discussions and program ac
tivities directed to very similar topics. On the international scene, 
UNEP, WMO, UNESCO, FAO, SCOPE, and ICSU are among the 
many organizations which have been very active in these fields 
over the years. Indeed, one of the challenges facing participants 
at the Symposium was to draw on these past efforts in framing 
future global approaches. With regard to bilateral activities, the 
Symposium provided a forum for bringing together results of many 
past and current US-USSR joint activities, thereby adding greater 
coherence to individual projects. As to national activities, both 
the US and the USSR have initiated a number of efforts in recent 
years to broaden perspectives concerning long-term effects of hu
man activities on the environment. A comparison of approaches 
undertaken by the two world leaders in environmental sciences was 
therefore seen as particularly timely. 

1 
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MONITOJUNG APPB.OACBES AND TECHNOLOGY 

During the first technical 8888ion of the Symposium, a number 
of relatively new monitoring systems were discuaed. In each case, 
the techniques were directed toward monitoring large areas; for 
example, in the case of anowpack monitoring, the area of interest 
encompaaed most of the USSR. Similarly, in the case of moni
toring lakes susceptible to acidification, large areas of the United 
States were of interest. Considerable attention was also devoted 
to the monitoring of areas which are not easily acceaaible. The use 
of helicopters, airplanes, and even horses for data collection was 
diacu88ed. 

Emphasis was placed on operational monitoring systems, but 
in each case a considerable degree of experimentation and adap
tive research was involved. The importance of refinements of the 
original designs of the monitoring networks was highlighted. The 
spacing of sampling stations, the frequency of sampling, and the 
size of the region of interest (such as the area selected around Lake 
Baikal) were all seen as elements of crucial importance. Several 
advanced laser monitoring technologies were also discuaed. 

Interpretation of monitoring data is not always straightfor
ward. Sometimes the data are moat useful as inputs to models . 
On other occasions the monitoring data are used alone in drawing 
concentration iaopletha, which in tum may be related to sources. 

Unfortunately, time did not permit a discU88ion of Soviet and 
American methods for chemical analysis, nor were details of qual
ity &88urance programs, and particularly the statistical aspects of 
such programs, considered. However, there was general recogni
tion of the importance of the quality of monitoring data that are 
collected in different countries. 

REGIONAL-SCALE CASE STUDIES 

The second technical 8888ion considered several types of ac
tivities, with an emphasis on monitoring activities conducted over 
vast areas. Many of the concepts discuaed, including sampling 
design and use of advanced monitoring technologies, were closely 
related to diacu88ions during the first aeaaion. 

Preliminary reports were presented on the 1984 joint US
USSR expedition in the Bering Sea. Concem was expreaed over 
the levels of contamination encountered in areas of the world 'a 
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oceana which had been previously considered relatively pristine. 
There was a clear consensus that this joint activity was an out
standing example of true collaboration and that future cooperation 
should build on such past aucceaaea . Continued monitoring of the 
Bering Sea was seen as particularly important since it could serve 
as a baseline area in monitoring the overall condition of the world's 
oceana. 

The use of biological monitors along the US coast was re
viewed, and the importance of continuing such efforts to provide 
trend information on the condition of coastal areas was empha
sized. 

The use of large models to help determine the dispersion of 
. air pollutants received considerable attention. Comparisons of 
modeling and monitoring results were seen as important in the 
continuing effort to improve air dispersion models. The difficulty 
in relating climatic changes to resource impacts on a regional basis 
was underscored. 

MANAGEMENT APPLICATIONS 

The third technical session considered how policy makers in 
the United States and in the USSR can moat effectively use sci
entific results in controlling discharges of pollutants into the envi
ronment. A very difficult aspect of determining control strategies 
is predicting the impact of controls and, still further, accurately 
assessing this impact once the controls are in place. There is great 
interest in both countries in relating monitoring measurements in 
urban areas to specific pollution sources. However, this task is 
often difficult in view of the many sources that may be discharging 
similar pollutants as they move through the environment. 

During a lively discuasion of ecological risk assessment, the 
role of the scientist throughout the decision-making proceas was 
debated . The view was expressed that there are no good mea
sures of ecological damage and that the impact of pollutants is 
often addressed too narrowly. There is a need to ensure that risk 
assessments are placed in the broadest poasible context, taking 
into consideration long-term changes which result from impacts 
on biological species from the lowest to the highest order. Scien
tists provide a unique perspective on such long-term effects which 
cannot be ignored in management decisions. 
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The ecological importance of soil resources and the suscepti
bility of soil to anthropogenic impacts are often underestimated . 

Change in the soil covering of the earth is usually a slow process; 
and discerning such change, though often very difficult, is of criti
cal importance. Three different types of soil monitoring should be 
considered: global, regional, and impact monitoring. A good start 
has been made internationally in preparing maps on the types and 
distribution of soils, and consideration should now be given to the 
development of soil preservation mapping, perhaps beginning with 
determination of alkalinity and acidity conditions. 

Finally, the debate over the control of acid rain in the United 
States was seen as a good example of the difficulty in making 
enviromental management decisions with very large financial im
plications when there is great scientific uncertainty regarding the 
extent of near-term and long-term impacts of pollution. 

GLOBAL MONITOJUNG STRATEGIES 

The wide variety of papers presented in the fourth and fi
nal technical session underscored the wide range of efforts in the 
United States and the USSR to improve understanding of anthro
pogenic impacts on a global scale. Several papers addressed the 
conceptual problems in assessing and predicting climatic impacts 
of discharges into the environment of sulphur dioxide, carbon 
dioxide, and nitrogen compounds. The effects of discharges of 
chlorofluorocarbons on the ozone layer continue to be of great 
concern. Studies have been initiated to predict the effect of cli
matic changes on agricultural, forest, and coastal resources, and 
on human health. Also of concern is the continued heavy reliance 
throughout the world on pesticides and the lack of adequate at
tention paid to the drift of pesticides away from targeted areas 
during application from aircraft. 

Other papers presented the results of specific monitoring pro
grams. Coordinated Soviet and American measurements of chlo
rofluorocarbon and carbon dioxide levels from ship-based and 
land-based stations showed excellent agreement. The importance 
of standardized monitoring protocols has been demonstrated in 
these activities. Soviet programs for monitoring microbial reduc
tion of sulphur compounds in bottom sediments were also dis
cussed. 

Finally, the development of integrated background monitoring 
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stations in the United States and Chile as a step toward develop
ment of a worldwide network of such stations was described. Initial 
plans were outlined for a monitoring system for the International 
Geoephere Biosphere Program (IGBP) currently being developed 
under the auspices of ICSU. These presentations sparked a spir
ited debate on the concept of global monitoring, and particularly 
the need to integrate land-based and sea-based monitoring activ
ities. The importance of building upon and not duplicating past 
international efforts was emphasized. There was some uncertainty 
as to how monitoring efforts under IGBP would differ from the 
current activities of WMO and existing national systems. 

In conclusion, the concept of ecological risk assessment was 
seen as quite complex. In the past, efforts toward solving im
mediate localized pollution problems may have diverted attention 
from the issue of how human activity is changing ecosystems on 
a broader scale. Technology has provided us with many tools 
for monitoring environmental changes. Now the challenge is to 
effectively utilize this technology to monitor the most critical in
dicators of changes which significantly impact on the biosphere. 
Given the limited resources available for this enormous task, ef
fective international pooling of resources is not only desirable, but 
essential. 
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Long-Term Monitoring of Acidification 
Trends in Lakes: 

A Regional Perspective 

RICK A.  LINTHURST 
US Environmental Protection Agency 

KENT THORNTON 
FTN & Associates 

PENELOPE KELLAR 
Kilkelly Environmental Associates 

DIXON LANDERS 
US Environmental Protection Agency 

Likens (1983) noted that establishing long-term, high quality 
monitoring programs may represent the highest priority in envi
ronmental research.· Well conceived and well designed long-term 
monitoring maximizes the likelihood of detecting and understand
ing subtle environmental changes in ecosystems. 

There may be no clearer example of the benefits of historical 
monitoring records than those associated with acidic deposition 
and its effects, particularly those relating to changes in the chem
ical quality of surface waters. At the same time, however, the 
acidic deposition experience in North America also has revealed 
many limitations in using historical data bases to detect trends in 
surface water acidification. Recognition of these limitations can 
be used to design more effective long-term monitoring programs 
in the future. 

Changes in the acidity of surface waters in North America have 
been reviewed by Church (1984) and most recently by Kramer 
et al. (1986) . The conclusion in both of these reviews-and in 
the numerous research articles which provided the basis for the 
reviews-is basically the same: some surface waters in the United 

6 
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States, most notably those in the northeast, have lost acid neutral
izing capacity within the put 50 years. However, even ignoring 
the obvious questions related to the mechanisms of acidification 
and the magnitude of change (e.g., the role and contribution of 
acidic deposition in this procesa) , there is still considerable un
certainty surrounding this conclusion. This uncertainty involves 
the reliability of the trends themselves as well as the geographic 
scale and number of sys�ms within the total resource to which 
the trends apply. These issues provide a basis for investigating 
some common, if not universal, limitations in the use of long-term 
monitoring data that decrease or sometimes negate their utility. 

This paper reviews the limitations usociated with previous 
trends studies and proposes an approach to long-term environmen
tal monitoring which would facilitate regional-scale assessments. 

HISTORICAL PERSPECTIVE OJ A.CIDDICA.TION TRENDS 

As noted by Kramer, a significant deficiency in the interpre
tation of historical surface water quality data lies in the docu
mentation of sampling and analytical procedures. In the case of 
acidification trends, for example, the procedures for measuring 
pH and alkalinity have changed from colorimetric to electrometric 
methods. Although it would appear relatively easy to compare 
the two methods and to adjust historical and/or recent data ac
cordingly, the lack of a clear definition in the historical records 
relating to the color change of the methy l orange indicator used 
for alkalinity titrations has been a major point of debate. 

Before 1950, the terms used to describe the end point of the 
alkalinity titration were "pink, " "faintest pink," •very faintest 
pink, " "fainter pink, " and "salmon pink" (Kramer) . Although the 
debate continues due to a lack of definitive evidence, the weight 
of information suggests that these descriptions of color change 
probably correspond to a range of pH values between 4.0 and 4.2. 
When evaluating trends, a difference as small as a few tenths of 
a pH unit can result in an alkalinity variation of 10 to 20 ueq/L. 
Consequently, depending on which end point pH in the alkalinity 
titrations is chosen as the most accurate for historical colorimetric 
alkalinity data, the change in alkalinity from past to present has 
been reported to range from quite large to quite small. 

To complicate further the quantification of change from exist
ing water quality records of the 1930s to the present, consideration 
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must be given to the precision of the historical measurements. Us
ing historical data, Kramer found that the variation in alkalinity 
values from duplicate samples collected on the same day was 53 
ueq/L, representing both analytical and within-lake variations. 
Variability in duplicate samples collected on different days within 
the same season was approximately 67 ueq/L. If seasonal and 
yearly variability in alkalinity is considerable, this number could 
be still larger. Thus, a difference in alkaJinity of less than 67 
ueq/L from past to present would not necessarily be convincing 
evidence of change, and differences greater than 67 ueq/L may 
still be suspect because year-to-year variability is not considered. 
Episodic variability in lakes, for example, has been reported to be 
200 ueq/L or greater (Driscoll and Newton 1985) . 

Another complicating factor in determining trends using his
torical data is the fact that any lake over a 50-year period can be 
subject to many natural and anthropogenic perturbations which 
can alter water quality. Consequently, to increase the certainty 
that a regional-scale change in acidity is occurring as a result of a 
common cause, many systems must be investigated and compared. 
Within the same area, depending on the particular lakes chosen 
for investigation, very different inferences might be drawn depend
ing on the sample size and the types of analytical methods used . 
When data are used collectively from a number of systems (e.g. , 
on a subregional scale) the response of a single lake is lessened in 
importance. 

Although increasing the sample size will increase the confi
dence in the conclusion that a response has indeed occurred, a 
larger sample size will not necessarily ensure that the results re
flect the collective response of the entire regional surface water 
resource. Kramer observed that of the lakes in New Hampshire 
which had experienced alkalinity changes greater than 100 ueq/L 
since the 1930s, 37 percent decreased in alkalinity and 63 percent 
increased. As the sample size in this analysis was only 11  lakes, 
conclusions for the response of the total surface water resource 
in New Hampshire must be viewed accordingly. Increasing the 
sample to 130 (as was done in the Kramer study in the analysis 
of New York lakes) might afford a better evaluation of the re
gional response; however, questions concerning the comparability 
of methods complicate data interpretation. 

In this analy sis, depending on which alkalinity titration end 
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point is chosen to calculate the median alkalinity change, sub
stantial increases in acidic status (based on pH 4.2) or no change 
(based on pH 4.0) would be concluded. Thus, while a change in 
any sy stem may justify further evaluation, questions remain re
garding sample size, methods, and regional representativeness of 
conclusions. This in turn fuels decision-making debates, particu
larly when the results within a region are inconsistent. 

EXTRAPOLATION Ol SITE-SPECIPIC RESULTS 

Kramer raises a number of additional considerations relative 
to trends analysis which are critical to effective environmental 
monitoring. These issues are the importance of cation/ anion bal
ance data, internal consistency checks, and accuracy versus preci
sion. While addressing such considerations is indeed critical to the 
proper design of a monitoring effort, one conceptual issue which is 
acknowledged infrequently in trends studies remains of paramount 
concern: regionalization of results or the applicability of conclu
sions to a region of interest. This concept includes quantify ing 
variability among and within systems and the representativeness 
of statistically unbiased data collection. 

Despite the increased availability of high quality data bases 
relative to those available in the 1930s, there has been virtually 
no way to characterize confidently potential trends in acidity over 
broad geographic scales. In the Kramer study, the median alka
linity of a group of lakes decreased, although some of the lakes 
in the investigated group increased in acidity . While the median 
change provided a regional perspective, the relationships of the 
lakes that decreased and those that increased to the total number 
of lakes in the area are not known. Therefore, the actual repre
sentativeness of the "regional" classification employed, although 
more informative than a single site, is still unclear. 

In 1984 and 1985, the US Environmental Protection Agency 
(EPA) conducted a study of lake and stream water chemistry 
to establish a water chemistry data base that would provide a 
regionally applicable baseline. The study was implemented partly 
in response to the problems of detecting changes in acidic status 
of surface waters as outlined in the Kramer review and partly 
to address questions of regional representativeness. The primary 
questions to be addressed in the study were: What are the present 
acid neutralizin g  capacity (ANC) and pH of surface waters? What 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


10 

is the population distribution of these surface waters with respect 
to these two variables? A:Le there any regional patterns in ANC 
or pH? What are the physico-chemical characteristics of groups of 
surface waters in different ANC and pH classes? What will be the 
rate of change in the future? 

The EPA study-called the National Surface Water Survey
was conceived as a three-phue investigation of lakes and streams 
potential ly sensitive to change induced by acidic deposition. Each 
phase provided the statistical basis for its succel80r, permitting 
site selection to be performed in such a way that the results of 
an investigation of any subset of systems could be extrapolated 
quantitatively to a larger population of interest. Phase I was a 
synoptic chemical survey of a probability sample of systems drawn 
from a large number of systems located within relatively homoge
neous geographic regions. Phase II was designed to estimate the 
magn itude of temporal variability in chemistry and to quantify 
biological resources. Phase lli was a long-term monitoring effort 
focused on detecting trends in chemistry of regionally representa
tive surface waters. This program is ongoing, with Phase I of the 
lake and stream surveys presently being completed . The results 
of the Eastern Lake Survey (Phase I), summarized in Linthurst et 
al. (1986) , are presented here to illustrate the concept of regional
ization and the importance of developing a fundamental basis for 
long-term env ironmental monitoring. 

Site selection is an issue of primary importance to the design 
of a study for regional extrap olation of observed trends, which 
should be foremost in any long-term environmental monitoring 
program. While it is clear that the trends observed at a single site 
are of uncertain applicability to the reg ion or to subpopulat ions of 
similar systems, regional applicability questions do not disappear 
simply by increasing the sample size. While increasing sample size 
undoubtedly increases confidence in the conclusions, the results 
may not be representative of the population as a whole. 

Data from the Eastem Lake Survey are instructive in illus
trating the imp ortance of sample site selection, study design for 
regional-scale monitoring, and reg ional extrapolation. In this case, 
a stratified, random sampling approach was used in establishing 
baseline, regional-scale surface water chemistry. The smallest sam
p le unit in this study was an alkalinity class (stratum) within a 
subregion of interest within a region, e.g. , the northeastern United 
States. The results from unbiased site selection within a stratum 
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allow comparisons to be made with sites in any other stratum. 
However, because an environmental issue of interest may not con
form to the boundaries of the original sampling strata, the design 
is flexible enough to change the geographic boundaries of areas to 
be compared, i. e. , the results from the alkalinity classes can be 
extrapolated to a whole subregion or region. 

The results of such an extrapolation are shown for Acid Neu
tralizing Capacity (ANC) in Table 1 .  The median ANC values for 
the sample and estimated population are presented for four upper 
midwestern subregions and the Upper Midwest as a whole. Com
paring the two columns of medians, it is apparent that they differ 
substantially, leading to quite dissimilar conclusions. The differ
ences arise because the resource population within each stratum, 
now combined to represent a larger geographic unit (subregion) , 
was not the same, i.e. , the population of lakes within each original 
stratum is different. Different geographic areas can have different 
numbers of lakes; there fore, while every lake within a stratum is 
equivalent to every other lake, a lake in one stratum represents 
a different population size than does a lake in another stratum. 
This difference must be considered when extrapolations are made 
to geographic scales other than to the stratum level which frame 
the boundaries of the original sample unit. As demonstrated in 
the Kramer study, determination of the applicability of sample re
sults to the resource population could not have been made had the 
population resource not been known (which is usually the case) . 

Once a resource base is established, comparisons among pop
ulations can be initiated. The distributions of ANC for the popu
lation of lakes in four subregions of the upper midwestern United 
States are shown in Figure 1, with the subregional populations 
exhibiting quite different ANC distributions. Thus, even based 
on this single factor analysis, different population responses might 
be expected. Because numerous other physico-chemical variables 
were measured during the Eastern Lake Survey, more complex, 
multivariate comparisons among populations can be made. 

Subpopulations, as defined by any or all of the variables 
measured within the survey population, can be characterized for 
further research. More importantly, they can be used to deter
mine whether lakes in ongoing site-specific studies represent the 
whole population. The advantage of cl888ify ing existing study 
sites within the population frame established during the Eastern 
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Table 1 

Median valuu for Acid Neutrall.sina Capacity (ueq/L) 
baaed on 1ample data and utimated population data 

for the Upper Midwut 

hm2!t IJtimated Po;2ulation 
Subregion Sise Median Sise Median 

Northeastern Minnuota 160 1-t6 H67 186 

c: 0 -ns 
3 

Upper Peninsula Michiaan 1-t6 

North Central Wiscon1in 166 

Upper Great Lakes Area 1-t1 

Upper Midwest 692 

Source: Linthurat et al., 1986 

Northeastern Minnesota 
Upper Peninsula of Michigan 

80 
Q. 
0 a. 60 
Cl) .ll: ns ...J - 40 
0 -c: 20 Cl) 0 ... Cl) a. 

97 1060 28-t 

66 1-t80 9-t 

13-t -t616 802 

120 8601 360 

---- Northcentral Wisconsin 
--- Upper Great Lakes Area 

Acid Neutralizing Capacity ( p.eq l:') 

FIGURE 1 Comparison of cumulative frequency distributions for ANC for 
four Upper Midwestern (US) subregions (Linthurst et al. 1986). 
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Lake Survey is that many of these intensively monitored sites have 
considerable data records that can be used to assess trends. 

Because the degree to which these intensively studied sites 
reflect the characteristics of the resource population can now be 
established, regional extrapolation can be accomplished. Thus, 
use of the Eastern Lake S urvey data base to classify these sys
tems may allow these site-specific data to be interpreted from a 
regional-scale, as opposed to simply a sy stems-scale, perspective. 
Further, contrasting characteristics of lakes on a population scale 
can rapidly advance understanding of the factors affecting change 
by recognizing the differences among lakes and identify ing which 
ones are responding with what characteristics. The combination of 
intensive and extensive studies can therefore add considerably to 
both the understanding of a response and the regional applicability 
of the findings. 

QUA.NTIJICA.TION OJ A.CIDIJICA.TION TRENDS 
IN THE JUTURE 

Repeated sampling within the established resource base or 
within representative subpopulations can be used to predict future 
changes in acidity or other chemical characteristics of lakes. Figure 
2 shows the 1984 ANC distribution (solid line) for the Northeast 
(Linthurst et al. 1986) . The dotted and dashed lines represent two 
theoretical changes in the distributions of ANC that might occur 
in the future. 

The certainty surrounding the original distribution is known. 
H the certainty surrounding the new distributions is also known, 
and if the expected temporal variability, the precision of the mea
surements, the analytical and sampling methods, and the physico
chemical characteristics of the population are accounted for in the 
studies, the uncertainty experienced in Kramer's analysis should 
be minimized in the future. Furthermore, much could be learned 
about the cause of the theoretical changes by examining subpop
ulation responses. 

It is expected that if acidification does occur, it will not occur 
uniformly over a region or within all lake types. Therefore, ex
amination of population and subpopulation differences over time 
can contribute not only to quantifying change, but also toward 
understanding the factors which control the change. That is, by 
comparing lakes with difFering responses and by recognizing their 
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FIGURE 2 Distributions of ANC for the population of lakea in the norih
eaatem United Statea. The aolid line is the distribution estimated in the 
fall of 1984 (Linthunt et al. 1986); the dotted line ia a hypothetical dis
tribution which might be obserYed if the population of lakes exhibited a 
collective decrease in ANC; the dashed line represents auch a distribution if 
the population exhibited a collective increase. 

characteristics and those of the surrounding watersheds, much 
can be inferred about the factors which potentially control the 
changes. When these data are compiled with other environmen
tal data, e.g., regional-scale deposition chemistry data over time, 
causal mechanisms for change can be proposed. 

A discontinuous but repeated sampling schedule could serve 
the purpose of detecting future acidification trends. Inferential 
comparisons among subpopulations of surface waters will likely 
contribute to identifying the types of systems which respond or 
are at risk of changing. This approach will undoubtedly advance 
understanding of the factors controlling surface water response. 
However, the most complete understanding of surface water re
sponse and causes will result from a combination of coordinated 
extensive and intensive research, including the use of standard
ized measurement methods and of techniques to extrapolate site
specific conclusions to regional scales. 

The experience gained in examining acidification trends, brief
ly and superficially reviewed above, provides an opportunity to 
improve substantially the ability to detect and understand subtle, 
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long-term, environmental changes. The most notable conclusions 
based on this experience include: 

• Careful and quantitative documentation of sampling and an
alytical protocols must accompany a monitoring program. 

• Methods must be standardized, not simply standard, and any 
change in the monitoring protocol should be assessed carefully 
and calibrated quantitatively at the time of the change. 

• Quality assurance of data, particularly with regard to calcu
lating precision, is essential in environmental monitoring when 
change over time is the focus. 

• Seasonal, yearly, and possibly daily or hourly variability must 
be known in order to have confidence in the detection of long
term trends. 

• Studies of single systems, while important, are not adequate 
to detect or to understand fully regionally significant environ
mental change. 

A long-term monitoring program designed and implemented 
today will obviously not be directly applicable to environmental 
issues 50 years from now. This has been illustrated by data ob
tained in the 1930s which were collected for purposes other than 
to detect acidification trends. In nearly all cases, the historical 
records are based on discontinuous, irregular point sampling data, 
collected for reasons unrelated to acidification. Therefore, this 
problem should serve as a reminder that any data collected today, 
irrespective of their relevance to acidification, should be flexible 
enough to accommodate or address potential issues in the future, 
and that there is no substitute for sound scientific technique. 

Based on past and present experiences, future long-term mon
itoring should ideally include a coordinated, well integrated design 
and standardized methods for which precision can be quantified. 
A hierarchical approach to future monitoring appears best to ad
dress all aspects of the past and present issues. Such a design 
would be multi-tiered and based on infrequent regional-scale data 
collection. Built upon that base, and including fewer systems for 
which the relationship to the total population is known, would 
be subsets of lakes where temporal variability could be quantified 
and intensive site-specific research could proceed. Special studies 
at still fewer sites could be conducted at the fourth level as environ
mental issues change. The frequency of sampling would decrease 
as the number of systems studied increased, while the complexity 
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of the studies would increase u the number of aystems decreued 
in the hierarchy. Such a hierarchical approach�esiped in terms 
of ecosystems rather than individual componenta-could serve as 
the structure to use• ecosystems at risk due to environmental 
contaminants on any scale. 

The National Surface Water Survey is currently using such 
an approach, coupling studies of aquatic biota and soils within 
the established regional frame. All projects within the hierarchy 
use standardized methods and extensive quality a��urance, and 
they are integrated to maximize the understanding of effects and 
regional applicability. By further coupling terrestrial and aquatic 
monitoring with air and deposition monitoring in a hierarchical 
design, much of the existing uncertainty about present environ
mental risk could be greatly decreased, and the basis for use•ing 
future environmental risk would be well established. 
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Scientists have long been attracted by the prospect of using 
snowpack to study environmental pollution. Work in this field, 
however, has generally been unsystematic, aimed instead at solving 
various specific problems. In order to systematically monitor the 
environment, researchers in the USSR have developed a snowpack 
pollution monitoring system based on an already existing network 
which measures the physical parameters of snow, i.e., snowpack 
height and density. This system generates an annual picture of the 
spatial distribution of pollutant deposition within the territory of 
the Soviet Union. This report discusses the scientific bases of 
monitoring snowpack pollution and its practical applications and 
includes a number of the latest findings obtained in recent years 
(1). 

SNOWPACK. AS AN INDICATOR or POLLUTION AND 
ACIDIJICATION or THE ENVIRONMENT 

Annual global snowpack covers an area of 1 15 million square 
kilometers, reaching 125 million in some extreme years. This figure 
includes 79 million square kilometers in the northern hemisphere 
and 46 million square kilometers in the southem hemisphere. The 
continents account for roughly two-thirds of this snow-covered 
territory while the remaining one-third is distributed on bodies 
of ice at sea. With the exception of the southem reaches of the 
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Caucasus and Central Asia, the USSR regularly hu mow cover 
over most of the country's territory. 

Snowpack displays a number of properties which make it a 
convenient pollution indicator for contamination not only of at
mospheric precipitation, but also of ambient air and of ensuing 
water and soil pollution. Snowpack can be used to quantify total 
pollutant parameters (wet and dry) . While we can measure wet 
deposition with generally satisfactory results, a reliable means of 
determining dry deposition hu yet to be developed. As a rule, 
the different techniques used 10 far have produced inconsistent 
results. A natural repository of both wet and dry deposition, 
snowpack reflects their actual value. 

In the earth's mountainous and polar regions, snowpack is 
gradually transformed into ice, preserving any entrapped pollu
tants. They are stored in glaciers under favorable conditions for 
hundreds, even thousands of years, providing a unique chronicle 
of pollutant composition in ambient air. Snowpack is therefore an 
effective indicator of acidification processes in the environment. 

Snowpack sampling is very straightforward, requiring no so
phisticated hardware. Layer sampling provides a picture of pol
lution dynamics over the winter season: one single sample of the 
snowpack column will generate representative data on pollutants 
from the time a continuous snow cover is formed until the moment 
the sample is taken. 

As snow forms and precipitates, wet and dry washout pro
duce pollutant concentrations which are two to three orders of 
magnitude higher than those in ambient air. Therefore, relatively 
simple , yet quite reliable, methods can be used to measure these 
pollutant levels. 

The amount of a pollutant precipitated over the duration of 
snowpack (to) for a unit of area ( Q) is equal to: 

to 

Q = Q., + Qd = J [c(t)p(t) + q(t)Jdt 1111 ncp + q(N - n) { 1} 
0 

where Q., and Qd are wet and dry deposition; c(t) is the con
centration of pollutants in falling snow (and rain during warming 
periods) ; p(t) is the rate of precipitation; q(t) is the rate of dry de
position; N is the duration of snow cover in days; ra is the number 
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of days with snowfall; c and f are the mean daily concentration val
ues in precipitation and dry deposition rates; and p is the average 
daily precipitation. 

During periods of thaw and spring snowmelt equation 1 no 
longer holds true since a portion of the pollutants is removed with 
runofF water. There is also a reduction in snowpack moisture P • .,. 
to a level lower than total precipitation P. However, as in .its ob
servations have shown, measurements for pollutant concentrations 
in snowpack CcH are frequently relatively low. Exceptions do ex
ist, however, in instances where snowmelt is great. Value Q can 
then be derived for concentrations in snow and for measurements 
of the amount of precipitation at weather stations. 

Q = Q • .,. · P/PcH = CcHP {2} 

Equation 2 is pivotal to calculating winter deposition. It is more 
accurately applied to lightly polluted regions where the contribu
tion of dry deposition is negligible. 

The mean daily winter deposition rate from equation 2 can be 
described as: 

U= CcH ·P/N=Q/N {3} 

The mass of pollutants precipitated during the winter period 
for area s over time t is expressed as: 

{4} 

In actual practice, deposition for an entire year must be 
known. Equations 2 and 3 can also be applied to a snowless 
period by using the conversion coefficient : 

UcH =leU {5} 

where i is defined by deposition rates in different seasons, with 
the chemical composition of precipitation measured over a rel
atively sparse network. Equation 5 is sufficiently accurate for 
regions which have either a direct proportionality between wet 
and dry deposition or low inputs of dry deposition. In moat cases, 
such conditions are only disrupted in close proximity to emissions 
sources. 
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In early winter, before the formation of an unbroken mow
pack, pollution of snow might occur from wind erosion of exposed 
soil parcels. This type of pollution diminishes precipituously as 
the snowpack builds, ceasing altogether with the formation of an 
unbroken snow cover. This factor operates for the entire winter in 
arid zones with low precipitation levels. Most soil particles are of 
large dimensions (50 mm or greater) ; these particles therefore de
termine local deposition Qmelt • The greater the ratio Q/Qme�c , the 
more accurately we can use snowpack contamination to describe 
the characteristics of humanly induced pollution and long-range 
transport from natural sources. Deposition Qm•lt is negligible in 
all cases in the northern latitudes. 

Snow water acidity is a function of the presence of free hydro
gen ions. By disregarding weak organic acids and trace elements, 
we can express the concentration of hydrogen ions after a snow 
sample has been completely melted and dissolved as: 

[H+ J = 2[So�- l + [NO; J + [CrJ - 2[Ca2+ J - IK+J-

-2[Mg2+ J - INa+ J - INHtJ + 2.5 x 10-e {6} 
The residual component of this equation of 2.5 x 10-e moles/1 
corresponds to the concentration of hydrogen ions in an equilib
rious aqueous solution with a mean ambient carbon dioxide level 
of 330 million - l  and a temperature of 200 . The pH level which 
corresponds to this concentration is 5.6. 

Increased hydrogen ion concentrations (low pH level) are gen
erally observed as the sample begins to melt. According to equa
tion 6, as aerosol particles dissolve and acids react with metal 
oxides, hydrogen ion concentrations diminish to asymptotic val
ues. The initial hydrogen ion concentration denotes a possible 
value for the "acidic impulse," when a portion of the hydrogen 
ions is washed out with runoff during the spring snowmelt. 

It follows from equation 6 that the pH level of snow water is 
dependent not on the absolute hydrogen ion values in solution, but 
rather on the difference between anion and cation concentrations. 

SNOWPA.CK POLLUTION MONITORING IN THE USSR 

The potential use of snowpack as an indicator of environmen
tal pollution was the impetus behind the development in the USSR 
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of a new type of monitoring: snowpack pollution monitoring. With 
this goal in mind, a transition was made from scientific research to 
systematic observations incorporating a network of snow param
eter measurements. Snow surveys in the USSR are made using a 
network of more than 7,000 hydrometeorological stations and sites. 
The underlying principle of the survey process is a topographical, 
point-by-point investigation of the physical parameters of snow. 
This is achieved by looking at basic terrain features such as fields, 
woodlands, marshlands, and ravines. The focus of the snow survey 
is to obtain data on snow height, density, and moisture content in 
the area of a given station . Survey frequency during snow buildup 
is once every ten days. Snow density is measured using a snow 
weight gauge consisting of a tube with a beam balance. Snow 
samples are taken for the entire snowpack column. The sample is 
weighed, removed from the snow gauge, and not used again. 

In order to determine the level of pollution in snowpack, we 
decided to preserve the snow sample and use it to analyze pollutant 
composition and concentrations. An overall description of the 
pollutants is obtained by analyzing a composite sample made up 
of several samples taken along the snow measurement route at 
points where snow density is measured. It was found that a single 
sample taken at the point of maximum moisture content in the 
snowpack just prior to the spring snowmelt sufficed for analyzing 
contaminants accumulated during the winter season. 

The samples
, 

aqueous and solid phases are separated by fil
tration during initial processing of snow samples at the meteo
rological station in order to prevent possible chemical reactions 
between matter dissolved in the filtrate and the solid precipita
tion particles. The filtrate can be preserved for up to 20-30 days 
with no significant changes in its chemical composition. Sample 
analysis is performed in Environmental Pollution Monitoring Lab
oratory Centers located in all of the regional administrations of 
the USSR State Committee for Hydrometeorology. It is also done 
in a number of major cities. 

The snowpack pollution monitoring system, based on the snow 
measuring system of the USSR State Committee for Hydromete
orology, became operational in the USSR in 1980. It is currently 
part of the State Environmental Pollution Observation and Moni
toring Service, and it includes observations at 1 ,000 meteorological 
stations. The network,s density in the European USSR is one sta
tion per 8,000 km2 ; for the country,s Asian territory it is one 
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per 3,000 km2• Snowpack pollution is monitored over an area of 
18.3 million km2 (rouply 80 percent of the entire territory of the 
USSR) . Measurements are made at every statiOD for sulfates, ni
trates, ammonium, and pH levels. Approximately 30 percent of 
the stations provide information on heavy metals and polycyclic 
aromatic hydrocarbons. The number of elements under study is 
constantly growing. 

The monitoring project is aimed at providing a description 
of pollution in the USSR at large as well as in specific regions. 
The network also generates data on long-range and transbound
ary transport of air pollutants. In view of these priority issues, 
the observation network's greatest density is in highly populated 
industrial areas and along the USSR's western border. Approxi
mately 40 percent of the stations measure pollution in and around 
major industrial parks and large urban areas. Another 40 percent 
monitor pollutant dispersion along the primary routes of pollution 
transport from industrial centers and regions. The remaining 20 
percent track background pollution levels in specific areas of the 
country (including the Arctic basin) . A 70-station network of ob
servations on the chemical composition of precipitation is used to 
evaluate summer deposition according to equation 5 .  

Experimental research has demonstrated that observations of 
snowpack pollution are also effective in monitoring at the local 
level, e .g. , in cities and near distinct emissions sources. For this 
reason, researchers have recognized the value of extending the 
monitoring system to different urban areas, incorporating existing 
environmental pollution monitoring centers. This subsystem is 
currently being implemented. 

As will be demonstrated below, the snowpack pollution mon
itoring system can be used to tackle a number of key pollution 
monitoring tasks for which no other effective observation meth
ods exist. Furthermore, the system has proven to be extremely 
cost-effective. Its development did not entail any additional labor 
resources or other outlays since it incorporates an already exist
ing system of analytical laboratories and an observation network 
which gathers data on the physical parameters of snow. All of 
the basic sampling and analysis operations have been achieved by 
increasing labor productivity. 
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BASELINE INJOB.MATION OBTAINED PROM 
MONITORING SNOWPACI POLLUTION 

Snowpack pollution data provide a range of essentially new 
information on pollution of the environment which wu not previ
ously available. These findinp are discussed below. 

PoDutlcm Mapa for the USSR 

Annual snowpack pollution monitoring provides a spatial pic
ture of pollution for the USSR, obtaining data which scientists pre
viously considered beyond their capabilities. Pollution is broken 
down according to the following maps: (1) pollutant concentra
tion in the snowpack at the point of maximum moisture content 
in the snow; (2) mean daily rate of pollutant deposition during 
the period of snow; (3) annual deposition; and (4) pH of value 
distributions. Similar maps are also being plotted for the entire 
area of the USSR on sulfates and nitrates. Maps covering heavy 
metals, benz (a)pyrene, ammonia, and other pollutants have been 
compiled for specific regions. 

Sulfate and nitrate deposition rates over the country's Euro
pean territory are clearly two to three and one-half times greater 
than for the Asian portion of the USSR. This is a function of 
industry distribution and pollutant input resulting from transport 
across the western border of the USSR. The highest concentra
tions were observed in urban and industrial centers, while the 
lowest were found in the USSR's Arctic zone. We found virtually 
no snowpack acidification for most of the USSR. 

Elements or the Pollutant Balance In the USSR 

The USSR 'a atmospheric sulphur balance was calculated using 
findinp from systematic observations of pollution levels in the 
snowpack and airborne measurements of cross-border transport of 
air pollution in study (2) . It was demonstrated that approximately 
90 percent of the balance can be attributed to anthropogenic 
sulphur emissions. The most aggressive sulphur compounds are 
associated with man-made sources such as sulphur dioxide and 
sulfuric acid. At the same time, analysis of materials obtained in 
the snowpack pollution study indicates that the portion of nitrates 
of anthropogenic origin in the deposition is low, totaling 62 percent 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


for the European and 36 percent for the Asian portion of the USSR. 
Annual sulfate and nitrate deposition in the USSR total .(() million 
and 18 million tons, respectively. Annual variations do not exceed 
15-20 percent. 

Pattema 1D Afmolpherlc Tl'aDJPort ol Air Pollutloa 

The direction and quantification of large-scale transport across 
the national boundary of the USSR, to the Arctic basin , and 
between specific regions are very important. Study (4) exam
ines a method of determining sulphur compound fluxes acrOBB the 
USSR's western border; this method uses data on snowpack pol
lution along the border. It was determined that the flux into the 
USSR is equal to 4.2 million tons of sulphur per year, which corre
lates closely with data obtained using other measuring methods. 

This study also evaluates the contribution to sulfate pollution 
in the Arctic polar regions from the USSR's central industrial zone , 
including the entire central belt across the European portion of 
the country and the Ural Mountains region. Industry of the Kola 
Peninsula and Noril'sk is also included. It was found that this 
contribution is less than 2 percent, with one-third of this amount 
attributable to transboundary pollutant fluxes acrOBB the USSR's 
western border. 

Quantifying Air, Surface Water, and SoU Pollution 

By incorporating newly developed techniques we can use snow
pack pollution to generate data on pollutant concentrations in the 
air, pollutant abundance and concentrations in surface water, and 
pollutant accumulation in soil. In areas where no special observa
tion system exists for these media, data from snowpack pollution 
monitoring are the primary source of information on environmen
tal pollution . Data in study (1) on snowpack pollution indicate the 
following mean sulphur concentrations in ambient air, depending 
upon the remoteness of industrial release-points: 0.6 rrlkg/m3 at 
distances equal to or greater than 1 ,000 kilometers; 2.0 rrlkg/m3 
at distances under 1 ,000 kilometers; and 4.0 rrlkg/m3 at distances 
under 100 kilometers. 

Study (5) evaluates the portion of sulfate input into a river 
system at high water vis-a-vis the total flux of sulfates in the 
river. It was found that this portion is 15-20 percent of the sulfate 
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flux for northern river basins under background conditions in the 
USSR's European territory. 

CONCLUSIONS 

The scientific and methodological foundations have been laid 
for a new direction in monitoring the state of the environment: 
monitoring snowpack pollution. This project in the USSR incorpo
rates an existing network which measures the physical parameters 
of snow and draws from the USSR State Committee for Hydro
meteorology's network of Environmental Monitoring Centers. By 
increasing labor productivity, a snowpack monitoring system was 
developed which did not require additional manpower. The sys
tem functions at minimal cost in comparison with other forms of 
observations. 

Further expansion of the snowpack monitoring project is under 
serious consideration. Ideas being considered include extending 
the monitoring network to urban and populated areas which lack 
air pollution monitoring systems and greatly expanding the list of 
elements under study. 

Remote snowpack pollution monitoring techniques clearly hold 
tremendous potential. These include: (1) aerial and satellite obser
vation methods for observing snowpack albedo; (2) use of airborne 
gamma methods to determine the moisture content in the snow
pack of prairie lands; and (3) measurements of snowpack-induced 
solar radiation flow attenuation in mountainous regions. 
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Airborne Laser Remote 
Sensing of the Environment 

DAVID N .  MCNELIS 
University of Nevada, Lu Vegu 

In performing environmental UH88Dlents, measurements are 
made either over highly localized, site-specific areas or over large 
geographic regions which might involve a number of discrete sites 
of special interest. The term "remote sensing" u applied to envi
ronmental monitoring refers to the acquisition of environmental in
formation without physical contact between the meuured feature 
or parameter and the measurement sensor. There are obviously 
trade-offs which must be considered in choosing between tradi
tional point-monitoring techniques or remote sensing, including 
the quality of information and the cost of obtaining that informa
tion. 

Airborne remote sensing measurements are frequently em
ployed to provide information over broad regions where the ad
vantages of rapid, wide area, and nearly simultaneous coverage 
can be exploited. In addition, these systems typically can provide 
spatial coverage in time intervals that are consistent with the dy
namics of pollutant transport, transformation, and depletion. For 
many applications, this technology provides the only opportunity 
to collect certain data sets. 

Remote measurement systems can be characterized u either 
active or passive, depending on whether the system incorporates 
an energy source in performing the environmental interrogation. 
In active systems, some fraction of the transmitted energy from a 
laser or light source is scattered from or absorbed by the target, 
while in passive systems the measurement depends on the passive 
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Table 1 

Applicable procun• for remote 1en1inr 

Rayleirh Elutic 2 � �  Mie Elutic 1 - d 

Raman lnelutic f
l :;i:

f
d 

Fluorucence lnelutic f
l � fd 

Ablorption due to vibrational, 
rotational, and/or electronic 
tranaition• 

; = luer frequency 
f"d = detected frequency 

Lidar 
Lidar 

Lidar 

Fluor01en1or 

IR, vi•ible, 
and UV DIAL 

reflectance or surface emission of energy from the area of inter
est . Table 1 summarizes the scattering and absorption processes 
employed in laser systems and indicates the remote meuurement 
methods which are based on these principles. 

Design concepts, practical environmental meuurement appli
cations, and the direction of future developmental efforts will be 
discussed for several cluaes of remote sensing instruments. 

LIDAJl SYSTEMS 

In order to investigate aerosol properties or quantify an atomic 
or molecular concentration, a laser source is located at some pre
scribed distance from a detector. Reflectors may be used in order 
to collocate both the laser source and the detector. Backscat
tering processes can provide range-resolved data by measurement 
of time delays in pulsed lidar systems. Diagnostic techniques in
clude elastic (Rayleigh and Mie) and inelastic (Raman, near reso
nant Raman, fluorescence, and resonance fluorescence) scattering. 
Most aerosol studies have been of an experimental nature, and the 
problems associated with the inversion of spectral transmission , 
polarization, and scattering data to obtain size distribution and 
refractive index have yet to be completely resolved. The shape of 
the particulate material also must be taken into account. 

Classical lidar devices are used to profile aerosol distributions 
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in the lower atmosphere. Measurements are made by observing 
the relative back scattering of the intense, extremely short pulse of 
laser light as it interacts with suspended particles and molecules. 
Electronic analyzers monitor the elapsed time from firing the laser 
to the scattering returns and thereby "range• or measure the 
distances to the aerosol layers and the relative concentration of 
aerosol within discrete volumes within those layers. 

The latest operational airbome lidar used by the US Envi
ronmental Protection Agency (EPA) is a two frequency system 
consisting of a neodynium-YAG laser transmitter, a 36-cm Newto
nian telescope receiver, and an electronics package. This package 
provides for real-time processing and display of the range-resolved 
backscatter from aerosols between the aircraft and the ground and 
from the surface-reflected energy, both at the transmitted wave
lengths. A flowchart of the system is shown in Figure 1 .  The 
two wavelengths, one in the green (0.53 um) portion of the visible 
spectrum and the other in the near infrared (1 .06 um) , are emitted 
simultaneously with a firing rate that can be varied between one 
and 10 Hz. At the maximum firing rate, and when combined with 
typical operational air speeds, a horizontal resolution of about 10 
m can be obtained. With a laser pulse width of 20 nsec a maximum 
vertical resolution of three m is similarly obtainable, although the 
signal is usually digitized to yield a resolution of six m. 

Some of the typical applications of lidars are: 

• Determining the space and time variability of aerosol inhomo-
geneities; 

• Assessing relative particulate concentrations; 
• Measuring the vertical growth of boundary layers; 
• Providing input to complex terrain and other atmospheric 

dispersion modeling efforts; 
• Measuring plume opacity; 
• Investigating the mixing of multiple boundary layers using a 

series of injected FOPs; 
• Positioning an aircraft with in situ sensors in an air mass or 

plume. 

One experiment to monitor the transport and dispersion char
acteristics of aerosol material over water was performed by SRI In
ternational (Uthe et al. 1985) and supported by EPA. A neodyni
um-YAG lidar similar to the one already described generated ra
diations at 1 .06 and 0.53 um, the latter frequency via a frequency 
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TrenemittertRecei...-

FIGURE 1 Airbome lidar echematic. 

doubling crystal. The telescope receiver system was modified, 
however, to observe the aerosol elastic backscattering at 1.06 um 
as normal on one data channel while recording on the other chan
nel the return at 0.6 um from fluorescent dyes injected into the 
atmosphere which emit at 0.6 um. The backscattered light at 
1 .06 and 0.53 um was rejected by the second independent receiver 
which permitted the system to map a fluorescent-dyed cloud and 
to study the atmospheric structure revealed by aerosol gradients. 

A low altitude, fluorescent-dyed tracer cloud was released in 
the early morning hours over the eastern shore of Lake Ontario 
during conditions of easterly wind flow. The dispersion charac
teristics of the cloud were observed by the lidar system during 
its transport acroes the lake and its entrance over the Canadian 
shoreline. The behavior of the cloud near the land/water inter
face was also observed. Figure 2 shows the trajectory of the cloud 
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FIGURE 2 FOP tracer cloud obHrn.tiou over Lake Ontario. 

during its transport period of approximately 95 km and 2.3 hours. 
The observed cloud height is presented as a function of tran�port 
distance. The altitude of the cloud was depreued over the water 
(vertical 1 .5 em/sec) and then r01e sharply near the Canadian 
shoreline (vertical 10 em/sec) . The measured mean growth rate in 
the transverse direction of the cloud was reported at 27 m/min. 

This study demonstrates the feasibility of monitoring the 
three-dimensional distribution of ftuoreacent dye particles during 
long-range transport and dispersion studies. Further, the study 
demonstrates the potential for using this technology to support 
research programs related to complex terrain modeling and to 
boundary layer transport and dispersion. 

A second experiment used aerosols to study pollutant trans
port in the complex coastal environment of southern California 
(McElroy and Smith 1986) . The wind ftow regime in this region in 
the summer is dominated by a sea-breeze/land-breeze diumal cy
cle. During late afternoon a relatively constant aerosol layer over 
the water and a second more dispersed layer at a higher elevation 
were observed. The two layers joined and mixed a short distance 
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over the shoreline where the convective efFect of onshore heating 
was clearly observable. 

The double aerosol layer separated by a relatively clear layer 
over the water is frequently observed. The top of the lower layer 
corresponds to the base of the temperature inversion over the 
water while the upper layer exists within the inversion. Mixing oc
curs during onshore flow conditions when difFerential heating and 
mechanical turbulence over the land eliminate the layering. Pol
lutants from onshore sources can be transported in these elevated 
layers over the water with ofFshore breezes, only to be re-circulated 
onshore later and mixed downward to impact a shoreline area 
within the same or different air basin. 

The significance of this phenomenon should be taken into 
account in the planning, siting, and development of new sources. 
Regional air quality models should consider the potential transport 
and downmixing of aged pollution which has been demonstrated 
through lidar studies. 

DIAL SYSTEMS 

In all absorption methods, observations are made at the wave
length of the incident radiation in absorption lines characteristic 
of the target molecules. Usually, a simultaneous or near simultane
ous measurement is made at a nearby wavelength oft' the resonant 
absorption line to eliminate the need for absolute intensity mea
surements, i .e . ,  a differential absorption measurement. 

The difFerential absorption lidar uses two lasers very close in 
frequency output: one tuned to an absorption peak for a specific 
molecule and the other tuned oft' the absorption peak. The elastic 
scattering cross section is the same for the small wavelength change 
between the two laser pulses as they traverse the atmosphere, 
while the difFerential absorption cr088 section for the molecule 
being measured at the two wavelengths is known from laboratory 
measurements. The difference in the return signal is a direct 
measure, therefore, of the concentration of the molecular pollutant 
at that location in the atmosphere. 

Potential applications of UV and/or IR DIAL systems are as 
follows: 

• Cross plume mapping of organic tracers and gaseous criteria 
pollutants, e.g. , (S02] ,  [Os] , (N02] i  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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• Measuring the atmospheric distribution of toxic air pollutants; 
• Tracking the movement of organic materials accidently re

leased into the atmosphere; 
• Obtaining transport and difFusion data for use in the develop

ment and validation of atmospheric computational models; 
• Measuring plume velocity. 

Typically, UV DIAL systems would be used in the measurement 
of criteria pollutants while IR DIAL systems have the potential to 
measure a wide array of organic molecules. 

An airborne UV DIAL system designed to measure ozone 
and aerosols has been tested by the US National Aeronautics and 
Space Administration (NASA) (Browell 1982) and has yielded re
sults of the type displayed in Figure 3. The graph of altitude vs. 
concentration shows an excellent correlation between the profile 
measured with the DIAL system and that measured with in situ 
instrumentation on a spiraling aircraft,  with both measurements 
taken in the same time frame. The lowest concentration measured 
(approximately 35 ppb) does not indicate the detection limit for 
this system but only the lowest level encountered. However, the 
sensitivity of the system is adequate for photochemical modeling 
and relates favorably to the National Primary Ambient Air Qual
ity Standard of 120 ppb (maximum one-hour concentration) . In 
practice, the system would provide a three-dimensional map of a 
measurable pollutant over the large geographical region of interest. 

A compact UV DIAL system is being developed by EPA to 
simultaneously monitor from a small airbome platform concentra
tions of three criteria pollutants: S02 , 03 , and particulates. An 
excimer pumped, Raman shifted laser system will be investigated 
for this application. The concept for this system is shown in Fig
ure 4. Four wavelengths or Raman laser lines will be selected from 
the large number of simultaneously produced lines and monitors: 
three to provide data regarding 03 and S02 concentrations and 
the fourth to provide information on particulate properties within 
the scattering volume. The simultaneous production of Raman 
laser lines permits the interrogation for each of the measurement 
parameters to be conducted in a single volume, while the nature 
of the atmosphere over the intervening path length is essentially 
constant. 

This laser system has the additional advantage of including 
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few optical components and only two resonator mirrors which re
quire precision alignment. In addition, the wavelength and the 
bandwidth of the excimer (KrF) and the Raman shifted laser 
emissions are known, constant, and independent of system per
formance. Many pollutant gases have absorption features in the 
IR spectral region (1-15 um) . In addition, many other toxic and 
hazardous pollutants which are not normally found in other than 
trace amounts in the atmosphere have absorption features in this 
region. 

The utility of an airborne IR DIAL system in mapping cross
plume vertical distributions of a near-surface released tracer gas 
(SF.,) has been demonstrated (Uthe 1986) . In addition to pro
viding the tracer detection for downwind transport and diffusion 
characterizations, this experiment demonstrated the potential of 
IR DIAL systems in mapping downwind distributions of toxic and 
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hazardous pollutants following an accidental release into the atmo
sphere. The SFe concentration profile for a single pulse-pair from 
two tunable C02 lasers is shown in Figure 5, which also shows a 
contour map of the distributions of the tracer gu over a single 
transect. These results indicate that a range-resolved detection 
capability of 20 ppb is possible with this technique. 
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LASER PLUOROSENSOR SYSTEMS 

The last of the three classes of systems to be diacuued is the 
laser fluoroaensor. Initially, airborne laser fluoroaenaing systems 
were developed to locate and identify the source of petrochemi
cals in lakes and river systems. Subsequently, development efforts 
were directed toward a number of other water quality parameters. 
Operational airborne systems are used by a number of research 
centers, including EPA's Environmental Monitoring Systems Lab
oratory in Las Vegas, Nevada; the Canadian Center for Remote 
Sensing; the University of Oldenburg (FRG);  and the NASA facil
ity at Wallops Island, Virginia. Applications for laser fluoroaenaors 
include: 

• Optical attenuation coefficient measurements; 
• Observations of the mixing and interfacing of marine and fresh 

waters; 
• Locating,  mapping, and fingerprinting petrochemical spills 

and discharges; 
• Assessing the relative contribution of point and non-point 

source pollution to receiving waters; 
• Flow, dispersion, and mixing studies using fluorescent dyes; 
• Bathymetry; 
• Column or range-resolved concentration measurements of al

gal pigments; 
• Estimating acidification parameters in surface waters, e.g. , 

pH, [AI] , [DOC] , [HCOs] , [S04] .  

Existing systems are capable of mapping changes in concen
trations of chlorophyll a and dissolved organic carbon (DOC) . 
The chlorophyll a concentration is an indicator of phytoplank
ton (planktonic algae) activity, and high levels result from high 
nutrient levels introduced via sewage effluents and agricultural 
runoff'. The concentration of DOC in surface waters indicates the 
carbon equivalent of natural and anthropogenic disaolved organic 
materials which are present. 

A typical fluorescence emission spectrum for the measurement 
of these two water quality parameters, which also permits an es
timate of the optical attenuation coefficient for the water column, 
is shown in Figure 6. It is generally accepted that a broad fluores
cence band resulting from excitation at 475 nm, which peaks at 
about 540 nm, is due to dissolved organic matter (DOM) in the 
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water. A universal relationship has not been established between 
DOM and DOC, as DOM fluorescence at a given wavelength is 
a function of such factors as pH, temperature, concentration of 
heavy metal ions, and constituency of natural and anthropogenic 
DOM. However, if a high degree of correlation can be established 
for a given water body between DOM fluoresence and measured 
DOC concentrations, then DOM can be used as a valid indicator 
of DOC (Bristow et al. 1985) . 

Also observable in the spectrum is the fluorescence band due 
to the presence of chlorophyll tJ and a Raman emission band from 
the OH vibrational stretching mode of water. As the latter peak is 
only weakly dependent on. salinity and temperature, it can be an 
effective indicator of changes in optical attenuation, particularly in 
fresh water measured at a fixed wavelength (Bristow et al. 1981) .  

The use of an airborne laser fluorosensing system to mea
sure chlorophyll tJ and the optical attenuation coefficient was 
demonstrated in a study conducted by EPA and the University of 
Nevada, Las Vegas, in Lake Meade, Nevada (Bristow et al. 1981) .  
A schematic of the system used in the study is shown in Figure 7. 
Ground truth information (in situ fluorometry for chlorophyll tJ 
concentration and transmiSBOmetry for optical transmittance) was 
collected at 14 marker buoys in the lake. 
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The profiles for chlorophyll 11 fluorescence ( P,) and the water 
Raman (PR) signals obtained during the overflight are shown in 
Figure 8. When the data are normalized for depth of penetration, a 
comparison of the ( PF / PR) trace with ground truth measurements 
of chlorophyll 11 from the 28 grab samples shows a high degree of 
correlation between those two parameters over the flight path. 

Another demonstration of this system was conducted along 
the Columbia and Snake rivers and included correlations of DOC 
in addition to chlorophyll 11 and the optical attenuation coefficient. 
In addition to the demonstrated ability of the laser fluorosenaor 
to measure several parameters simultaneously, this study showed 
that the interrelationships between the various parameters mea
sured were of greater significance than the measurements of the 
parameters themselves in removing ambiguities and providing in
sight into otherwise anomalous data (Bristow et al. 1985). The 
airborne laser fluorosensor data generally exhibit a simple linear 
relationship with measured water quality parameters. The system 
was also able to measure chlorophyll 11 and DOC in highly turbid 
and generally inaccessible freshwater reaches of the rivers. 
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Current interest in laser fluorosensing is directed at elucidat
ing the relationship which has been demonstrated between DOM 
fluorescence and the parameters related to acid deposition. EPA 
is developing and testing a second generation airbome laser flu
orosensor system designed to quantify lake water pH, DOC, and 
aluminum concentrations. 

Laboratory fluorescence studies using multiple regression anal
yses have demonstrated relationships between DOM fluorescence 
properties and pH, DOC, and aluminum concentrations (Ver
tucci and Vodacek 1985) . Raman normalized fluorescence spectra 
and limnological data were obtained from water samples from 49 
Adirondack lakes for this program. Measurements included pH, 
alkalinity, total reactive aluminum, and DOC. Fluorescence in
tensity generally increased with DOC while the peak shifted to 
shorter wavelengths for high aluminum and low pH samples. The 
correlation between the normalized Raman fluoresence and DOC 
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was significant at all wavelengths, although a wavelength depen
dency was observed. Significant correlations were also established 
between the fluorescence spectra and pH and between pH and the 
wavelength at maximum peak height and skewneu of the spectra. 

A multiple linear regression analysis of these data used a 
multivariate model based on fluorescence at specific wavelengths 
and the skewness and kurtosis of the spectra to predict sample pH. 
The R- for the regression of this data was 0.83. The relationships 
involving DOC and aluminum concentrations which are somewhat 
pH dependent were considerably weaker, although their prediction 
was improved when the pH of the samples was taken into account. 

Currently, EPA's laser fluorosensor is being modified to mea
sure DOM fluorescence with higher spectral resolution, which 
should provide more precise measurements of acid deposition pa
rameters, pH, DOC, and aluminum concentration. Future efforts 
will include attempts to correlate DOC fluorescence with other lake 
water parameters, including sulfate and bicarbonate-for which 
the chemistry is well understood-as well as nitrate and nitrite 
ions. H significant correlations result , consideration will be given 
to developing a laser-Raman system in order to measure these 
parameters directly. Although the signal to noise ratio would be 
expected to be high, considerable success in stripping the broad 
spectrum fluorescence background has been achieved in Runan 
scattering experiments over the past several years. 
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The State Environmental Pollution Observation and Monitor
ing Service, a national environmental pollution monitoring system, 
has been established and is operating succeufully in the USSR 
(7,8) . It draws from organizations of the USSR State Committee 
for Hydrometeorology and Control of the Natural Environment, 
with the participation of institutes of the Academy of Sciences of 
the USSR and other ministries and departments. 

The underlying philosophy of comprehensive investigations 
which is the basis for this service provides for a systematic, in
tegrated approach to monitoring, with concurrent monitoring of 
pollutant levels in the environment and hydrometeorological and 
biological observations. This approach yields more information , 
is more efficient, and at the same time is more cost-efFective to 
operate. Furthermore-and this is extremely important-such an 
approach ofFers the opportunity in practical terms to establish an 
ecological service in the USSR on the basis of an existing pollution 
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observation and monitoring service (7) . The creation of this eco
logical service will provide scientifically validated assessments of 
the ecological consequences of anthropogenic impacts, and it will 
be used to formulate practical recommendations for ecologically 
acceptable standards in order to regulate these impacts. 

One of the most significant negative repercuSBions of man's ac
tivity is his discharge of contaminants into the environment. The 
generation of accurate data on pollutant levels in different compo
nents of the environment is a problem that is under intense scrutiny 
through large-scale monitoring systems which have recently been 
established. These include activities of the United Nations Envi
ronmental Program (UNEP) as well as activities pursuant to the 
Agreement on Cooperation between Comecon Member States in 
the Area of Environmental Protection (2,13) . Heavy metals and, 
more specifically, their release into the atmosphere are a top pri
ority in the establishment, development, and practical implemen
tation of all large-scale, global and regional monitoring systems of 
this kind (7) . 

It has previously been established from examples of global 
mercury circulation that there is considerable inertia in mercury 
redistribution between media. After discharge into the atmosphere 
is discontinued, mercury levels in surface waters as a whole will 
continue to increase for tens and even hundreds of years. In
vestigation of the system which describes mercury regional-scale 
circulation indicates that the hydrosphere is the limiting medium. 
Calculations have demonstrated that in many practical instances, 
ambient mercury levels in the atmosphere must be 10 or even 100 
times lower than the maximum permissible health standards in 
order to ensure that the concentrations do not exceed maximum 
permissible levels in water. 

This example illustrates the need for an approach based on 
a comprehensive analysis of the negative consequences associated 
with heavy metal discharges into the atmosphere. We shall de
scribe below an experiment designed to develop, scientifically val
idate, and implement large-scale systems for monitoring ambient 
levels of heavy metals. This kind of monitoring is seen as a well
balanced, flexible system of observation, evaluation, and gener
alization. Predictions are then formulated based on the findings 
(7) . 
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REGIONAL SCALE MONITORING: LA.IE BAIIA.L BASIN 

As previous Soviet-American symposia have devoted much 
attention to Lake Baikal, a brief overview of the main points 
regarding this area is presented below (9,10) . Our discussion will 
then turn to atmospheric pollutant transport, one of the critical 
aspects of a comprehensive monitoring system. 

The aim of this kind of monitoring program is to evaluate, 
predict, and prevent the negative consequences of anthropogenic 
alterations in the status of Lake Baikal and the adjacent envi
ronment. The development of such a system coincided with the 
opening of the Baikal Pulp and Paper Plant (BPPP) in 1966. This 
is the only major plant built directly on the lake's shore. 

The program's primary goals were to measure and monitor 
amounts of pollutant input into the lake from BPPP discharges 
and to assess the zones of impact on the lake, as a certain amount 
of pollution was released into the lake despite the plant's highly 
effective-and costly-waste treatment facilities. These goals were 
met (10) . 

At the same time, it became clear that in assessing the an
thropogenic impact on the lake it was not enough-and was im
possible in practical terms-to limit ourselves to the problem of 
BPPP wastes alone . We needed to address the entire range of 
anthropogenic impacts related to the development of economic 
activity in the adjacent areas of Eastern Siberia: the increase in 
the area's population; the growth of energy needs, industry, and 
transportation; and heightened recreational activities. Many of 
these factors are associated with contaminant inputs (including 
toxic heavy metals) into the atmosphere and their subsequent de
position on the lake's waters and the region's watershed. Such a 
situation may induce negative consequences. 

Published data on the findings of experimental research on 
meteorological processes and the status of atmospheric charac
teristics (i .e. ,  determining the dynamics of contaminant behavior 
and the physical and chemical transformations) leaves many gray 
areas still to be resolved. We therefore planned and carried out 
comprehensive investigations of the conditions regarding contami
nant transport and fallout from the atmosphere in the Lake Baikal 
region . 

Lake Baikal is situated in the heart of the Asian continent 
between approximately 51° and 56° north latitude, the latitudes 
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of Kiev and Moscow. It is quite remote from any oce&DI, lying in 
a narrow tectonic depression known as the Baikal Trench which 
exhibits a prevailing northeast tilt. Baikal's length in this direction 
is 836 kilometers, with a maximum width of about 80 kilometers. 
The lake covers 31,500 square kilometers, while the Baikal Trench 
occupies more than 80,000 square kilometers if its boundaries are 
followed along the watershed line which borders its ranges. These 
ranges reach a height of 2,300 meters in the southern portion of the 
depression, 1 ,000-1 ,700 meters in the southwest, and 2,500-2,800 
meters in the north, northwest, and northeast in the Baikal and 
Barguzin ranges. Individual peaks exceed these heights. 

The median height of the mountainous areas above the level of 
Lake Baikal varies between 800 meters in the south and 2,000 me
ters and more along the northwestern, northeastern, and northern 
portions of its periphery. Broad expanses along the edges of the 
Baikal depression are confined to the area in which the source of 
the Angara River is located, to the outlet of the spacious Tunkin 
Trough, and to the mouths of the Selenga, Barguzin, Upper An
gara, and Kichera Rivers. These areas substantially influence the 
lake's seasonal metereological procesaes, facilitating the intrusion 
into the Baikal depression of air masses from continental regions. 
Such intrusions are particularly evident in diurnal cold season 
weather processes before the lake freezes over. 

Intrusion processes such as mountain-pass winds (largely 
through the western ranges in the cold season of the year) are 
stable until the lake freezes. They may approximate a winter mon
soon in the form of a so-called "monsoon trend," but they may 
also occur in other seasons when atmospheric fronts pass through 
the Baikal region. Due to the convergence of air currents entering 
the Baikal Trench, local high wind centers are formed in the open 
reaches and valleys bordering the lake. Wind currents are not only 
intensified considerably (with speeds up to tens of kilometers per 
second) ,  but they are also oriented in a specific direction. They act 
as an impulse in the formation and dynamics of intra-basin circu
lation which we traced in our in situ investigations. Various kinds 
of particulate clearly enter into such circulation. This particulate 
is transported over the Baikal region with macro-advection and 
localizes over the shoreline as well as over the lake itself (21) .  

We have formulated a picture of the climate and air currents 
in the Lake Baikal region as an open dynamic system with direct 
and inverse relationships with the surrounding land mass. It is 
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FIGURE 1 Schematic repreHDtation of luer uro.ol diapenion analyHr. 

also subjected to the impact of a tremendous body of water. As 
a result, monitoring must encompua the entire lake buill and a 
considerable portion of the adjacent areu. Climate ftuctuations 
in these territorial extremes and deterioriated atmospheric con
ditions can affect water quality in the Baikal tributaries through 
precipation, runoff, and atmospheric dynamics which associate the 
lake with land. 

Aerosol samples have been taken annually since 1974 over a 
reference cross section with subsequent determinations made of 
heavy metal levels. In recent yean we have used a photoelectric 
laser aerosol dispersion analyzer whose schematic representation 
is shown in Figure 1 .  

Aerosol-containing air in the analyzer is pumped through the 
darkened cylindrical channel. Aerosol particles, entrained by the 
air current, enter the calculation chamber and intersect light rays 
formed by diaphragms and optical elements. A light impulse orig
inating from a particle bears information about its size. The light 
signal is converted into an electrical one and enters the amplitude 
analyzer. From the analyzer, the size is uaigned a channel number 
(the number of impulses in the channel corresponds to the number 
of particles of a given dimension) , and the information is read out 
on a screen and a digital printer. Given the instrument's dynamic 
range, we can record aerosols at intervals from 0.1 to 80 um. 

With favorable weather conditions and precluding impact 
from anthropogenic aerosol release points and attenuated input 
from natural sources, we recorded extremely low aerosol levels (to 
t3 particles per ems ) with particle size less than 0.8 um. This 
corresponds to the aerosol mass level of 2 x to-T mg/1 .  The me
dian aerosol level at distances from the shoreline of under five 
kilometers amounts to 210 particles/ems or 3 x to-e mg/1. 
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Table 1 

Coneentratiom or element• in ambient air over Lake Baikal (nc/m8) 
and in the recfon'• enowmelt runoff (mec/1) 

Element Atmosphere Snow 
Prietine background 
recfom (atmosphere) 

AI 
Br 
Ca 
Co 
Cr 
Cu 
Fe 
He 
Li 
Na 
Pb 
Sb 
Se 
Zn 

0.072 - 0.82 
0.0& - 0.7 

170.00 - 890 
0.04 - 0.8& 
2.2 - & .6 
2.0 - 160 

27.0 - 820 
0.02& 

8&.0 - 780 

0.02 - 0.27 
0.012 - 0.2 
2.4 - 8.8 

700 

1 .1 
1& 

0.28 
0.19 

180 
1.0 

17 

0.02 - 1& 
0.17 - 120 

0.004 - 8 
0.6 - 87 
0.& - 90 
9.0 - 1000 
0.02 - 82 

10.0 - 1000 

0.02 - 10 
0.008 - 1.& 
2.0 - 70 

Souree: (11) 

Table 1 cites data on the levels of a range of metals in ambi
ent aerosol and snowmelt runoff. It is clear from this data that 
the air over the lake's water area is only slightly subjected to an
thropogenic impact. Therefore, for these indices the Lake Baikal 
region is one of the world's pristine background regions. 

ASSESSMENT OP ANTHROPOGENIC IMPACT ON. 
HEAVY METAL BALANCE IN THE ATMOSPHERE: 

THE MERCURY EXAMPLE 

Fuel energy, ferrous and nonferrous metallurgy, mobile sources, 
and urban waste combustion are major anthropogenic sources of 
heavy metal input into the atmosphere. Coal heads the list of 
foBBil fuels in terms of production and utilization. Large masses 
of various trace elements (frequently in excess of amounts used 
in industry) are released into the environment from overburden 
rock, enrichment wastes, ash, and slag from coal extraction and 
utilization (1) .  
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Many trace elements are toxic to varying degreee. We know 
from geochemical ecology that it is not desirable to discharge ex
cesaive amounts of such elements as mercury, beryllium, arsenic, 
cadmium, lead, zinc, vanadium, copper, chrome, and certain oth
ers into the organic matter of the biosphere. We have previously 
discuued the potential negative repercUIIions of mercury and lead 
accumulation in the biosphere (4-6) . Many heavy metals which are 
observed in ambient air act as a catalyst for oxidation reactions 
occurring in the atmosphere (17) . This may hold tremendous,  
truly global significance for atmospheric chemistry and, in par
ticular, for oxidation processes in the environment. Furthermore, 
investigations indicate that such reactions with the participation 
of heavy metals are important sources of free radicals in ambient 
air (18) . It is difficult to overestimate the ecological and medical 
significance of this fact. 

Accurate methods for evaluating anthropogenic impact on 
the heavy metal balance in the atmosphere are necesaary to assess 
these phenomena. We shall examine these issues using mercury as 
an example. Anthropogenic mercury input into the environment 
(e.g. , atmosphere, natural waters, soils) currently amounts to ap
proximately one-third of total input from both anthropogenic and 
natural sources (5,15) . Natural fluxes include so-called "mercury 
respiration" of the earth's crust and vegetation which involves 
mercury evaporation into the atmosphere (92 percent) and mer
cury input into natural waters during natural denudation of land 
surface rock (8 percent) . Approximately two-thirds of the anthro
pogenic input enters soils. About four percent finds its way to 
water and no more than one-third enters the atmosphere. 

Let us focus on the following: 

• Published data on mercury levels in components of the envi
ronment are inconsistent. This makes it much more difficult 
to compile a complete balance structure for mercury fluxes 
(3,16) . 

• The anthropogenic contribution to mercury release into the 
atmosphere totals approximately 15 percent . 

• The poorly studied processes of "mercury respiration" of the 
earth's crust and vegetation play a predominant role in natural 
mercury input. 

• Combustion of coal and other kinds of fossil fuels currently 
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accounts for approximately three percent of total mercury 
input into the atmosphere. 

In relation to the last factor, not only must fuel combus
tion processes be considered in assessing the contribution of com
bustible fuel energy to mercury input, but the entire range of 
energy production and consumption proce88e8 must also be as
seaed . The interdisciplinary balance developed by the American 
economist Wassily Leontief is a convenient tool for this purpose. 
The application of this method shows a significant increase (1.5-
2.0 times) in the role of thermal electric power stations in the 
current and predicted structure of anthropogenic release points. 
Contemporary energy systems of individual countries and the en
ergy system of the world at large are in a transitional stage (16) . 
A goal has been set to tap richer energy sources which are ac
ceptable in both socioeconomic and ecological terms. However, 
one can expect an increase in the coming decades in the mag
nitude of exploration, production, and use of traditional power 
resources-coal, oil and petroleum products-in addition to the 
expansion of atomic energy use and despite a downturn in the 
energy intensiveness of different branches of the economy. 

"Reservoir" models based on the use of first order kinetics are 
widely used in quantifying anthropogenic impacts on the global 
mercury balance (4,19) . Studies 4, 5, 7, and 12 detail mercury 
input into the atmosphere, using a mathematical model whose 
matrix notation can be presented as follows (19) : 

dQ 
= AQ + l  dt { 1} 

where Q = Qi is the mercury content vector in components (re
servoirs) of the environment; Qi is the mercury level in an "i
th" reservoir; I = Ii is the vector for mercury input into the 
environment; Ii is the mercury release into an "i-th" reservoir; and 
A is the matrix of mercury inter-reservoir transport rates. 

It usually takes several years for major sources of mercury 
input into the environment to alter output. This considerably 
exceeds both global air mass exchange time (less than one year) 
and mercury residence time in the atmosphere (approximately ten 
days) . Consequently, we can postulate that tlQ/tlt in formula 1 is 
equal to zero, from which it follows that : 
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Block 
Receptor 

9ft - 70° 

50 

Table 2 

Function or lin,le mercury IOUrce impad (one ton per year) 
on mercury nuxn from the atmo�phere 

Jllgsk 112Y!D 
1o• - so• so• - o• o• - so• so• - ro• 

0.021 2.3 X 10
-3 2.4 X 10-4 

4.0 x 10-5 

10• - so• Q.!Q! Q.Q!1 
0.28 0.033 

L1.&.1lf3 

3.3 X 10-S 
-s 

1.5 X 10 
-S 

0.60 x 10 

so• - o• 0.16 0.874 Q.Q§! Q.Q1L -s 0 . 11  O.S6 0.039 7.8 X 10 

o• - so• Q..Q!L _s 0.04S Q.§ll 2.!1! 
9.8 X 10 0 .033 0.41 0.90 

so• - 1o• -3 -3 2J.U 0.855 1.:.l.& .. M!._3 l:.lll.12_s 
2.S X 10 8.0 X 10 0.1 0.61 

70° - 90° 6.0 x 10-5 
2 .1  X 10-4 

2.7 X 10-3 0.016 

Note: For the fipNI a/b in the table: a =  nux (t) on entire underiJinl 
1unace in the block; b = nux (t) on ocean surface in the block. 

Source: (14) 

{2} 

We used findings from observations of mercury levels in com
ponents of the Lake Baikal basin environment to verify this model. 
We found in particular that mercury concentrations on the order 
of 0.2-0.4 ug/1 should be formed due to global atmospheric mer
cury transport over a geologically significant period of the lake's 
evolution. This is in close agreement with observed data ( 4) . 

Table 2 cites the findings from calculations with a reservoir 
model for global mercury transport in the troposphere. It shows 
values for the function of the impact of each block on mercury 
fluxes from the atmosphere to an underlying surface (including the 
ocean) per individual (one ton per year) mercury release point (14) . 
Results of these calculations can be used to evaluate current and 
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predicted mercury fluxes from the atmosphere to various regions of 
the planet. Calculation findings for the period up to 2015 indicate 
that both mercury input into the atmosphere and fluxes from the 
atmosphere to underlying surfaces will increase by 25-35 percent. 

In contrast to mercury, anthropogenic input of lead into waters 
of the world's oceans is already significant and will be even more 
so in the future (3,6} . This circumstance calls for in-depth analy
sis in order to evaluate potential negative ecological repercussions. 
However, serious concomitant ecological problems are also linked 
with mercury both currently and in the future, when industrial 
waste treatment facilities for mercury will be further upgraded and 
the atmosphere becomes the primary pathway of mercury input 
into the environment. Mercury's high volatility enhances its dif
fusion over great distances. The result is that aquatic ecosystems 
become the critical, limiting link. In particular, Soviet researchers 
have demonstrated the validity of this conclusion with regard to 
shallow water bodies with a large watershed (4,7,12) . Further
more, because of the dependency of volatility on temperature, 
mercury will accumulate in cold components of the environment , 
particularly in cold waters of the world's oceans. 
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US-USSR Bering Sea Study 

TERRY E .  WHITLEDGE 
University of Texas, Austin 

The 1972 bilateral agreement on US-USSR cooperation in 
environmental protection (Project 02.05-41 "Biosphere Reserves;" 

subtheme: Bering Sea Ecosystem Studies) resulted in a joint expe
dition in the Bering Sea from June 27-July 31 ,  1984, on the Soviet 
research vessel A/cademi/c Korolev. This second joint US-USSR 
expedition followed a previous joint investigation in the Eastern 
Bering Sea in 1977. The principal sponsoring agencies were the 
Soviet National Environment and Climate Monitoring Labora
tory, the Academy of Sciences of the USSR, and the US Fish 
and Wildlife Service of the US Department of Interior. Scientific 
personnel came from a variety of institutions in both countries. 

The principal objectives of the study were to determine any 
unnatural changes in the structure and functioning of the Bering 
Sea ecosystem and to assess its assimilative capacity. More specif
ically, the main scientific goals were to collect biological, chemical , 
and physical baseline data to provide a comprehenSive profile of 
the Bering Sea; to conduct studies of the physiological and eco
logical characteristics of plankton organisms; and to assess the 
relative ecological health of the Bering Sea. 

Sixteen American scientists joined the Soviet ship at Dutch 
Harbor, Alaska, to collect samples on a series of four polygon 
sampling sites (five stations in the form of a box) located in the 
southern, eastern, northern, and western regions of the Bering 
Sea. A few additional stations were added to the northern polygon 
to improve sampling of reportedly high primary production and 
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FIGURE 1 Sampling locations during the joint US-USSR Berin1 Sea Study. 
Polygon location• (five etation clustere) were eampled in the eouthem, east
em, northern, and western regions from June 27 - July 31 , 198-4. 

degradation in that region. Six working groups were established to 
encourage interactions between Soviet and American scientists in 
physical oceanography; biogenic elements; biogeochemical cycles; 
microbiology; plankton and primary production; and zoobenthos, 
birds, and marine mammals. These groups also designed the sam
pling protocols for the 26 stations, whose locations are shown in 
Figure 1. 

MEASUREMENTS BY US PARTICIPANTS 

AB previously mentioned, specialists from both countries were 
merged in the working groups to facilitate a comprehensive in
vestigation of the Bering Sea. Overall, the activities of the US 
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specialists complemented the research performed by their Soviet 
colleagues. The following American projects and measurements 
were undertaken at the sampling stations: 

1 .  Expendable bathythermograph measurements of water tem
perature in the upper 200 meters; 

2. Salinity-temperature-depth profiles in the upper 400 meters; 
3. Concentration of dissolved inorganic plant nutrients in all 

hydrographic samples from the surface to 4,000 meters; 
4. Concentration of dissolved oxygen (conducted jointly with 

USSR) ; 
5 .  Concentration of heavy metals in samples obtained with a 

Kevlar sampling line; 
6. Dissolved and suspended organic carbon, especially in the 

euphotic zone; 
7 .  Concentrations of C1 - C4 and C6 - C16 hydrocarbons in water 

samples; 
8. Concentrations of C14 - C32 hydrocarbons in benthic sedi

ments; 
9. Rates of primary production using 14C isotopes (conducted 

jointly with USSR) ; 
10. Concentration of chlorophyll " using in vitro fluorescence; 
11 .  Concentration of phytoplankton pigments (chlorophyll s, chlo

rophyll 6, phaeophorbide, fucoxanthin and peridinin) using 
high pressure liquid chromatography; 

12. Vertical distribution of ambient light to calculate extinction 
coefficients; 

13. Taxonomic composition and quantitative assessment of ben
thic organisms (conducted jointly with USSR) ; 

14. Granular analysis of sediment samples (conducted jointly with 
USSR) ; 

15. Taxonomic composition, quantitative assessment, and feeding 
habits of sea birds; 

16. Quantitative assessment of marine mammals. 

COLLABORATIVE US-USSR EXPERIMENTS 

Some of the most interesting and potentially useful results 
were obtained in several collaborative experiments to study effects 
which could not be generated in individual experiments. This 
approach was used to evaluate the simultaneous effects of varying 
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nutrient and toxicant concentrations {Cd, Cu, Pb) on planktonic 
communities. It was interesting to learn that high concentrations 
of nitrate decreased the toxic effect of copper on microzooplankton 
in seawater. Further experiments were designed to explore the 
effects of both phosphate and nitrate on succession of species 
in the oceanic environment in order to better understand the 
biological processes occurring at frontal regions between different 
water masleB . Another interesting collaborative experiment was 
designed to study the effect of nutrient regimes on the intensity of 
PCB bacterial degradation in the relatively frigid climate of the 
Bering Sea. 

Eight collaborative experiments were carried out during the 
36-day cruise. The data from these experiments have not been 
completely analyzed to date, but a joint meeting to complete a 
synthesis of the data sets is anticipated. 

Scientific personnel of the joint US-USSR Bering Sea expedi
tion were brought together for two scientific meetings. The first 
meeting consisted of four presentations on the theme "Ecological 
Problems of Study and Monitoring of Highly Productive World 
Ocean Areas." A second meeting consisted of six presentations 
on the theme "Current State of Knowledge about the Bering Sea 
Ecosystem." 

SUMMARY OJ PINDINGS 

The Bering Sea is a large body of water with a unique char
acteristic: 44 percent of the area is comprised of continental shelf. 
This large shelf area produces a suitable habitat for large quan
tities of plant and animal life. The natural variability in such 
a large ecosystem prevents a thorough analysis with only a sin
gle expedition. However, some general findings of the expedition 
follow. 

• As many as four water masses were observed in the verti
cal sampling of physical oceanographic parameters. Vertical 
nutrient distributions indicated three water masses (surface, 
intermediate, and deep water) in the southern and western 
polygon. 

• Horizontal sampling identified three water masses (Coastal, 
Bering Shelf, and Anadyr) which have quite different chemical 
features and origins. 
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• The plankton community produces a decisive influence on nu
trient concentrations in the euphotic zone and provides abun
dant material for a high intensity of microbial degradation. 

• Copper complexing capacity of seawater samples declined 
with depth in direct relation to the decline of phytoplank
ton biomasses as indicated by chlorophyll 11 concentrations. 

• The Bering Sea ecosystem is a highly productive ecosystem, 
and at present anthropogenic impact does not produce a sig
nificant effect on bioproductive processes in the Bering Sea. 

A joint US-USSR compendium containing the final analysis of 
the research expedition will be published with the tentative title 
"Investigations of the Bering Sea Ecosystem: Part II." Exchange 
of data has occurred, and a synthesis workshop will be arranged to 
continue the process of data analysis and publication of complete 
results. There was also general agreement among the study par
ticipants that a third US-USSR expedition should be planned for 
the Pacific Ocean, including the Bering Sea and highly productive 
coral reef ecosystems. 
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V .M .  KUDRYAVTSEV , YU. L .  VOLODKOVICH , S .M .  CHERNYAK 

Environment and Climate Monitoring Laboratory 
USSR State Committee for Hydrometeorology and 

Control of the Natural Enviroment 
Academy of Sciences of the USSR 

The emergence of new and powerful, man-induced, ecological 
factors capable of affecting the evolution of marine ecosystems 
has stimulated in-depth, baseline studies of the world's oceans. 
Interest in these factors has given rise to new scientific disciplines, 
such as the anthropogenic ecology of the ocean-a new and rapidly 
expanding area of modern oceanography (8) . 

A starting point for anthropogenic ecology of the ocean lies 
in ideas and methods developed within the framework of scientific 
investigations into the negative consequences of anthropogenic 
impacts on the ocean. The focus of these studies is the tracing 
of global changes in the ecological characteristics of the marine 
environment which have relevance to the ecological evaluation of 
the state of the biosphere at large. Underlying such studies is a 
comprehensive analysis of the status of marine ecosystems in terms 
of geographic

.
zonality and the extent of anthropogenic impact. 

Comprehensive studies of the Bering Sea's ecosystem have 
contributed substantially to developing the field of anthropogenic 
ocean ecology. They were carried out both as part of national pro
grams of scientific investigations and during joint Soviet-American 
research expeditions. 

Any consideration of a comprehensive analysis of the Bering 
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Sea ecosystem must stress the benefits from both good organi
zation and good programs at the international level. Experience 
from baseline studies and from the experimental phase of the 
comprehensive monitoring of several semi-enclosed seas (i.e . ,  the 
Baltic and Mediterranean) demonstrates the need for scientists 
from different countries to develop a unified approach and stan
dard methods for assessing the state of marine ecosystems. This 
kind of experience is gained during international expeditions, in
tercalibrations, and symposia. 

The Bering Sea washes the shores of both the USSR and the 
United States. It is therefore only natural for Soviet and American 
scientists to pool their efforts to investigate the tolerance for and 
"immunity" of Bering Sea ecosystems to man-made pollutants. 
The need to evaluate the Bering Sea's assimilative capacity with 
a view to developing a regulatory system to control anthropogenic 
discharges stems from the predicted persistence of existing pollu
tion trends for this region of the Pacific Ocean. (7) 

The first joint Soviet-American expedition in the Bering Sea, 
which took place in 1977 on board the Soviet vessel VolntJ, set the 
stage for long-term comprehensive studies of the Bering Sea. The 
project's primary findings were compiled in a joint monograph 
entitled "Ecosystem Investigation of the Bering Sea," published 
both in the USSR (6) and the USA (26) . 

Ecosystem investigations of the Bering Sea were subsequently 
extended during the comprehensive ecological expedition in the 
northern Pacific Ocean. Soviet specialists conducted these studies 
from June through August 1981 on board the Soviet ship AktJdemik 
Shirshov. This voyage yielded new scientific material describing 
the status of the Bering Sea ecosystem: hydrological processes 
and hydrochemical conditions; the impact of pollutants on the 
plankton community in microcosm conditions; microbial oxidation 
of organic toxicants; the spatial structure of plankton biological 
activity; and the Bering Sea's biotic balance. Ground-breaking 
studies were conducted on the composition and physiological ac
tivity of the Bering Sea's bacterial population. Benz(a)pyrene in 
the marine ecosystem was used to study the biogeochemical cycle 
of polycyclic aromatic hydrocarbons. The expedition's findings 
were published in the monograph "Comprehensive Analysis of the 
Bering Sea Ecosytem." 

The second Soviet-American expedition in the Bering Sea 
took place in June 1984 on the Soviet ship AktJdemik Korolev. The 
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FIGURE 1 Location of stations for the second Soviet-American expedition 
in the Bering Sea, Summer 1984. 

project focused on studying processes occurring within clearly de
fined test sites and cross sections joining different test sites (Figure 
1) .  The investigations in both 1981 and 1984 were conducted in 
the same areas of the Bering Sea (24) . The regions where the test 
sites were situated exhibited a number of specific features, but had 
differing water mass qualities. 

Test site 1 ( "South" ) was located in the deep-water, southern 
area of the Aleutian Trench. Test site 2 ( "East" ) was located on 
the border of the eastern continental slope. Both of these areas 
are subjected to the impact of Pacific Ocean waters which pene
trate the Bering Sea across the Aleutian Ridge, intersecting the 
sea's central portion from the southeast to the northwest with a 
system of transverse currents. Test site 3 ( "North" ) covered the 
area of the continental shelf west of St. Lawrence Island with a 
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depth of between 50 and 100 meters. This is the zone which is 
subjected to the impact of cold water masses and whose basic nu
cleus is preserved throughout the entire summer period. Test site 
4 ( "West" ) was located within the deepwater western Bering Sea 
over the submerged Shirshov chain; the cold Kamchatka Current 
flows into this area. In addition, cross section No. 1 joined test 
sites "South" and "East," cross section No. 2 united "East" and 
"North," and cross section No. 3 linked "North" to "West." 

A comprehensive analysis of Bering Sea ecosystems touches 
upon a broad range of issues. This monograph presents and in
vites discussion of specific results of the second Soviet American 
expedition including: (1) features of hydrological and hydrochem
ical processes ; (2) quantification of pelagic populations and ele
ments of the biotic balance; (3) microflora and microbiological 
processes; (4) biogeochemical cycles and organic pollutants; (5) 
ecological and toxicological investigations; and (6) approaches to 
determining the assimilative capacity of the Bering Sea. 

PEATURES OP HYDROLOGICAL 
AND HYDROCHEMICAL PROCESSES 

The Bering Sea is a unique basin in which highly contrast
ing conditions and processes converge. On the one hand, the 
Bering Sea is a semi-closed marine aquatic system. At the same 
time, it is a typical ocean ecosystem. The Bering Sea is located 
almost entirely within the subarctic climatic zone. Only its ex
treme northern and southern boundaries extend into the Arctic 
and temperate latitudinal zones, respectively. 

Current oceanographic investigations of the Bering Sea have 
shown that the main sources of the region's water mass formation 
are in the Alaska Current which flows across the straits between 
the Aleutian and Komandorskiye Islands. A counterclockwise wa
ter mass cycle actively transports nutrients in the Bering Sea's 
main regions. The water mass in the basin's northern and east
ern portions on the expansive continental shelf is cooled during 
the winter and retains its low temperatures throughout the entire 
summer. The cold current in the western portion flows near the 
Siberian and Kamchatka shorelines. River flows, metereological 
factors, and atmospheric circulation exert a significant influence 
on the formation of the Bering Sea's water masses , water structure, 
and hydrological conditions (6) . 
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Four characteristic water mules were detected during the 
1984 investigations with specific features of temperature and salin
ity diatribution: surface, intermediate cold, intermediate warm, 
and deep-water mules. The cold intermediate layer is usually 
formed under the impact of climatic factors: winter cooling of the 
entire active layer and subaequent summer warming of ita upper
most portion. Formation of the warm intermediate layer is coupled 
with the transformation of Pacific Ocean waters which are cooled 
by winter convection. The four-layer water maaa structure was 
observed at all teet sites investigated, with the exception of the 
"North" site. 

The winter-summer warming in the area of water under study 
was not uniform. This affected the thickness of the surficial layer 
which increased from the northwest to the southeast. Characteris
tic cold and intermediate warm layers increased in thickness from 
the southeast to the northwest. At the same time, layer boundaries 
were observed only in the temperature field. 

The powerful northern Pacific current flowing along the con
tinental shelf in the northeastern portion of the basin determines 
one specific hydrochemical feature of the Bering Sea. The cur
rent rises to the surface, forming upwellings which saturate the 
euphotic zone with nutrients necessary for the vital activity of 
phytoplankton (24) . 

The Bering Sea's unique chemical features are futher under
scored by the specific nature of molecular oxygen distribution in 
the water column. At a depth of approximately 1 ,000 meters the 
basin's water masses intrude, injecting these waters with a lethal 
oxygen deficit and high nutrient levels. This particular kind of 
"shallow water state" triggers a concentration and "entombment" 
of many organic elements introduced as a result of anthropogenic 
pollution of the Bering Sea. This factor must be taken into account 
in organizing a comprehensive monitoring program. 

Nutrient dynamics in the euphotic zone usually reflect the 
specific features of the water body's hydrochemical conditions and 
are a function of the phytoplankton community's biological activ
ity. Therefore, in bodies of water which exhibit a clearly defined 
seasonality-and the Bering Sea is a salient example-the annual 
nutrient cycle is an exact reflection of the annual plankton cy
cle. During the biological winter, which in the Bering Sea lasts 
from October to mid-May, nutrients saturate the trophogenic layer 
through intensive mixing of surface water with the intermediate 
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cold m888. During the spring plankton bloom (mid-May to July) 
nutrient levels in the trophogenic layer drop to a minimum. These 
levels rise again in the summer period (July and August) due to 
organic matter destruction and nitrogen and phosphorus regener
ation induced by the vital activity of bacterial plankton. Mineral 
components are injected into the surface layers from great depths 
during the spring vertical layer mixing. Therefore, another phyto
plankton bloom frequently occurs in the autumn period. 

During the 1984 investigations, nitrate levels decreased with 
the advent of the spring phytoplankton bloom. The rate of de
crease for nutrient concentrations in the surficial layer was not 
uniform in the dift'erent water areas studied. Test site "South" 
exhibited nitrate levels in the surface layer of 15-20 ug of nitrogen 
per liter; the "East" site showed levels of 3-8 ug nfl. The amount 
of inorganic nitrogen compounds at the "North" and "West" sites 
fell to nearly analytical zero. A similar pattern was noted for dis
solved phosphates, which at test site "South" fluctuated between 
1 .5 and 1 .8 ug n/1, and at test site "East" from 0.9 to 1 .0 ug n/1. 
Phosphorus compound levels did not exceed 0.5 ug n/1 for the 
"North" and "West" sites. Nitrate and phosphate levels increased 
several times in the intermediate cold layer zone, peaking at this 
water m888' lower boundary (800-1,000 meters) .  

Silicon distribution is particularly interesting. Silicon is one of 
the most important nutrients, necessary to the vital functions of 
phytoplankton, particularly for diatomic algae. During the study, 
silicon levels were low for the entire water area, varying between 22 
and 30 ug n/1 at test sites "South" and "East," and not exceeding 
1 .5 ug n/1 at the "North" and "West" test regions. 

The greatest nutrient fiuctuations were found in the surface 
water m888, which also exhibited a subsurface maximum oxygen 
concentration in the thermocline. Nutrient distribution for the 
intermediate and deep water manes, except for the shallow-water 
northern region, was fairly uniform. 

The investigations demonstrated the specific hydrological and 
hydrochemical features of the Bering Sea which must be con
sidered in studying biochemical cycles of chemical elements and 
compounds. 
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QUANTDICATION OJ' THE PELAGIC POPULATION 
AND ELEMENTS OJ' THE BIOTIC BALANCE 

The Bering Sea is one of the most productive areas of the 
world's oceans, yielding only to the regions of eastern Pacific 
and Atlantic upwellings (13,21 ,23,24,28,31) .  Despite the severe 
climate, primary production, and phytoplankton biomass in the 
Bering Sea reach high levels of more than 4 grams C/m2 per day. 
Primary producers form the base of the Bering Sea food chain
phytoplankton and to a lesser extent attached algae (macr� 
phytes) . 

During the integrated research voyages in the summers of 1981 
and 1984, the seston mass in the Bering Sea averaged 66 g/m2 per 
()--45 meter layer. In June 1981 the minimum average values for the 
seston mass (44 g/m2 ) were encountered in the "North• test site; 
maximum levels were recorded at the "East• site (98 gfm2 ) . In 
July 1984 the "North• site exhibited the highest values for seston 
inass (an average of 165 g/m2) ; minima (30 g/m2 ) were ascertained 
at the "West• test site (Table 1) .  Interannual fluctuations of mean 
seston mass levels for the "South," "East: and "West" test sites 
did not exceed tw� to three-fold. This is apparent evidence of the 
stability of the biological processes in the areas of the Bering Sea 
.under study for the years indicated. 

Median phytoplankton biomass for all Bering Sea areas under 
study in 1981 and 1984 totaled 13-14 grams per square meter. 
Maximum values in the summer of 1981 for average phytoplankton 
biomass in the photosynthetic zone were found in the "West" site 
(22 gfm2) ; the "South" site registered the lowest values (8 g/m2) . 
In 1984 the highest median levels of phytoplankton biomass were 
detected in the "North" site (21 gfm2) , with the "West" site 
exhibiting the lowest figures (9 .5 g/m2) (Table 1) . The differences 
in the mean phytoplankton biomass at the different test sites for 
both 1981 and 1984 did not exceed threefold and were a function 
of different periods of plankton community succession. . 

The prevalent species of phytoplankton in the Bering Sea in
clude Cho.etoceros furcello.tus, Fro.gillo.riopsis oceo.nico., Rhizosole
nio. hebeto.to., Tho.lo.sBioBiro. o.nto.rctico., and Peridinium pellucid
ium. These findings are consistent with data from other authors 
(19,20) . By comparing the species breakdown of phytoplankton, 
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Table 1 

Quantitative a111e111ment or the Bering Sea's pelagic population 

South 
lndic.e1 I Gill 1Q84 

Prim� production 0.32 0.27 

(I C/m day) 

Sac.teri¥ production 0.68 0.38 

(& C/m day) 

Ba.eteri!l de1truction 1.30 0.88 

(I C/m day) 

B�dif•ntation 0.36 0.8Q 

(& C/m day) (0-100 m) 

Phytopf.nkton biom .. 0.80 1.80 

(r C/m ) 

Me&o�plankton biom .. 3. TO 3.60 

(I C/m ) 

Bacterial plankti'n 
biomua (I C/m ) 

Se1ton mu1 
2 (wet ••i&ht mattar/m ) 

Phytoplankton (P/B) 

P/D 

0.62 0.10 

66.0 41.0 

0.47 0.11 

0.24 0.31 

and biotic balance 

TEST SITES INVESTIGATED 

Eut North Wat Mean 
I Gill 1G84 I Gill 1Q84 I Gill 1G84 I Gill 1G84 

0.53 0.43 0.87 l.Q6 0.4Q 0.58 0.66 0.80 

0.33 0.38 0.40 0.53 0.29 0.62 0.40 0.40 

0.73 0.82 0.88 0.74 0.84 1.20 0.00 0.00 

0.18 0.63 0.78 0.12 0.48 0.70 0.44 0.88 

1.60 1.00 1.00 2.10 2.20 O.Q& 1.30 1.40 

6.60 3.60 1.10 1.10 4.00 4.40 3.80 3.10 

0.22 0.18 0.45 0.12 0.24 0.14 0.38 0.13 

116.0 30.0 44.0 186.0 88.0 30.0 65.0 88.0 

0.68 0.41 0.00 1.00 0.40 0.80 0.68 0.64 

0.72 0.52 1.00 2.80 0.78 0.47 0.88 O.IQ 

For the 
entire aea 

2.0 x 10
8 

ton• C/year 

1.4 x 10
8 

ton• C/year 

Q.O X 10
8 

ton• C/year 

1.6 X 10
8 

tom
_
Cjy ... r 

1.8 X 10
6 

toru C/year 

5.0 X 10
6 

ton• C/year 

0.4 X 10
6 

ton• C/year 

7.0 X 10
6 

ton1 C/year 
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which was compiled after processing the ll&lllplee of the 1981 voy
age, with published data, we can conclude that significant modifi
cations in Bering Sea flora have not occurred over the last 30-50 
years (19,20) . 

Soluble levels of carbohydrates, which are the primary prod
ucts of photosynthesis, were determined at various stations during 
the 1984 voyage. Carbohydrates are one of the elements excreted 
by phytoplankton. Therefore, a change in the amount of soluble 
carbohydrates in the water, or in their proportion to other inte
gral characteristics of the status of the phytoplankton community, 
would indicate modifications in the functional state of algae and 
their rate of exchange with the surrounding environment (11 ,14) . 
The procedures described previously by Josefson and others were 
used to determine these levels (27) . The data obtained are evi
dence of a relatively negligible heterogeneity for this indicator in 
the regions under study, and the Bering Sea's high phytoplankton 
productivity. Carbohydrate levels in the surface layers during the 
1984 voyage fluctuated between 6.5 and 12 g/m2 (Table 2) and 
averaged two to three times higher than in the Baltic Sea for the 
summer period (3) . As depth increases, carbohydrate levels in 
the waters of the euphotic zone drop somewhat, totaling approxi
mately 3�50 mg/m2 in the lower boundary of the photosynthetic 
zone. 

Carbohydrate levels in the water for the Bering Sea averaged 
77 percent of primary production, which is evidence of intensive 
metabolism of the phytoplankton community. These were the first 
studies of this kind to be conducted in the Bering Sea. Of great 
importance to advancing our understanding of the mechanisms 
at play in plankton community functioning is an assessment of 
carbohydrate levels and of other characteristics reflecting the rate 
of new formation and destruction of organic matter in this highly 
productive region of the world's oceans. 

As shown in Table 1, mean values for mezozooplankton bio
mass in the Bering Sea for June 1981 and July 1984 were virtually 
identical, totaling 36 and 31 gfm2 wet weight, respectively, for 
the 0-45 meter layer. Differences in the· mean mezozooplankton 
biomass values for both 1981 and 1984 were also insignificant . Min
imum mezozooplankton biomass values (11 gfm2 ) were ascertained 
at the "North" test site , which exhibited an upwelling-induced, 
intensive phytoplankton growth during the 1981 and 1984 moni
toring periods (23 ,24) . Maximum mean mezozooplankton biomass 
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Table 2 

Mean total number of bacteria (TN) , their biolllUI (B), and production of 
bacterial biolllUI (P) at t•t 11U• in the Bering Sea (Summer 1984)• 

Depth .lmi.Siulll llll..JISI lfmii...IISI � (me&en) TN B p TN B p TN B p TN B p 

0.1 188 u 11.1 Ill 4.T T.2 liT u 8.0 liO 2.1 13.8 

10 111 2.1 11.11 Ill 4.4 11.11 118 2.1 8.0 1TI S.l 8.11 

11 lll u 11.1 .. 1 .8 8.0 284 1.0 11.11 ITT 1.2 l l .l 

II 100 1.11 11.1 111 u 8.4 1TI u 8.4 101 S.l 13.0 

41 110 u 8.1 Ill 4.1 1.8 111 u 8.1 .. 1.8 10.4 

TO 181 3.1 1.8 SOl 1.1 8.1 " 1.4 4.4 80 1.1 T.O 

100 liT u 1.1 114 2.11 1.1 " 1.8 8.8 

121 241 4.1 1.1 

110 108 1.0 10.1 IT 1.1 4.1  

100 81 1.8 T.l 111 2.1 u 81 1.2 T.2 

100 UT u T.l 80 1.1 4.T " 1.1 11.1 

1000 liT 1.8 11.1 121 u 1.1 Ill 1 . 1  12.1 

1100 . 1011 1.0 1.11 Ill 1.8 .. 1.2 14.1 

2000 1111 1.8 1.1 110 u 1.1 Tl u 10.11 

1100 llll u 1.1 T4 u 2U 1000 .. 1.1 u 110 1.T 10.3 

3100 " u u 
31100 .. u 4.T 

M..Uan 1011 u 1.4 114 1 .1 1.1 141 I.T 1.11 108 1.0 1 1 . 1  

• Val ... for TN = "'-aacla d/ml 
B =  uc C/1 
P '"' uc C/1 per daJ' 

values in 1981 were observed at the "East" site, and in 1984 at the 
"West" site. These figures exceeded the loW81t average biomass 
values by almost five-fold. Total mezozooplankton abundance in 
1984 fell by 1.5 to two times compared to 1981 levels. 

The great abundance and biomass of mezozooplankton organ
isms in the "North" site were maintained through transport by 
the Anadyr Current of nutrient- and phytoplankton-rich water. 
Three fauna groups of phytoplankton are mixed in the "North" 
site: southern Bering Sea oceanic, northern Bering Sea, and ner
itic {1 ,2) . In 1981 members of only two of these groups, oceanic 
and neritic, were found; in 1984 all three groups were present. The 
nucleus of the southern Bering Sea oceanic group was comprised 
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of copepods (filter-feeders) : Cslarau c..Utatu, C. plumclrv•, Eu
calaraus 6uragii 6uragii, and Aletritlia pacifica. Typical members of 
the north Bering Sea group were the crustacean Cslara•• glacislis. 
The neritic group included the pelagic larvae of benthic organisms, 
rotifers, and others. 

Science currently has extensive information on pattems of 
phyto- and mezozooplankton development. However, we have only 
recently begun an in-depth study of microzoop!Wton; Bering Sea 
microzooplankton were studied for the first time in t98t .  It was 
established that the bulk of microzooplankton in the Bering Sea 
inhabits the upper 80-meter layer of water mass. The average 
biom&88 for these organisms amounts to two to five grams wet 
weight under one square meter; infusoria production was approxi
mately two grams wet weight below one square meter of the water 
surface diurnally. 

Findings from t984 demonstrate that microzooplankton in the 
Bering Sea include infusoria, ftagellates, Ratliolaria, Formarairai/era, 
larval-stage crustaceans, and other small planktoners. The first 
two groups of organisms are dominant in microorganisms. On 
the basis of data on the abundance and biomass of these simple 
organisms, we can conclude that the Bering Sea is a highly produc
tive body of water. Maximum levels for infusoria abundance and 
biom&88 amounted to t2 x toe organisms per cubic meter and 4.4 
g/m3 , respectively; for ftagellates, these figures were 3.t x toe or
ganisms per cubic meter and O.t g/m3 • The spatial distribution of 
microplankton organisms was determined by the interaction of an 
entire set of conditions: temperature, salinity, and hydrochemical 
and hydrobiological factors. 

As our findings from t98t have demonstrated, the locations 
of isolines for infusoria and ftagellate biomass at various layers of 
the four areas .in the Bering Sea that we investigated were in most 
instances consistent with similar isolines for water salinity, ftow 
rates, and nutrient concentrations in the water. Our data provides 
clear evidence of the potential use of microzooplanktonic organ
isms as a bioindicator for heterogenous water m&8888. Primary 
production and bacterial destruction of organic matter are among 
the most important functional indices of the state of the marine 
ecosystem, since their correlation determines the degree to which 
the processes of new formation and destruction of organic matter 
are balanced (2t ,23,24) . 

The depth of the photosynthetic zone in the Bering Sea during 
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the biological spring and summer of 1981 and 1984 did not exceed 
45 meters. Vertical profiles for primary production generally had 
a single peak in the zone of optimal light conditions (5-10 me
ters, rarer in surface layers) . Phytoplankton production decreased 
gradually below this maximum figure. 

Because of the great heterogeneity of ocean conditions, even 
the mean values for primary production of organic matter in the 
investigated areas of the Bering Sea fluctuated appreciably (from 
0.3 to 2.0 grams C/m2 per day) . These fluctuations were signifi
cantly greater than the value for bacterial destruction of organic 
matter in the photosynthetic zone: 0.6 to 1/3 g C/m2 per day (Ta
ble 1) . The high variability in the values for primary production of 
organic matter (more than 1�fold) and high P /B phytoplankton 
coefficients (0.9-1.0) were observed in the "North" site adjacent to 
St. Lawrence Island. These factors-the abundance of plankton 
organisms, low water temperature, the large supply of nutrients, 
and the high distinct activity of phytoplankton-are evidence of 
the presence of continuous upwelling in this part of the Bering 
Sea during the summer. Average primary production figures for 
the remaining areas and their fluctuation limits were considerably 
lower (Table 1) . 

Organic matter formed through photosynthesis by phyto
plankton is immediately incorporated into the destruction cycle 
(15,18) . We know that approximately 20 percent of newly syn
thesized organic matter is used in algae metabolism. Roughly 65 
percent of newly formed organic matter is mineralized to carbonic 
acid and mineral salts by microorganism vital activity. Only a 
negligible portion of organic matter is broken down through the 
vital activity of zooplankton and is also removed from the active 
zone through biogenic sedimentation. 

Analysis of the material obtained indicates that the rates of 
bacterial destruction of organic matter in the Bering Sea areas 
under study varied considerably in the 0-45 meter layer; they 
tended to change toward the lower boundary of the euphotic layer. 
In 1981 relatively high levels of bacterial destruction were observed 
in the "South" site, while other areas of the Bering Sea exhibited 
lower destruction rates. In 1984 maximum destruction rates {1 .2 
g C/m2 per day) were recorded in the "West" site, and minima 
(0.74 grams C/m2 per day) were found in the "North" site (Table 
1) . The rates of bacterial destruction during the 1981 and 1984 
voyages were high (0.6-1 .3 grams C/m2 per day) in the "East," 
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"West: and •South• lites. They exceeded by 1 .5-3 times the 
values of photosynthesis of organic matter in the water column 
below one square meter. The •North• site alone differed in this 
respect. Bacterial destruction values were equal to or even 2.5 
times lower than the average figures for primary production in the 
entire photosynthetic zone. 

The rate of organic matter destruction dropped considerably 
with increuea in depth. The rate of destruction in the euphotic 
zone was, as a rule, two to three times greater than in deep layers 
of the water column. This fact is evidence that the bulk of newly 
synthesized organic matter is decomposed in the photosynthetic 
zone, and only an insignificant portion in deep water layers. 

A comparison of average values for organic matter production 
and destruction (averaged for the entire Bering Sea from the data 
obtained during the 1981 and 1984 studies) indicates that these 
procesaes maintain considerable interannual stability. This is true 
since bacterial destruction rates encountered in 1981 and 1984 
were virtually identical. Furthermore, the figures for primary 
phytoplankton productivity were very close (Table 1) . 

Mean values for the P /D coefficients for different test areas 
point to the transitional state of the plankton community, from 
the biological spring to biological summer in 1981 ,  and in 1984 
from the biological summer to biological autumn. 

We attempted to calculate the value for production and de
struction in the entire sea for the vegetation periad using measure
ments of primary production and bacterial destruction of organic 
matter. We incorporated data from McRoy and Goering for these 
calculations, according to which 45 percent of the total amount 
of organic matter production occurs during the first 60 days of 
spring (29) . The total yearly production of phytoplankton in the 
Bering Sea amounted to 2.0 x lOS tons of C organic matter, ap
proximately 1/150 of total organic matter produced in the world's 
oceans for one year (10) . Bacterial destruction of organic matter 
in the Q-100 meter layer was 9 .5 x lOS tons C per year. 

New data were obtained during the 1984 expedition, and we 
can compare the rate of microbial oxidation and biogenic sedi
mentation of organic matter. The findings of our observations 
demonstrate that the rate of organic matter destruction exceeds 
by an average of two to two and one-half times the rate of its 
removal from the active zone during biogenic sedimentation. De
struction of organic matter totalled 13.7-66.3 mg C/m2 per day 
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in the Bering Sea in the summer of 1984. Biogenic sedimentation 
amounted to no more than 5.9-20.3 mg C/m3 per day. 

MICB.OPLOB.A AND MICB.OBIOLOGICAL PROCESSES 

Microorganisms are the most active component of marine 
ecosystems. They exhibit highly diverse physiological and bio
chemical activity, they have a high reproduction rate and consid
erable adaptative potential, and they play an important role in 
how these ecosystems function. We can determine water quality 
based on their total abundance, their biom8S8, and other micro
biological indices, including their trophic level and the extent of 
contamination. Depending on the phenomena in question, micro
bial populations can serve as indicators of physical and chemical 
processes, or act u a powerful biological factor to trigger the 
removal of organic pollutants from the marine environment. 

Until the last few years, no microbiological field studies had 
been conducted in the open ocean areas of the Bering Sea. This 
kind of investigation was initiated in the summer of 1981 during 
the comprehensive Soviet-American ecological expedition. Micro
biological investigations were continued and expanded during the 
second expedition in the summer of 1984. These studies indicate 
that the waters of the Bering Sea in the summer of 1984 were 
characterized by low total numbers of bacteria (TN)-59-308,000 
clfrnl; low biolllUI of -1 .1-5.3 ug C/liter; and comparatively low 
diurnal bacterial production of 2.2-24.5 ug C/1 . (Note that "cl• 
indicates cells.) These values correspond to oligotrophic waters. 

Bacterial plankton distribution in the areas we investigated 
was uneven in the vertical profile of the water column . The con
centrations of bacteria and ita biom8SI at the "East• and "North• 
sites were somewhat higher than for "South• and "West• (Table 
2) . These discrepancies apparently were due to a number of fac
tors including non-uniformity of the water masses and the rate of 
phytoplankton production of organic matter. 

Factorial analysis of the dependency between bacterioplank
ton growth rates and various ecological factors such as water tem
perature and salinity indicate that the elevated mean values of 
TN and microflora bioiD888 (194,000 cl/rnl and 3.6 ug C/1, re
spectively) were confined to a temperature interval of 6.8-9.6°C in 
water with a salinity of 32.3-33.3 percent. A second temperature 
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interval conducive to plankton bacteria growth lay within the rel&
tively low ranges of 1 .2-4.00C. This fact explains the characteristic 
physiological properties of Bering Sea microorganill'IUI. 

We observed a characteristic pattem for vertical profiles of the 
water column in deep water areas: as depth increased, a gradual 
drop in microflora abundance, bioiJlUB, and activity was observed. 
We discemed some increase in bacterial population density only 
at specific depths. Two local maximum microorganism concen
trations were established. The first wu in the aurface film where 
bacteria abundance and biomass were one order higher than in 
samples taken from the underlying water layer. A apecific set of mi
croorganisms (bacterioneustons) growing at the ocean/atmosphere 
interface constitutes the first biological structure which transforms 
and degrades many chemical substances localized in the ocean's 
surficial film (5 ,6) . The accumulation of microorganisms in this 
microbiotope is a function of specific physical and chemical fac
tors which foster intensive microorganism reproduction, and the 
comparatively low rate at which zooneustona consume them. 

The subsequent layer with increased bacteria abundance and 
biomass was situated at the "North" and "West" sites at a depth of 
15 meters in the pynocline. Phytoplankton swarming was detected 
here, and the water was consequently enriched with the products 
of its metabolism. We observed some increase in TN and bacteria 
biomass at the "South" and "East" sites at a depth of 70 meters. 
This kind of bacterioplankton distribution is coupled with the 
multi-layer, vertical structure of the water masses and points to 
broad possibilities for the microbiological indication of variegated 
water masses. 

The rate of diurnal production of bacterial biomass in the 
majority of areas studied was roughly uniform (2.2-10.3 ug C/1) , 
with the exception of the "West" site. Microflora activity in this 
area was considerably higher (4.1-24.5 ug C/1 per day) than in 
the other delineated areas (Table 2) . As the depth increased, the 
rate of diurnal bacterial production did not decline; instead , it 
increased to maximum mean values (24.5 ug C/1) at a depth of 
2 ,500 meters. These fluctuations in the rate of bacterial production 
in the water column of the area in question were apparently due 
to chemosynthesis, which in anaerobic conditions is prevalent over 
heterotrophic C02 assimilation by bacteria. 

The portion of bacterial production as compared to phyto
plankton primary production in the photosynthetic zone in 1984 
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displayed a mean increase over the teat sites from 18.8 percent to 
91.4 percent. In 1981 this correlation fluctuated between 0.5 per
cent and 150 percent. It should be noted that the correlation of 
bacterial production to primary production in the Peruvian near
coastal and other regions of the world's oceans varies between 
three percent and 75 percent (22) . Mean TN and microorganism 
biomass values in 1984 were one and one-half to three times lower 
than in 1981. This may be a function of interannual fluctuations 
in the quantitative composition of microbial populations. 

Many bacteria exhibit tremendous flexibility in their utiliza
tion of organic matter. Functional and active enzymes of prepara
tory metabolism underlie a microorganism's adaptation to new 
food sources. Regulatory and structural genes already present in 
the cells undergo alterations (9) . Microorganisms have the ability 
to synthesize only those enzymes which are essential for decom
posing specific substrata (e.g., in specific physiological conditions) . 
This is both expedient and efficient (24) . Microflora which adapt 
to new chemical conditions and utilize certain compounds are 
widely used u a biological indicator of the marine environment. 

On the buis of investigations of different physiological groups 
of marine microflora initiated in the expedition in the summer 
of 1981 and followed up in the summer of 1984, we were able 
to establish the following: parallel to heterotrophic saprophytic 
microflora, which are able to &88imilate easily oxidized organic 
matter, we also detected toxic organic compounds decomposing 
bacteria in the microbial landscape of the open waters of the sea. 
These compounds include natural elements, such u petroleum 
aromatic hydrocarbons (benz(a)pyrene or BP) and anthropogenic 
xenobiotics such u polychlorinated biphenyls (PCBs) . We shall 
tentatively designate these forma of microorganisms as indicators. 

Microbiological investigations indicate that there is an uneven 
distribution of both heterotrophic saprophytes and bacteria indi
cator groups for the areu under study and the layers of the water 
column. 

The most probable number (MPN) of heterotrophic sapro
phytic bacteria in the summer of 1984 varied from Q-1� cl/ml. 
Furthermore, 67 percent of the samples processed from various lay
ers of the water column contained from several to tens of bacteria 
cells per ml of water. We detected hundreds of cells in 19 percent 
of the samples, and only two percent showed thousands of cells per 
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ml of water. The variability limits for MPN of Aprophytes indi
cated above were conailtent for all litee, with the exception of the 
"North" site, where Sacrophyte MPN totalled G-10' cljml. The 
active saprophytic heterotrophic microftora amounted to 0.003-40 
percent of the total bacteria count in different water aamples. 

In the IUJIUiler of 1981 Aprophytic bacteria MPN exhibited 
zero values in 68 percent of our I&IDples. Thil indicator dropped 
to 12 percent for the IUJIUiler of 1984. Sacrophytic bacteria MPN 
variability limits for 1984 in comparilon to 1981 rOBe in all sites 
by one order of :m&�nitude. Three sones with increased concen
trations were detected in the vertical diltribution of heterotrophic 
saprophytic microftora for the IUJIUiler of 1984: the 15-25 meter 
(thermocline) , 10G-150 meter, and 1 ,()()()-1,500 meter zones. 

Baaed on our findings from the 1981 voyage, we established the 
first taxonomic composition for heterotrophic Aprophytic bacteria 
detected in the open regions of the Bering Sea (8). These studies 
demonstrated that the following families dominate the composi
tion of the Bering Sea's microbial topography: Bacillaceae, Bac
teriaceae, Micrococcaceae, and P•e•tlomoraatlaceae. The following 
families were observed in significantly lower numbers: Alpco6acte
riaceae, Lacto6acillaceae, Vi6rioraaceae, Corprae6octeriaceae, Halo-
6acteriaceae, and NeiNeriaceae. The most widespread microor
ganism species were: Bacillu .,., P•eutlomorau •p. ,  Plaraococc•• 
•p. ,  Bacteri•m •p. ,  and Alicrococc•• •P· 

The abundance of indicator petroleum hydrocarbon-oxidizing 
microorganisms ftuctuated between 0 and 104 cl/ml in 1984, but in 
most samples abundance range was from 1-10 cl/ml. Hydrocarbon
oxidizing microorganism distribution for 1981 in both the areas 
under investigation and the layers of the water column wu highly 
uneven; from 83 to 97 percent of the aamples from the differ
ent sites contained no bacteria from thil group. In 1984 we de
tected zero-value concentrations of hydrocarbon-oxidizing bacteria 
in only 3-14 percent of our samples. Maximum abundance for this 
microorganism group in both 1981 and 1984 wu observed in the 
"West" test site. 

Distribution of BP-oxidizing microftora which can utilize poly
cyclic aromatic hydrocarbons wu essentially similar to heterotro
phic saprophytic bacteria distribution. MPN for this group of bac
teria at the "West" site varied from 0-104 cl/ml, which amounted 
to tens of cells (45 percent of samples) and G-10 cells {39 percent 
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of samples) per one ml of water. The range of abundance vari
ability for the "South" and "East" sites was from G-10S clfml. 
"North" site MPN of BP-oxidizing bacteria fluctuated within an 
even narrower range of G-102 cl/ml. 

BP-oxidizing microorganism distribution for the different test 
sites was greater in 1984 than in 1981. While zero MPN values of 
these bacteria for 1981 at the different sites totaled 81-97 percent 
of the total number of processed samples, this indicator dropped 
sharply in 1984, ranging from four percent ("West" ) to 10 percent 
( "East" ) . 

The study of PCB-utilizing heterotrophic bacteria is of par
ticular interest for several reasons. First, industry and agriculture 
use chlorinated hydrocarbons more ubiquitously every year, with 
concomitant increases in their flux into the marine environment. 
Secondly, PCBs are quite stable and are virtually chemically non
degradable in natural conditions. At the same time, contamination 
of the marine environment by this cl&88 of chemical compounds 
pOBeB a serious problem in that chlorinated hydrocarbons not only 
exert a highly toxic effect when they interact with the marine 
biota, but they also clearly exhibit carcinogenic and mutagenic 
properties. 

MPN for PCB-oxidizing bacteria at test sites "South," "East," 
and "North" reached thousands of cells per one ml of water. At 
the "West" site this figure rose as high as tens of thousands of 
cells per ml of water. At the same time, we detected zero MPN 
values for these bacteria at different water column layers. In a 
number of instances, particularly at the "North" site, we observed 
a rise in MPN in the near-surface and near-bottom water layers. 
As a whole, the abundance of PCB-oxidizing microorganisms for 
both the summers of 1981 and 1984 was one or several to tens of 
cells per ml of water. Their vertical distribution was similar to 
BP-oxidizing microflora distribution. 

From concurrent analysis of TN for microorganisms and of 
MPN for PCB-oxidizing and BP-oxidizing bacteria we determined 
that in most instances the following pair values for the above pa
rameters in our proceued water samples were prevalent: when 
TN = G-100,000 cells per ml, MPN of PCB- and BP-oxidizing 
bacteria = 1-10 cells per ml (25 percent and 25.5 percent of sam
ples, respectively) , and 1G-100 cells per ml (16 and 18 percent of 
samples) ; when TN = 10G-200,000 cells per ml, MPN of PCB
and BP-oxidizing bacteria = 1-10 cells per ml (15 and 17 percent 
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of II&Dlplea) . In other words, MPN for PCB- aad BP-oxidising 
microorganisms showed virtually identical percentage� of total 
microorganism abundaace. This fact indicate� that many marine 
bacteria apparently poel8l8 polyfunctional ensymatic activity, al
lowing them to adapt rapidly to habitat alterations. 

Tolerance or reliatance mutations permit microorganiiJM to 
grow in contaminated conditions and perform microbial oxidation 
of toxic organic substaaee�. Coding is usually performed by either 
chromoeomal gen• or by gen• located on the extrachomuomal 
DNA elements to which plumida belong. Plaamida are considered 
a key factor in microbial cell adaptation to unfavorable ambient 
conditions. During atl laoc experiments to inveetigate microbial 
resistance to heavy metal salta and aatibiotica, we found that 
many bacteria strains isolated in the open areas of the Bering Sea 
contained plumida (24) . 

Mutations of many microorganisms which come into con
tact with contaminants have yet to be investigated. This area 
of research is crucial for the Bering SeL Due to low tempera
tures, microbial oxidization is euentially the sole p:roceaa in the 
elimination of organic contaminante-petroleum hydrocarbons, in 
particular-in this region of the world's oceana. 

BIOGEOCHEMICAL CYCLES AND ORGANIC 
CONTAMINANTS 

The study of contaminant biogeochemical cycles is an impor
tant scientific problem which merits independent inve�tigation. It 
touches upon different media of the biosphere and encompasses 
the major processes involved in the functioning of living matter. 
In addition, it treats many properties of non-living matter. 

Within the concept of marine ecosystem Ullimilative capacity, 
the aim of studying contaminant biogeochemical cycles is to com
pare mUll balances and determine the lifetime of contaminants 
in the ecosystem (7) . This objective calls for an interdisciplinary 
approach to our work, which can be broken down u follows: 

• Determine contaminant concentrations in ecosystem compo-
nents; 

• Assess biosedimentation rates; 
• Study contaminant ftuxes at ecosystem boundaries; 
• Evaluate microbial organic contaminant oxidation rates. 
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Polycyclic aromatic hydrocarbons (P AHs) of both natural and 
anthropogenic origins head the list of the many organic com
pounds which are released into the environment and induce chem
ical changes. With considerable molecular stability and high car
cinogenic and mutagenic effects, this type of compound poses a 
serious threat to the vital functions of marine organisms. 

In view of existing P AH determinations in both crude oil and 
its refined products (which for BP are several millionths of the oil's 
mass) , we can postulate that petroleum contamination is a pow
erful factor which disperses PAHs throughout the world's oceans. 
Some estimates put BP release into the marine environment from 
petroleum hydrocarbon leaks during shipping alone as high as ten 
tons per year, while its input into the ocean's surface by atmo
spheric deposition occurs at a rate of 30 tons annually. Natural 
sources of BP input, particularly volcanic flow, amount to only 1.2 
tons per year. 

The atudy of the BP biogeochemical cycle in the Bering Sea 
ecosystem was initiated in 1981 and was resumed in 1984 (23,24) . 
Twenty-six stations in different areas of the Bering Sea were mon
itored during this period. BP was present in all the water samples 
processed, fluctuating between one and 1 ,000 ngfl. However, this 
figure did not exceed 10 ng/1 in the great majority of cases in the 
G-100 meter water layer (including the surface microlayer-SML) . 

BP levels at the "South" test site varied from 1 .3-36.8 ng/1 
(1G-14 ng per liter in the SML) . While overall background BP 
levels were low (2-5 ng/1) at depths of ten meters and deeper in 
the water column, we detected maximum BP concentrations were 
34-36 ng/1 in the site's southern portion near Blizhny Island at a 
depth of 45 meters. 

BP levels for the "East" site (1-46 ng/1) were on average lower 
than for the other test areas at the different depths and were fairly 
uniform. The site's maximum value (46 ng/1) was detected at 45 
meters in the southeastern portion. 

The "North" site displayed fluctuations in BP levels in the 
water (not including maximum values) of one to 17 ng/1; its SML 
ranged from one to 12 ng/1 . Maximum BP levels were obtained 
in the site's northeastern section adjacent to St. Lawrence Island, 
where BP concentrations were 1 ,000 ng/1 in the SML, and 900 ng/1 
at the 25 meter depth. These levels resulted from the presence of 
PAHs in oil films and in contaminant discharges. 

The water's surface microlayer in the "West" site showed BP 
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levels of 2-43 ng/1 (with an average of 22 ng/1) . BP levels in the 
water column varied between three and 15.5 ng/1. We recorded 
mimimal BP concentrations in the water at a depth of �2,000 
meters for both aides of the submerged Shirshov chain. 

For the Bering Sea at large, BP concentrations in the w. 
ter ranged from O-t6 ng/1. BP distribution in surface microlayer 
waters exhibited a high observed frequency of minimum concen
trations {82 percent of aamples) . In addition, this BP figure did 
not exceed 5 ng/1 in one-third of our aamplu. 

Except for rare c8181, any significant BP buildup in the un
derlying water layers (to 100 meters) wu absent. Accumulation 
was minimal, up to 16 ng/1, in 87 percent of our aamples; as depth 
increased it fell to zero. Spatial BP distribution in 1984 generally 
showed low concentrations. What il especially important il that 
increased BP abundance (20 ng/1 and higher) was localized to 
specific zones. Vertical BP distribution wu uniform; in certain 
cases we detected BP accumulation in the SML and at 45 meters. 

Total BP levels in Bering Sea waters, particularly in the SML, 
were one to two orders of magnitude lower in 1984 than in 1981.  
Vertical distribution was decidedly uniform. However, we found 
maximum BP concentrations at the "North" lite in both 1981 and 
1984 . 

Examination of our samples of bottom sediment from depths 
of 40 to 4,000 meters indicated general PAH accumulation in this 
component of the Bering Sea ecosystem at all test sites. The BP 
level in the ten centimeters of the bottom closest to the surface 
fluctuated between 80 and 2,160 ng/kg dry weight, with a mean 
value of 250 ± 40 ng/kg dry weight (i.e . ,  equal to 10-1 ug/kg dry 
weight) . This is two to three orders of magnitude lower than the 
BP accumulation levels in bottom sediment of impacted areas of 
the Baltic Sea. 

Maximum BP levels of 2,160 ng/kg dry weight were detected 
in the bottom sediment of the "East" site . "North" bottom sedi

ment and deep water "West" bottom sediment contained less BP: 
an average of 270 ng/kg dry weight and 160 ng/kg dry weight, 
respectively. Mean BP accumulation in Bering Sea bottom sedi

ments in 1984 compared to 1981 amounted to 37 percent, and in 
some cases, five percent. 

In 1984 BP was present in all of our plankton organism sam
ples. There was, however, a fairly narrow range of concentrations, 
from 1 ,200 to 17,500 ng/kg dry weight. The most homogenous 
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BP level (3 ,()()()-3,600 ng/kg dry weight) was detected in plankton 
from the "East" site; the maximum BP value was found in plank
ton collected from the "North" test site at stations adjacent to 
St. Lawrence Island. On the whole, the level of BP bioaccumula
tion by plankton was two to three orders of magnitude lower than 
what we had found in 1981 (accumulation coefficient of 10) . How
ever, the overall trend of BP accumulation in the biota remained 
unchanged. 

Ten-day simulation of BP microbial destruction in experi
ments most closely approximating ira litu conditions has pointed 
to the potential ability of microbial populations in the Bering 
Sea to transform from seven to 66 percent of BP which is in
put in initial concentrations of 1 ,000 ng/kg. This iS consistent 
with its maximum possible concentration in sea water. Microflora 
from the "North" site showed the highest biodegradation capac
ity for BP, both from the Q-25 meter and particularly from the 
surface microlayer (59 percent of the BP which was input under
went transformation) . Our experiments demonstrated the ability 
of deep-water microflora (depths of 500 meters in the "East" site) 
to transform BP. 

BP circulation was generally found to be lower in those el
ements of the Bering Sea ecosystem which were studied in 1984 
than it had been in 1981 .  However, the active circulation of BP 
in the Bering Sea ecosystem and its presence in the composition 
of the permanent hydrochemical background over a number of 
years indicate that this area of the Pacific Ocean is a receptor for 
intensive PAH fluxes. In view of the remoteness of our Bering 
Sea test sites from major industrial zones and the organic nature 
of PAH anthropogenic input, long-range atmospheric transport of 
contaminants and certain natural sources clearly play a key role 
in the formation of existing BP levels in the marine environment. 
These include P AH fluxes of volcanic and petroleum origins. 

Chlorinated hydrocarbons such as pesticides (COPs) and poly
chlorbiphenyls (PCBs) figure among synthetic pollutants which 
have become ubiquitous in the environment. Primary pathways 
of chlorinated hydrocarbon input into the marine environment 
include continental surface runoff (particularly with river water) 
and atmospheric transport via dry deposition or precipitation. 
The gravity of ocean contamination from chlorinated hydrocar
bons, and particularly from PCBs, is underscored by the fact that 
of the 370,000 tons of PCBs currently distributed throughout the 
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environment, 231,000 tau (i.e. , over 80 percent) are concentrated 
in ocean ecoeyste11111. Furthermore, 230,000 tau of this amount 
are in ocean water (33). 

Scientific information on PCB levell in aea waters (particu
larly in open ocean) is extremely limited (25,32,34,35) . This is 
due to the fact that determining PCB levell in the ocean's ecosy• 
te11111 tests the very limits of the leDiitivity of today '• analytical 
technology. 

At the same time, chlorinated hydrocarbons u nonpolar com
pounds are easily dissolved in fats. Ju a result, they rapidly ac
cumulate in hydrobionts and in ocean water's surface microlayer 
where organic compounds are concentrated . 

Current research indicates that the mean PCB concentra
tion in ocean water totals 0.1 ng/1 in the Atlantic Ocean, 0.14 
ngjl in the Indian Ocean, and 0.05 ngjl in the Antarctic Seas 
(25,30,32,33,34,35) . The only scientific information regarding PCB 
distribution in the Bering Sea is from reeearch conducted in 1981,  
which put mean PCB concentrations at 0.10 ng/1 (34) . 

As the findinp from our studies conducted in the summer 
of 1984 have indicated, the anthropogenic burden on the world's 
oceans has also impacted the status of the Bering Sea. PCB levels 
ranged from 0.5 to 0.8 ngjl in all the samples taken. This is typical 
for impacted areas of the world '• oceans. The highest chlorinated 
hydrocarbon levels were found in zones with relatively intense 
shipping. Lowest levels were found in the Bering Sea's subpolar 
region. 

Analysis of ichthyofauna demoutrated that the maximum 
uptake of chlorinated hydrocarbou occurs in the livers of fish. 
PCB levels in pollack liver samples ranged from 2.7 to 44.4 ng/g 
wet weight, with an average of 9.5 ngjg. Chlorinated pesticide 
levels-the DDT group-ranged from 0.2-8.0 ng/g wet weight 
(mean value of 2.5 ng/g) . The 4.4'-DDT component wu preva
lent in the samples, which is evidence . of the metabolic processes 
occurring directly in the orgau of fish. Other orgau with lower 
fat content consequently accumulated lower CH levels expressed in 
ng/g wet weight: muscle tissue = 0.2-1.2 DDT and 1 .2-5.9 PCB; 
gonads = 0.2-1 .2 DDT and 1 .1-6.1 PCB; spleen = 0.2-1 .0 DDT 
and 2.2-5.1 PCB; cerebrum = 0.2-0.9 DDT and 2.2-5.1 PCB; and 
branchiate arc = 0.2-1.4 DDT and 2.2-8.5 PCB. 

The correlation of DDT-group components in these organs 
was more balanced. Highly chlorinated components were present 
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in both PCB components (penta- and hexachlorbiphenyl) and liver 
samples. This can be attributed to their lower rate of transforma
tion in biological targets. 

Chlorinated hydrocarbon accumulation was even more pro
nounced in benthic organisms. During the 1984 expedition we 
took benthic samples at ten stations situated in difl'erent test sites 
and cross sections of the Bering Sea to determine chlorinated hy
drocarbon levels. DDT-group levels in these samples fluctated 
from three to 49 ng/g wet weight, and polychlorbiphenyls from 
21 to 102 ng/g wet weight. The content of weakly and highly 
chlorinated biphenyls was balanced in the PCB fraction, while the 
DDT fraction showed a prevalence of the 2.4'-4.4' DDE compo
nents. This was apparently due to the fact that benthic organisms 
consume partially dehydrochlorinated DDT mixture. 

Our investigations failed to establish the dependency of chlo
rinated hydrocarbon levels in benthic organisms on CH levels in 
bottom sediments. Contamination of the uppermost layer of bot
tom sediments by chlorinated hydrocarbons for all of our sites was 
fairly uniform and totalled 0.3-3.4 ng/g dry weight for DDT, and 
0.5-9.2 ngfl wet weight for PCBs. 

Our studies of chlorinated hydrocarbons in various parts of the 
Bering Sea ecosystem have demonstrated that DDT- and PCB
group compounds are absorbed by plankton. We detected a preva
lence of weakly-chlorinated forms among the PCBs; 2.4'-olefins 
were prevalent among the DDT components. These findings are 
clearly consistent with the characteristics of plankton habitats. 

PCB lifetime in Bering Sea waters was ascertained by gas 
chromatographic analysis. Lifetime for various PCB components 
was from 3.5 years for monochlorbiphenyls to 42 years for de
cachlorbiphenyls, depending upon the extent of chlorination. 

Drawing from our study of the correlation of PCB components 
in biotic and abiotic elements of the Bering Sea ecosystem, we have 
forecasted a 1 .5-1 . 7 fold increase of PCBs in the biotic component 
by the year 2000. This could negatively affect the Bering Sea's 
biological resources and disrupt the genetic fund of its hydrobionts. 

ECOLOGICAL AND TOXICOLOGICAL RESEARCH 

The task of setting ecological standards to regulate man's 
impact on the world's oceans and their different regions calls for 
establishing the critical load the marine ecosystem can tolerate and 
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an 888e88ment of ita uaimilative capacity (1,7) .  Such an 888eaa
ment requires information on the biotic balance of the ecosystem 
under investigation, as well as information on the •critical" con
centrations of various pollutants in ocean waters (7) . By •critical" 
concentrations of a contaminant we mean the level at which even 
a minor additional impact could trigpr an irreversible reduction 
in the tolerance level of the biological process selected as the •tar
get." The tolerance limit of this process, or of that portion of 
the ecosystem under investigation, is in this instance determined 
by that state of the ecosystem at which any alteration is still 
reversible. 

Determination of the •critical" levels of various contaminants 
is extremely complex. However, current literature on the subject 
has already accumulated an abundance of factual material on 
the toxic impact of heavy metals, polychlorinated biphenyls, and 
polyaromatic compounds (16,17) . The wide variability in toxicity 
of some toxicants, which is contingent upon ecological alterations 
in the particular body of water, is one of the primary complexities 
in actually determining •critical" levels of contaminants vis-a-vis 
a selected ecological •target." Current data indicate that the 
inhibitory effect of various contaminants on plankton is to a large 
degree a function of the period of seasonal plankton organism 
succession (12) . 

During the expedition in the summer of 1984, ecological and 
toxicological experiments were conducted to determine the proper
ties of both the individual and combined impacts of heavy metals 
on primary production of organic matter and microzooplankton 
abundance. From these experiments, which approximated ira situ 
conditions, we established the variability ranges for •critical" lev
els of copper (2-4 ug/1) by analyzing the combined impact of heavy 
metals on primary production and soluble carbohydrate levels in 
water. These values were approximately two- to four-fold greater 
than the maximum copper ion levels in Bering Sea euphotic zone 
waters. 

During the voyage we also conducted ecological/toxicological 
sensing of the Bering Sea's pelagic zone. Soviet-American experi
ments were also run to study the combined impact of heavy metals 
and nutrients on the plankton community. 

Analysis of our findings has demonstrated copper's greater 
toxicity in comparison to cadmium in terms of phytoplankton 
and microrganisms. LD60 and ECao levels in different areas were 
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not uniform. Short-term modeling experiments demonstrated an 
increase in phytoplankton tolerance and a decrease in infusoria 
resistance to test copper additions with increasing depth of water 
samples taken for the experiment (0 to 25 meters) . The presence 
of a negative, inverse relationship through the bacterial chain be
tween trophic groups of hydrobionts clearly explains the contrast
ing propensity of phytoplankton and infusoria for fluctuations in 
resistance to injections of heavy metals. The greatest phytoplank
ton resistance and the greatest infusoria vulnerability to copper 
were detected at the stations in the "North• site. Mean LD50 and 
EC50 values at the difFerent Bering Sea test sites equaled 7-10 
ug/1 Cu. The combined impact of copper and cadmium additions 
on phyto- and microzooplankton was additive when levels of both 
metals in the water were below 25 ug/1, and synergistic at higher 
levels. 

Comparison of ecological and toxicological experiments con
ducted in both the Bering and Baltic Seas points to a compar
atively high vulnerability of the Bering Sea ecosystems to heavy 
metals. During our Bering Sea studies and similar projects con
ducted in other regions of the world's oceans, it has been found 
that the direct dependency between carbohydrate levels in the wa
ter and the values of primary production is disrupted when heavy 
metal levels approach "critical• (14) . Clearly, this is evidence of 
perturbed algal exchange under the toxic impact of these metals. 

As we mentioned above, microorganisms play an extremely 
important role in the destruction of organic matter in the Bering 
Sea and in subarctic zones of the world's oceans. Therefore, per
turbation from anthropogenic contaminants of the normal func
tioning of natural microbial populations may irreversibly alter the 
ecosystem of these seas. Assessing the "critical• levels for the im
pact of various contaminants on bacterial production is therefore 
extremely important. With this objective in mind, the second 
Soviet-American Bering Sea expedition conducted model experi
ments in what closely approximated in litu conditions. Analysis 
of our findings has shown that at PCB, BP, octadecan, and ace
tone concentrations of 1-10 ug/1, bacterial biomass production 
rose in most cases by 1 .5-7-fold in comparison to the control. At 
concentrations of 100 ug/1, bacterial activity was inhibited, with 
productivity falling to levels considerably lower than those of the 
control. However, in certain sites microbe population activity was 
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alao inhibited when iDjectiou of toxic organic compound concen
trations equaled 10 ug/1. This fact ia dearly coupled with varying 
ecological conditiODI which determine microbial oxidation rates of 
organic contaminants (24} . 

SCIENTDIC APP .. OACDS TO DETD.MINING 
THE ASSIMILATIVB CAPACITY 

OP THE BERING SEA ECOSYSTEM 

In summarizing the above diacUIIion, we should stre111 the 
importance and timeline11 of the research conducted during the 
second Soviet-American expedition from the standpoint of study
ing new processes in the Bering Sea, Ulelling the state of this 
medium, and developing long-term obaervatiou concerning this 
subarctic ecosystem'• aasimilative capacity. 

Marine ecosystems p088e18 a broad range of physical, chemi
cal, and biological mechanisms through which contaminants can 
be released from the marine environment without seriously eli. 
rupting biogeochemical cycles or affecting the biota. Yet when 
contaminants reach a certain level in the environment which ex
ceeds the ecosystem's assimi1ative capacity, they aft'ect hydrobiont 
survival rates, reproduction, growth, and motor activity. Aa a � 
suit, distribution and quantitative parameters of populatiou are 
altered, with possible modifications in the biogeochemical cycles of 
chemical compounds and the ecosystem's energy budget. The need 
for quantifying the entire system of processes which determine the 
"release" rate of contaminants from the ecosystem is today be
coming increasingly evident. Of equal importance is quantifying 
the ability of biological systems and organisms to adapt to new 
chemical conditions in the ocean. Analysis of the aforementioned 
processes is reflected in the concept of the assimilative capacity of 
the world's oceans (7} . 

The following premises regarding the assimilative capacity 
of oceau are of paramount importance to an uaes�ment of the 
Bering Sea ecosystem in this regard: 

• The assimilative capacity of the marine ecosystem under study 
for any contaminant, or aggregation of contaminants, is the 
maximum dynamic capacity for that amount of contaminants 
which, over a given unit of time, may be accumulated, decom
posed, transformed (chemically or biologically} , and released 
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(via sedimentation, diffusion, or any other process) from the 
ecosystem without perturbing its normal functioning. With 
this definition, assimilative capacity acquires the dimension of 
a contaminant flux (e.g. , mass related to a unit of time). 

• AJ!y marine ecosystem occupies a limited volume which can be 
clearly delineated; consequently, the assimilative capacity of 
such a concrete ecosystem has a finite value for the objectively 
existing property of the marine environment. 

• This value can be practically determined by integrated studies 
and monitoring of the marine environment. 

• Determination of the assimilative capacity of marine ecosys
tems is an essential starting point for subsequently setting 
standards for external impacts on marine ecosystems and for 
predicting anthropogenic alterations of the marine environ
ment's ecology. 

A generalized ecosystem assimilative capacity model can be 
recommended on the basis of available scientific information on the 
Bering Sea ecosystem and the primary conclusions of integrated 
ecological investigations in this basin. The first stage of research 
with such a model would establish the rate of contaminant cir
culation within and removal from the Bering Sea ecosystem. As
similative capacity is determined in relation to this rate for toxic 
metals, PCBs, and benz(a)pyrene. PCB and BP circulation rates 
and accumulation levels have already been determined for various 
areas of the Bering Sea. 

The second stage would entail an analysis of the biotic balance 
in the Bering Sea ecosystem. Biomass values for the major trophic 
groups of hydrobionts and their product characteristics have re
cently been established. It is estimated that the bulk of organic 
matter in the Bering Sea is formed through plankton microalgal 
growth. At the same time, these organisms are among the most 
sensitive to contamination. Therefore, Bering Sea phytoplankton 
could be selected as the most sensitive link-the ecological "tar
get." Its perturbation by anthropogenic impacts could result in 
the transformation of the ecosystem as a whole. 

The third stage would serve to derive the "critical" levels of 
the impacts of those pollutants under consideration on the pri
mary production of organic matter of the ecological "target"
phytoplankton. The preceding section of this report cited the 
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findings of ecolosical and toxicological experiments aimed at de
termining the individual and combined impacfil of certain heavy 
metals on primary production of organic matter in the Bering Sea. 
It was established that the limits of variability for •critical" copper 
concentrations lie between two and four ug/1. We propose subse
quently establishing •critical" levels for other heavy metals and for 
polychlorinated and polyaromatic hydrocarbona. The assimilative 
capacity of the Bering Sea ecosystem for the DlOIIt noxious con
taminants will therefore be calculated from contaminant balances 
and from an evaluation of ecological contamination criteria. 

Quantification of uaimilative capacity is an integrated prob
lem which can only be performed for the most thoroughly studied 
regions of the world 's oce&DI. Most of the enclosed and semi
enclosed seas belong to this category. These areas are, as a rule, 
subject to the greatest anthropogenic impacts and are actively 
used commercially. 
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Monitoring Coastal Water 
Environmental Quality: 

T he US National Status and 
Trends Program 

ANDREW ROBERTSON 
US National Oceanic and Atmospheric Administration 

Oceans play a major role in the economy of the United States, 
especially in coastal areas where many of the major US population 
and industrial centers are located. They provide a thoroughfare for 
domestic and intemational shipping, supply fish for food, furnish 
extensive opportunities for recreational activities, and serve as a 
site for disposal of wastes. 

In the past twenty years, however, it has become more and 
more obvious that ocean resources are being degraded through 
uncontrolled development and conflicting uses. This degradation 
is especially serious in relation to the utilization of oceans for 
waste disposal. Sewage wastes from municipal waste treatment 
plants, organic and inorganic wastes of many kinds from indus
trial sources, hydrocarbon wastes from transportation activities, 
waste heat and chemicals from power generation, and pesticide and 
fertilizer wastes from agriculture all enter the marine environment. 

These wastes generally cause little harm in trace quantities. 
However, as more and more wastes find their way into the ocean, 
the concentrations of the substances they contain build up. This 
is of particular concern in estuarine and other protected coastal 
areas where waste inputs are usually concentrated and where the 
dispersion and dilution which occur rapidly in the open ocean are 
retarded by restricted interchange with general oceanic circulation. 

As concentrations increase, certain heavy metals, synthetic or
ganic compounds, plant nutrients, and other substances contained 
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in wastes reach levels which can ca111e undesirable environmen
tal effects. Many of the metals and synthetic organics are toxic 
and ca111e decreases in populations of important sensitive species, 
either through direct toxicity or through more subtle but still 
damaging effects on basic characteristics such as reproduction and 
behavior. These w81tes also often contain high levels of plant 
nutrients, especially phosphorus and nitrogen. Increased concen
trations of these elements can lead to nutrient overenrichment 
and excessive biological activity, with resultant maJor changes in 
chemical conditione and large shifts in the types and amounts of 
various marine organisms. 

Recognizing that the co81tal environment of the United States 
was being threatened by such degradation, in 1984 the US National 
Oceanic and Atmospheric Administration (NOAA) initiated a na
tional monitoring program for marine co81tal waters called the 
National Status and Trends (NS&T) Program. The purpose of 
this program is to make systematic observations in carefully se
lected locations, using meaningful indicators of coastal marine 
environmental conditions in order to detect changes in environ
mental quality. With an initial focus on toxic substances, the 
specific objective of the program is to quantify the current status 
and long-term trends in the concentrations and effects of toxic 
chemicals in bivalve mollusks, bottom-feeding fish, and sediments 
in estuarine and other coastal areas. This information will then 
be used to 818888 marine environmental quality and to recommend 
governmental action to maintain and improve the marine environ
ment. This paper provides a summary of this monitoring program 
and presents examples of initial results that have been obtained. 

STRUCTURE Ol THE PROGRAM 

The overall direction of the NS&T Program is provided by the 
Ocean Assessments Division of NOAA's Office of Oceanography 
and Marine Assessment. However, 81 illustrated in Table 1 ,  the 
program is a cooperative effort involving a number of other com
ponents of NOAA 81 well 81 several nongovermental participants. 

The NS&T Program is composed of the following six compo
nents: 

1 .  Benthic Surveillance 
2. Mussel Watch 
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Table t 

Principal pariicipatinc orcanisationa in the National 
Statua & Trenda (NS&T) Procram 

Program Manacement: 

NOAA: National Ocean Service, Office of Oceanocraphy & Marine 
Auessment 
• Ocean Aueument Division, Rockville, Maryland 

Benthic Surveillance: 

NOAA: National Marine Fiaheriu Service 
• Northeast Fiaheriu Center, Wooda Hole, Massachuaetta 
• Southeast Fiaheries Center, Miami, Florida 
• Northwut and Alaska Fisheriu Center, Seattle, Washincton 

Mussel Watch: 

Battelle Memorial lnatitute 
• Battelle New Encland Marine Ruearch Lab., Duxbury, Masaachusetta 
• Battelle Sequim Marine Ruearch Lab., Sequim, Washincton 
Science Applicationa lntemational Corporation, LaJolla, California 
Texas A&M Ruearch Foundation, Collece Station, Texas 

Specimen Bapk: 

National Bureau of Standarda 
• Center for Analytical Chemistry, Gaitheraburc, Maryland 

Quality Aaaurapce: 

NOAA: National Marine Fiaheries Service 
• Northwest and Alaska Fiaheriea Center, Seattle, Washincton 
National Bureau of Standard• 
• Center for Analytical Chemiatry, G aitheraburc, Maryland 
National Ruearch Council of Canada, Ottawa, Ontario 

Ship Support: 

NOAA: National Ocean Service; Office of Marine Operations 
• Atlantic Marine Center, Norfolk, Vircinia 
• Pacific Marine Center, Seattle, Washincton 

3. Specimen Bank 
4. Test and Evaluation 
5. Historical Trend Assessment 
6. Quality Assurance 

The first two components provide measurements of concentra
tions of toxic chemicals in marine organisms and sediments and of 
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biological parameters that reflect anthropogenic streu. They are 
large field sampling and measurement activities, and they com
prise the primary environmental data gathering activities of the 
NS&T Program. They will be described separately in more detail. 

The other four components are complementary support pro
jects designed to help improve ad interpret the monitoring mea
surements. A. the primary objective of this paper is to describe the 
monitoring being undertaken, th- complementary components 
are only briefly summarized. 

The Specimera Barak component (Lauenstein 1986) entails pre
serving samples of fish and bivalve tissues ad sediments from 
selected sites along the coasts of the United States under liquid ni
trogen temperatures (-110° to -1500 Centigrade) . At such temper
atures, only minimal levels of chemical degradation are expected 
to occur over decades. Preservation of samples under these con
ditions will allow retrospective determinationa of concentrations 
of newly identified contaminats ad also permit retrospective 
analysis for contaminants. using newer, more sensitive analytical 
techniques than are now available. 

The Test aratl Evaluatiora component evaluates and interprets 
the significance of measurements that are presently included in 
the two monitoring projects, ad develops and testa improved 
measurement techniques ad new types of meaaurements to be 
added to these projects. Special studies of various types--often 
including intensified field sampling in a specific estuary or other 
area of particular interest-are conducted to meet these goals. 

In addition to NOAA, many organizations collect data rele
vant to assessing the status and trends in environmental quality 
in US coastal waters. They include state and local environmental 
agencies, other Federal agencies, industrial and municipal waste 
dischargers, and academic institutions. The Historical 7\-eratl As
sessmerat component is designed to take advantage of these data 
sources. Existing data are used for background information to pro
vide an historical perspective for interpretation of data currently 
being obtained in the NS&T Program and for establishing trends 
in levels of contaminants and their bioeff'ects (Matta et al. 1986; 
Ocean Assessments Division 1986&) . 

The Quality Asnrarace component is included in the NS&T 
Program to ensure that the data obtained in the program meet rig
orous criteria of consistency, accuracy, and precision. It includes 
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specification of extensive calibration and standardization proce
dures for all chemical measurements. To promote compatibility of 
results among the several laboratories that participate in the pro
gram, regular inter-laboratory comparisons are conducted using 
reference materials prepared specifically for the NS&T Program. 
This component also includes such activities as the development of 
manuals containing detailed deecriptions of sample collection and 
analysis methods and organization of periodic quality assurance 
workshops which bring technical specialists participating in the 
program together with selected outside experts to discuss ways to 
improve measurement procedures. 

BENTHIC SUllVERLANCE 

The Benthic Surveillance Project provides for measurement 
of the large number of chlorinated, synthetic, organic compounds; 
polycyclic, aromatic, hydrocarbon compounds (P AHs) ; and trace 
elements listed in Table 2. These measurements are made to de
termine the concentrations of these substances in bottom fish and 
in surficial sediments taken from the same sites. A number of 
additional measurements are included to provide a basis for nor
malizing the contaminant data and to remove some of the expected 
variability. These normalizing measurements include determina
tions of grain size of sediment, total organic carbon (TOC) content, 
concentrations of aluminum and silicon, and length, weight, and 
sex of fish. 

Three other types of measurements are presently included on 
a trial basis in the Benthic Surveillance Project. Determinations of 
the frequencies of visible and histopathological lesions in bottom 
fish are included to allow evaluation of the validity of such mea
surements as indicators of biological response to toxic chemicals. 
Two measurements associated with sediments-those for the fecal 
sterol, coprostanol, and spores of the fecal bacterium, Clo1tritlium 
perjringen1-are included to evaluate their validity as indicators of 
contamination by domestic sewage. Additionally, measurements 
are carried out to determine concentrations of PAH metabolities 
in fish bile. These measurements are used to gauge contamination 
of fish by PAHs; the presence of parent compounds in fish tissue is 
not considered a reliable indicator of contamination because these 
compounds are rapidly metabolized in fish livers. Table 3 provides 
a summary of the types of measurements made in the Benthic 
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Table 2 

Paramet;en meuured u pari or the Natolonal StatUI and Trende Prosram 

Chlorinated Synthetic Polycyclic Aromatic Element• Other Parameten 
Organics Hydrocarbons 

Aldrin Acenaphthene Aluminum Bivalve gonadal 
state 

Alpha-chlordane Anthracene Antimony Bivalve length, 
weicht , HX 

o,p'-DDD Bene( a) anthracene Anenic Ql21�ddium 
R!!frinan• 
spores 

p,p'-DDD Benso(a)pyrene Cadmium Coprostanol in 
sediments 

o,p'-DDE Benso(e)pyrene Chromium Fish external 
leeione 

p,p'-DDE Biphenyl Copper Fish 
histopathological 
leeione 

o,p'-DDT Chyrysene Iron Fieh length, 
weicht , HX 

p,p'-DD'l' Dibens(a,h) anthracene Lead P AH metabolitiee 
in f11h bile 

Dieldrin 2,6-Dimethylnapht;halene Mancaneee Sediment; grain 
eise 

Endrin Fluorantohene Mercury Sediment; TOC 
Heptachlor Fluorene Nickel 
Heptachlor epoxide 1-Methylnaphthelene Selenium 
Hexachlorobensene 2-Methylnaphthalene Silicon 
Lindane(camma-BHC) 1-Methylphenanthrene Silver 
Mirex Naphthalene Thallium 
Trane-nonachlor Perylene Tin 
Dichlorobiphenyle Phenanthrene Zinc 
Trichlorobiphenyle Pyrene 
Tetrachlorobiphenyle 
Pentachlorobiphenyle 
Hexachlorobiphenyle 
Heptachlorobiphenyle 
Octachlorobiphenyle 
Nonachlorobiphenyle 

Surveillance Project . They are classified according to the sample 
matrix types in which they are determined. 

The Benthic Surveillance measurements have been made an
nually at about 50 sites located along the coasts of the United 
States for the past three years. Sampling at these sites will be 
continued indefinitely to determine if long-term temporal trends 
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Table S 

Major types of meuurementa made in the Benthic Surveillance Project 

Parameter 

Trace and major element• 
PAHa 
PCBa 
Other chlorinated HCa 
P AH metabolitea 

SAMPLE MATRICES 

Sediment• Bottom Filh 

XX 
XX 
XX 
XX 

Stomach Liver Bile Other 

XX XX 
XX 
XX XX 
XX XX 

XX 
HiltopatholoiY and viaible leaiona XX 
Food organilm identification XX 
Sewace tracera XX 
Percent lipida XX XX 
Length, weicht, ap XX 
Grain aiae XX 
TOC/carbonatea XX 

are occurring in concentrations of the toxica and other proper
ties being measured. However, this sampling will not continue at 
annual intervals, but will occur leas frequently as baseline concen
trations and relative levels of contamination in the various areas 
become established. The sampling sites are located primarily near 
urbanized, industrial areas, but a few relatively pristine sites are 
included to serve as reference or control points. Within a devel
oped estuary, bay, or other area of interest, locations are selected 
so that they are not within the zone of initial dilution of any 
point source or near any authorized dump sites. The sites are 
in locations which are believed to be depositional environments 
for sediments and contain populations of the appropriate target 
bottom fish. 

Three stations are occupied at each site, and three separate 
surficial sediment samples are collected at each station. The three 
samples from each station are combined to form one composite 
sample which is preserved by freezing for later laboratory anal
ysis. Fish are collected by otter trawl at each site; at least 30 
individuals of each of two fish species are sampled. As the sam
pling sites are located in diverse coastal areas of the United States, 
it is not poasible to collect fish from the same two species at all 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


of the sites. However, only speciee that are known to be common 
and widely distributed at a site are selected to be collected from 
that site, and all fish sampled in the project are demersal species 
that consume benthic and epibenthic invertebrates. The fish are 
measured and examined for visible leeions immediately after col
lection, and various tissues are then excised and frozen for later 
laboratory analysis. 

Special precautions are fisorously followed durin1 all samplin1 
procedures to minimize contamination of the sediment and fish tis
sue samples. For example, all fish tissues are exclaed in a portable , 
positive-pressure, laminar-flow hood usin1 specially cleaned im
plements which are used to dissect only one fish before they are 
returned to the laboratory for cleanin1. Two sets of implements 
are used to obtain each tissue sample. One aet is used to make 
the initial cuts throu1h the potentially contaminated skin or body 
wall of the fish in order to expose the tar1et tissue, while a second 
set-including titanium knives to avoid contamination from iron 
or chromium-is used to excise the tissue. To further minimize 
contamination, samplin1 equipment and stora1e containers are 
composed of or coated with tefton whenever possible. 

MUSSEL WATCH 

The measurements made by the MU188l Watch Project are 
quite similar to those described for the Benthic Surveillance Project. 
Mussel Watch includes measurement of the concentrations in ti&
sue and sediments of the same potentially toxic chemicals (Table 
4) ; however, in the MU188l Watch Project toxic concentrations are 
measured in bivalves, not in fish. In addition, the bivalves are 
collected from nearshore beds so the tissue concentrations repre
sent conditions in surface waters alon1 the shoreline rather than in 
bottom waters farther from shore. Aa in the Benthic Surveillance 
Project, surficial sediments from depositional areas near each Mus
sel Watch station are collected and analyzed for toxic chemicals 
to provide lon1er term integrated measurements of contaminant 
levels. 

The Mussel Watch samplin1 is conducted at about 150 sites 
alon1 the coasts of the United States (see Ocean Assessments Divi
sion 1986b for exact locations) . In order to facilitate comparisons 
with earlier results, 37 of the present sites coincide with locations 
where toxic chemical concentrations in bivalves were determined 
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Table 4 

Major typo of meuurementa made in the Muuel Watch Project 

Parameten 

Trace and major elements 
PAHa 
PCBa 
Other chlorinated RCa 
HiatopatholoiY and visible luiona 
Chemical sewage tracer 
Percent lipid• 
Gonadel index 
Sise and weight 
Grain sin 
TOO/carbonate 

SAMPLE MATRICES 

Bivalvu 

XX 
XX 
XX 
XX 
XX 
XX 

XX 
XX 

Sediments 

XX 
XX 
XX 
XX 

XX 

XX 
XX 

as part of a national muuel watch program sponsored by the US 
Environmental Protection Agency from 1976 to 1978 (Goldberg et 
al. 1978; Farrington et al. 1983) . 

It has been recognized that the ability of bivalves to accu
mulate and retain contaminants varies with the life history and 
reproductive state of the animals. To minimize this variability, and 
especially to avoid the spawning period, all sampling is conducted 
during the winter. 

The exact species of bivalves sampled at each site vary de
pending on which species are common locally. Mussels are col
lected on the West Coast (Mrtilu etlulis and M.californianus) 
and the northern part of the East Coast ( M. etlulis) , and oysters 
are collected on the Gulf Coast ( Crusostrea tlirginica and Ostrea 
efUestris) and the southern part of the East Coast ( C.tlirginica) .  

}d in the Benthic Surveillance Project, three separate stations 
are established at each site. At each station about 50-80 mussels or 
30-50 oysters are collected. These animals are scrubbed to remove 
external extraneous material from the shells and then frozen for 
later laboratory analysis of accumulated toxic chemicals. The 
procedures for collecting surficial sediment samples are the same 
as for Benthic Surveillance: three samples are collected at each 
site and then combined before freezing for laboratory analysis. 

The Mussel Watch sites were sampled once in the winter of 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


1985-86 and will be sampled asain during the winter of 19� 
87. }d with Benthic Surveillance, it is anticipated that Mussel 
Watch sampling will be conducted periodically indefinitely into 
the future, with varying periods of one to four years between 
sampling efforts. 

INITL\L :USULTS 

Although the Benthic Surveillance Program has been collect
ing samples for the past three years, laboratory measurements 
have been completed and resulting data subjected to preliminary 
analysis only for the first year (1984) . For Mussel Watch, which 
conducted its first sampling series during the winter of 1985-86, 
analysis of results has just started, although laboratory measure
ments for the first collection period have been completed. 

This section presents some examples of the preliminary results 
derived from the NS&T Program. Given the limited availability 
of analyzed data to date, the discuuion must be limited to three 
examples of initial findings primarily from the Benthic Surveillance 
sampling in 1984. 

One of the best ways to examine the NS&T results is to 
compare concentrations of a particular contaminant at various 
sampling locations. Figure 1 presents such a comparison for levels 
of total PCBs in sediments at the Benthic Surveillance sites. Sedi
mentary concentrations are less than 100 ng/ g at most sites. How
ever, in certain areas-especially near large cities--concentrations 
exceed this level, indicating substantial contamination of these 
sites by PCBs. The level for Boston Harbor, which is greater than 
17,000 ng/g, is much higher than that for any other area sampled, 
indicating that this area should be examined closely for insight 
into potential problems associated with this contaminant. 

This approach for determining relative levels of anthropogenic 
contamination by a potentially toxic substance is not as appropri
ate for certain contaminants as it is for PCBs. Some contaminants, 
unlike PCBs, occur naturally in the marine environment . For these 
substances, natural variability must be taken into consideration 
when attempting to evaluate levels of contamination caused by 
human activities. 

Figure 2 illustrates that such variability can be at least par
tially accounted for by plotting lead concentrations against percent 
aluminum in sediments from 15 Benthic Surveillance sites along 
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FIGURE 1 Coacen'ra'iou of PCB• in aeclimeau a' Ben'hic Su"eillance 
•i'fll in 1984. 

the Gulf and southeast Atlantic coasts and from 6 Mu88el Watch 
sites in Chesapeake Bay. A similar approach has been used by 
Goldberg et al. (1979) to assess temporal trends of contamina
tion in the Savannah River Estuary. In the present case moat 
of the points fall along an approximately straight line, indicating 
that the ratio between the two elements follows their natural pat
tern of input. However, for the two sites indicated in Figure 2, 
the amount of lead is greatly increased compared to aluminium. 
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Gulf coub. 

These sites, which are both in the upper Chesapeake Bay, are near 
major anthropogenic input sourcee and are areas which should 
receive further attention with regard to pOIIible athropogenic 
contamination by lead. 

In addition to measuring levels of chemical contamination , 
the NS&T Program is attempting to monitor bioefl'ects which 
may be related to such contamination. For example, at six Benthic 
Surveillance sites along the northeastern coast of the United States 
the following fish disorders are of interest: 

• inftammatory giant cells in the tubular epithelium of the kid-
ney ; 

• inftammatory necrotizing granulomas in the kidney; 
• melanin-macrophage center proliferation in the kidney; 
• proliferative biliary hyperplasia in the kidney; 
• hepatocellular necrosis in the liver. 

The frequencies of these disorden tend to be higher in Salem 
and Boston Harbon than at the other lites, as these are two 
sites where relatively high concentrations of PCBe and presumably 
other contaminants occur. Although the inciden� of fish disorders 
in these areas cannot currently be directly attributed to levels of 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


101 

PCBa or any other contaminants present, thia correlation indicates 
that priority should be given to further investigation of levels 
of contaminants and poBBible resultant bioeffecta in these two 
harbors. 
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Systematic observations of snow pack contamination levels 
and aerial measurements of transboundary sulphur compound 
transport have been underway in the USSR for approximately five 
years (1 ,2) . Data yielded by these measurements have been used to 
evaluate the primary elements of the atmospheric sulphur balance 
in the USSR. These observations have been supplemented in recent 
years with measurements of nitrogen compounds and snow water 
pH values to generate a sufficiently complete, large-scale picture 
of both acidification and contamination of the environment. 

PRIMARY ELEMENTS OP THE ATMOSPHERIC 
SULPHUR BALANCE 

Determinations of sulphur's average residence time in the at
mosphere have shown that the the atmospheric sulphur balance 
within the USSR is a closed system, i.e . ,  most of the sulphur intr� 
duced into the atmosphere remains within the country's territory. 
The mean residence time of sulphur in the atmosphere has been 
assessed by airborne measurements of sulphur abundance in the air 
column and its deposition (3). Sulphur abundance in the air col
umn has been established by airborne sensing at regular intervals 
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in areas which have stations that are part of the Tranaboundary 
Air Pollution Monitoring System. These stations monitor sulphur 
deposition under the EMEP program. In addition, winter sulphur 
deposition was assessed using data obtained from a anowpack pol
lution study. Sensing of the atmosphere was conducted at a height 
of three to five kilometers. The bulk of sulphur dioxide is usually 
transported within a distance of 1 .5 kilometers, and sulfates are 
transported up to three kilometers (2) . Reliable values for the 
average residence time of sulphur in the atmosphere ranged from 
3.1  to 5. 1 days for different regions. The average value was close 
to four days. 

Internal factors account for a relatively small portion of to
tal sulphur emissions: the territorial dimensions of the USSR, 
transport rates in the lower troposphere (customarily hundreds of 
kilometers a day) , the prevailing west-to-east air mass flow, and 
the fact that the primary release points of sulphur emissions are 
in the European portion of the USSR at a considerable distance 
from the border. An additional factor is the mean, established 
residence time of sulphur in the atmosphere. With annual sulphur 
deposition in the continental USSR at 13.3 million tons, there 
should be an average of approximately 0.15 million tons of sulphur 
in the atmosphere over this area. 

Analysis has shown that we can ascertain the main sources and 
sinks for anthropogenic and natural atmospheric sulphur. Bearing 
in mind that a virtual equilibrium exists between the mean annual 
input of sulphur into the atmosphere in the USSR and ita sink, we 
can formulate the following correlation (4) : 

qant + lltr + q•oll + Ill> = A�; + AcA: + Am + Q:r + Q!+B + Qu.tr 
where fant is anthropogenic sulphur emissions into the atmosphere; 
ftr is the croa&-border flux of sulphur over the western border of 
the USSR; f•oil is particulate from saline soils in arid zones of 
Central Asia; fb denotes the contribution from eolian weathering 
of rock and from the upper troposphere which determine back
ground pollution of broad areas; A�; represents deposition over 
the continental USSR; AcA: is deposition for the Northern Arctic 
Ocean; Am denotes deposition in enclosed seas (Aral, Caspian, and 
Black) ; Qtr is flux across the western border; Qf,.+B represents flux 
across the eastern and southern borders; and Qu.tr is transport to 
the upper troposphere. 
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Table 1 lists the findings from our .. 8111118nt of the main el
ements in the atmospheric sulphur balance. Man-made emissions 
( fant) within the USSR are taken from official statistics provided 
by EMEP on sulphur dioxide emissions (5) . Sulphur transport to 
the Soviet Union acr011 its western border (ftr) and the flux back 
acrOBB this boundary ( C1.r) were determined by aerial measure
ments. Sulphur contribution from saline soil particulates ( f•oi•) 
was calculated from snowpack pollution measurements in areas 
north of the Caspian and Aral Seas. This is clearly only a fraction 
of the sulphur resulting from the intense proc:ea of eolian trans
port observed in Central Asia. However, partieulate difl'usion here 
is essentially a local phenomenon and therefore does not upset the 
overall balance in the country. The sulphur contribution from the 
upper troposphere and eolian weathering of rock in the country 's 
northern regions ( ff,) wu calculated from minimal sulphur con
centration values in the snow of the northem and central areas of 
the easternmost half of Soviet Asia (remote from anthropogenic 
sources) . These concentrations total on the averase 0.3 mg/1, 
which is consistent with an annual deposition of 1 .1  million tons. 
The values for A1 u Au, and Am were determined from snowpack 
pollution. These figures were recalculated for snowless periods 
using data on sulphur deposition from the year-round network of 
stations which monitor the chemical composition of precipitation 
(1) . 

'lransport values from the USSR acrOBS the southern and 
eastern boundaries ( Q!+8) were derived entirely from calculations 
of sulphur dioxide emissions. 'lransport into the upper troposphere 
( Qu.tr) was determined from deposition from the upper portion 
of the troposphere (calculated from sulfate altitude distribution 
figures) . This value equaled 0.5 million tons per 7ear. Therefore , 

eolian weathering of rock accounts for the difFerence q, - Qu.tr = 
0.6 million tons of sulphur per year. This is a completely realistic 
figure, considering the large areas of exposed rock on the daytime 
surface and the significant areas which make up the mountain 
systems in the northeastern region of the USSR. 

The discrepancy between the amount of sulphur input into 
the atmosphere and its removal is l l  percent (Table 1) .  This value 
is much lower than the errors seen for distinct elements of the 
balance. These findings point to a number of features which are 
characteristic of the atmospheric sulphur balance of the USSR. 
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Table 1 

Element. of the at11101pheric balance of aulphur in the USSR 

Balance Element• Quantity of Sulphur 
(million tone/year) 

Sourcea of Atmoapheric Sulphur 

Anthropopnic emiuiona 
Tranaboundary tranapon 
Particulate from saline aoila 
B ackground (e.c., weatherinc, 
contribution from upper tropoaphere) 

TOTAL: 

Sulphur Removal 

Depoaition in continental USSR 
Depoaition in nonhem Arctic ocean 

North of 80° 
Depoaition in Cupian, Aral, and 

Black Seu 
Tranapon acrou wutem border 
Tranapon acrou eutem and aouthem 

borden 
Tranapon into upper tropoaphere 

TOTAL: 

11.8 
4.0 
1.0 

1 . 1  

17.9 

13.3 
0.3 
0.01 

1 . 1  
0.6 

0.2 
0.5 

16.0 

Quantity of Sulphur 
(% from aourcu) 

66 
22 

6 

6 

100 

14 
2 

6 
3 

1 
3 

89 

• Approximately 90 percent of the balance is attributable to an
thropogenic sulphur emissions. The most aggressive sulphur 
compounds in the atmosphere are associated with anthro
pogenic sources: sulphur dioxide and sulfuric acid. As saline 
soils in the country 's southern regions form particulate, gyp
sum particles primarily enter the atmosphere; as they display 
virtually no chemical activity, they have little impact on acid
ification of the environment. 

• The balance depends to a large degree on transboundary 
transport, primarily acroas the western border. The ftux of 
sulphur acr011 this boundary into the USSR accounts for more 
than 30 percent of anthropogenic emissions. This contribution 
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is significantly higher in the weetem part of the USSR. Depo
sition from transboundary transport in the European portion 
of the USSR (an area which is delineated in the east by a line 
running from the Kola Peninsula along the Volga) totals 60 
percent of emissions from the USSR 'a own release points. 

• Approximately 75 percent of the sulphur entering the atmo
sphere over the USSR from man-made and natural sources is 
deposited in the continental USSR. 

• Leu than 0.06 percent of the sulphur entering the atmosphere 
is transported to the upper latitudes of the Arctic (north 
of 80°) .  The fate of sulphur compounds deposited within the 
USSR is to a large extent dependent upon the season. Sulphur 
deposited in snowless periods is primarily retained in soils. 
Sulphur which is deposited during the winter is washed into 
rivers by snowmelt runoff. About 10 percent of the sulphur in 
the European USSR is released into rivers by this pathway. 

CONTAMINATION PROM NITROGEN COMPOUNDS IN 
THE USSR 

Table 2 lists data on nitrate deposition in the USSR for 1985. 
Sulfate deposition figures are also cited here for the sake of com
parison. Total sulfate deposition on land for 1985 (14 million tons 
per year) differs little from the average value cited in Table 1 
(13.3 million tons per year) . The deposition rate for man-made 
sulfates was derived by subtracting the amount contributed from 
soil erosion and eolian weathering of rock from the total deposition 
value. 

The following method was used to determine separate deposi
tion rates for anthropogenic and natural nitrates . Using the data 
in Table 2 on the deposition rate of anthropogenic sulfates ua(s} 
ETC and lfG {s} ATC for the European and Asian portions of the 
USSR and total (anthropogenic and natural background) nitrate 
depositions for these same areas, we have: 

ua(a)ETC 
Ua(N)ETC + Ub(N)ETC = 4•3 

ua(a)ATC 
ua (N)ATC + Ub(N)ATC = 2·5 

where 6 denotes natural background deposition . 
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Table 2 

Characteri•tics of mean annual sulfate deposition for 1981-85 
and nitratu for 1985 

Parameters European USSR Asian USSR Entire USSR 
so4(s) N03(N) so4(s) N0

3
(N) so4(s) N0

3
(N) 

Concentration 
(millicranu/liter} 1.85 0.70 0.84 0.38 1 .11 0.42 

Depo1itjpn rate 
(tom/k /year} 1.0 0.22 0.39 0.13 0.54 0.15 

Human-induced 
depo1iti£n rate 
(tons/k /year} 0 .85 0.14 0.32 0.046 0.47 0.069 

Total land 1urface depoeition, 
includinc citiea 
(million tona/year} 6.3 1 .6 7.5 2.5 13.8 4.1  

Let us make two assumptions: (1) deposition rates for anthro
pogenic nitrates to sulfates in the European and Asian parts of 
the USSR are proportionally constant; and (2) natural background 
deposition is uniform for the entire territory of the USSR. We then 
find that lJ6(N) = 0.084 tons per square kilometer per year, and 
the ratio is 0:15. 

The values lJ6(N) may be further evaluated using a num
ber of independent sources . An analysis of data obtained from 
measurements made by the Background Atmospheric Pollution 
Monitoring Network (BAPMoN) carried out by WMO and UNEP 
demonstrates that the rate of nitrogen land-surface deposition in 
the form of nitrates in background continental areas totals ap
proximately 0.098 tons per square kilometer per year. Estimates 
of global nitrogen oxide balances in the atmosphere from manmade 
and natural resources give us an approximate value for deposition 
rates (7,8) . The principal natural sources of nitrogen oxide input 
into the troposphere are microbiological process in soils, lightning, 
ammonia oxidation, stratospheric contribution, and biochemical 
and other reactions in the ocean. If we postulate that 90 percent 
of the nitrogen contributed from soils and ammonia oxidation is 
deposited on land surfaces, and that fluxes from lightning and the 
stratosphere are roughly equal over the earth 's surface, then the 
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rate of nitrogen deposition with nitrates u calculated in study (7) 
is equal to 0.062 tons per square kilometer pei' year. If we use the 
formula in study (8) , this figure would total 0.095 (km2 /yr) . 

The ratioe between background deposition rates for the USSR, 
the BAPMoN network, and the calculated values from studies (7) 
and (8) are therefore 1 .0 : 1 .2 : 0.74 : 1 . 1 .  We can then postulate 
that the background deposition rate we have derived for the USSR 
is indeed a function of natural nitrate sourcee. Consequently, we 
can tentatively conclude that for the European USSR the ratio 
between man-induced and natural nitrate deposition is approxi
mately 2:1 ;  for the Asian USSR this ratio is 1 :2 . A more exact 
figure for anthropogenic nitrates is 62 percent and 36 percent ,  
respectively. 

POSSmLE ECOLOGICAL CONSEQUENCES OP 
POLLUTION OP THE ENYm.ONMENT PROM SULPHUR 

AND NITROGEN COMPOUNDS 

The environmental impact of sulphur and nitrogen compounds 
which are deposited in the USSR is highly diverse. There are 
two reasons for this: the significant prevalance of sulfate versus 
nitrate deposition and differing ecosystem utilization of sulphur 
and nitrogen. 

· 

With data on sulphur and nitrogen deposition in the USSR 
we can evaluate potential acidification of the environment, partic
ularly the upper range of acid precipitation (minimal pH value) 
(4) . It is known that where neutralization processes are absent, 
the majority of anthropogenic sulphur and nitrogen emissions (re
leased 88 sulphur dioxide and nitrogen oxides) must be present 
and removed from the atmosphere in the form of sulfuric and ni
tric acid (5) . Natural sulfates are fully neutralized and do not 
negatively impact the environment. The average level of atm� 
spheric precipitation for the USSR totals 515 millimeters per year . 
If 20 percent of the sulphur and nitrogen is removed 88 dry de� 
sition, then the average concentration of hydrogen ions deposited 
with precipitation and associated with sulfuric acid must total .055 
milligrams per liter. The amount formed by nitric acid would total 
.018 milligrams per liter . Therefore, the contribution of sulfuric 
acid to the concentration of hydrogen ions in precipitation equals 
25 percent, while anthropogenic nitric acid is only 1 1  percent , 
an insignificant amount. In Sweden , by comparison , this value is 
equal to 30 percent (9) . 
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Factoring in carbon dioxide which is dissolved in precipita
tion, the concentration of hydrogen ions associated with sulfuric 
and nitric acid is .073 milligrams per liter. We then yield a pH 
value of 4.14. This value is typical for significant acidification of 
atmospheric precipitation. Where pH is a function of sulfuric acid 
alone, this value is 4.24. Consequently, the presence of nitrates 
does little to change the acidity index (pH) that is determined by 
sulfates. 

Acid precipitation hu essentially been observed in the USSR 
only in areas adjacent to the western border; at the regional level 
in the rest of the country it is generally absent (1) . As analysis 
of the chemical composition of precipitation has demonstrated, 
this absence of acidification in the rest of the country can be 
ascribed to the anion and cation balance (10) . The ion balance 
is coupled with the composition of anthropogenic emissions and 
alkaline metal introduction into the atmosphere through natural 
processes. This finding indicates that the ion balance-not the 
absolute concentration of sulfates and nitrates-plays the principal 
role in acidification, This ion balance must be preserved in those 
cases where it is not possible to reduce sulphur emissions. 

Neutralizing sulfuric acid in the atmosphere and in deposition 
in the USSR may create the incorrect impression that there are 
absolutely no negative ecological consequences emanating from 
man-induced acidification of the environment. This is not the case. 
A significant portion of soils in the USSR (podzol, in particular) 
has high natural acidity that reduces its fertility. 

In order to increase productivity, the acidity of such soils is 
reduced by lime treatment. More than 10 million tons of lime 
are used annually in lime treatment of soil, although we fall far 
short of meeting the demand for such treatment. It can be shown 
that a considerably greater portion of anthropogenic and natural 
neutralizers is expended in the atmospheric processes of sulfuric 
acid neutralization than in lime treatment. As Table 2 illustrates, 
the bulk of neutralized sulfates is equal to a value on the order 
of 10 million tons per year. The quantity of neutralizers in terms 
of lime is equivalent to 22 million tons, approximately two times 
greater than the annual amount of lime input into the soil. Where 
there is no anthropogenic sulfuric acid in the atmosphere, these 
elements would be deposited on the soils and would neutralize 
their natural acidity. Correspondingly, there would be less of a 
need to treat acidic soils with lime. 

Approximately four million tons of sulphur per year in the 
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form of sulphur dioxide and sulfates flow &el'OII the westem border 
of the USSR from the other European nations. Most of the S02 
and sulfates are only slightly neutralized. As the calculations in 
reference (5) indicate, the deposition of a portion of these sulfates 
on agricultural lands which are lime treated results in annual losses 
of roughly 1.5 million tons of industrial lime. The loeses in terms 
of lime itself stand at 40 million rubles per year, while additional 
lOBSeS are incurred due to the two- to three-fold reduction in the 
harvest. 

The ecological repercussions of nitrate deposition differ sig
nificantly from those caused by sulfates. Nitrates in the USSR 
have virtually no impact on acid precipitation. They are primarily 
deposited as saltpeter and therefore essentially serve as a nitrogen 
fertilizer. The average value for human-induced nitrate deposition 
in the European USSR in units of nitrogen is equal to 0.14 tons 
per square kilometer per year; for the USSR at large it is two times 
lower. The recommended standard for annual input of nitrogen 
fertilizers in the USSR-from which there are no concomitant, 
long-range, negative effects-is approximately 4.6 tons per square 
kilometer per year, i.e. , thirty-fold greater than the average ob
served in deposition (2) . This ratio reaches nearly two orders of 
magnitude for anthropogenic nitrates. The value of deposition 
does not, in effect, exceed 0.6-0.8 tons per square kilometer per 
year even in industrial regions. We would point out that the per
missible load for forest ecosystems is usually equal to 3-4 tons per 
square kilometer per year. It drops to one ton per square kilo
meter per year for the highly sensitive northern ecosystems, while 
the usual standard for nitrogen input into the forests of Sweden is 
approximately 1 .5 tons per square kilometer per year (9) . 

CONCLUSIONS 

• Approximately 90 percent of the atmospheric sulphur balance 
in the USSR is attributable to anthropogenic emissions. The 
balance is a closed system and approximately 75 percent of the 
sulphur deposited in the continental USSR is from domestic 
release points. More than 30 percent of the anthropogenic 
sulphur flows across the western border of the USSR. 

• The contribution of anthropogenic nitrogen to nitrate deposi
tion in the USSR is relatively small. For the entire country, 
anthropogenic sources contribute 48 percent : 62 percent falls 
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on the European portion and 36 percent on the Asian portion. 
This is cloae to the value for the natural input of nitrates. 

• Potential acidification in the USSR from sulfuric and nitric 
acids is characterized by a pH level of 4. 14. Due to the neu
tralization process where there is an approximate balance be
tween ions and cations, little precipitation acidification has 
been observed for most of the country. Regional-level acid
ification has been detected primarily in regions adjacent to 
the western border of the USSR which are subjected to ap
proximately four million tons of sulphur per year in the form 
of sulphur dioxide and very slightly neutralized sulfates. The 
contribution of nitrates to acidfication in the USSR (based 
on hydrogen ion concentration) does not exceed 25 percent . 
Anthropogenic nitrates contribute roughly 1 1  percent. 

• The mean deposition level of nitrates of anthropogenic origin 
totals 0.07 tons per square kilometer per year, or one and one
half orders of masnitude lower than the recommended, long
term, ecologically sound standard set for the use of nitrogen 
fertilizers and the permissible load for forest ecosystems. 
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Testing and Evaluation of a 
Regional Acid Deposition Model 

COUR1'NEY RIORDAN 
US Environmental Protection Agency 

The problem of acid deposition has been a major policy issue 
in the United States and in Europe since the mid-19708. At that 
time, many scientific studies were carried out to explain the link 
between emissions of sulphur dioxide (S02) and nitrogen oxides 
(NO.) and the acidic water in lakes and streams. The process 
was found to be rather complex. It involved the emission of the 
precursor S02 and NO. gases; their oxidation and transport in 
the atmosphere; their deposition in dry or wet form; their contact 
with vegetation and soils; and their ultimate contribution to high 
acidity in waters. 

This theoretical model of the cause and effect of acid deposi
tion is now well accepted. The principal oxidation reactions in the 
gaseous and aqueous phases are known. The long-range transport 
processes have been demonstrated, and the mechanisms of water
shed acidification have been identified and tested under limited 
laboratory and field conditions. The major scientific and research 
problems which have served to complicate the issue have arisen in 
the attempt to apply this theory to real-world conditions. 

The source/receptor problem is a prime example of this di
lemma. In the early 1980s it was concluded that certain lakes in 
the northeastern United States were acidic (pH < 5.0) , and the 
scientifically acceptable explanation was that acid deposition was 
the cause. Clearly, however, the acidification was not the result of 
local source emissions within 50 miles of the receptors, as no such 
sources existed. The ambient particulate and gas concentrations 

1 13 
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of sulfates and sulphur dioxide were so low that it was estimated 
that at least one-half of the total sulfate depoeition had to occur 
as the result of wet deposition. Meteorological back trajectories 
indicated that the sources of air masees associated with rainfall 
tended to be areas to the west of the areas with acidic lakes, but 
there were exceptions to this trend: acid deposition also occurred 
when back tr�ectories identified other areas u the source of the 
air maBBeB . 

AB understanding of the problem developed, a major scientific 
question of concem to policy makers was the relationship between 
emissions and the location and magnitude of deposition. If acid 
deposition and particularly wet deposition of acidic materials was 
causing a problem in particular receptor areas of the northeastern 
United States and Canada, what would be the most cost-effective 
way to reduce levels of emissions in order to achieve reductions of 
deposition in these areas? 

MODEL DEVELOPMENT AND 
MODEL PEB.POB.MANCE EXPEBJENCES 

US-CaDadlan Aaseaameatl 

Atmospheric chemistry and transport were critical in solving 
the acid deposition puzzle. In the early 1970s, modelers had al
ready developed the first quantitative analyses of the long-range 
transport of sulphur in Europe (1) . By 1980, many models existed 
to describe the relationship between emissions of so2 and long
range transport and deposition. On August 5, 1980, the United 
States and Canada signed a "Memorandum of Intent (MOl) on 
Transboundary Air Pollution," which was devoted primarily to 
the problem of acid deposition. To provide an adequate technical 
and scientific basis for the formulation of this agreement, bilateral 
working groups were established to prepare reports on the state
of-the-art of scientific knowledge regarding specific aspects of the 
problem. One working group addressed questions of atmospheric 
science and modeling. The major accomplishments of this group 
were: 

• The documentation, evaluation, and intercomparison of eigh( 
regional scale models for the North American continent; and 
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• Assessment of the methods and assumptions of the models to 
quantify source/receptor relationships on an annual average 
(1) . 

As part of its evaluation, the group used available data in an 
attempt to test model performance. The eight models selected 
for evaluation and comparison represented the complete range of 
available models. All of the models were "linear" in that chemical 
transformations and scavenging were expressed as first order pro
cesses with rate constants independent of rates of emissions and 
co-pollutant concentrations. 

Each model was able to simulate transport, dispersion, trans
formation, and deposition of sulphur compounds for eastem North 
America, but they differed significantly in many important ways. 
For example, the scale of grid cells for source emissions varied from 
70 to 190 km. The model types included Lagrangian box, statisti
cal trajectory, Monte Carlo simulation, and puff trajectories. 

Evaluation Crlterla 

The working group adopted a simple, conventional set of crite
ria for evaluating performance using differences between observed 
measurements ( Co) and model predicted values ( Cp) for monthly 
and annual average ambient sulfate concentrations and wet sul
phur deposition. Two measures related to the differences between 
these values were calculated. First, the average error where: 

I = t (C,s - Coi ) 
i=l " { 1} 

where i is the number of observations at a site and the standard 
deviation of that error u • 

ir. 
= 

� (C,s - E, Coi/n}2 
L- n - 1 ' 

{2} 

If a model performed well, it was expected that 1 should be 
close to zero. Further, u. should be small, indicating that the 
scatter of the model predictions is small. 

Another criterion used by the working group was based on the 
relation of observed and predicted values, i.e. , Coi and C,s . The 
average value of the relation of these measurements was defined as 
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{3} 

where i = 1 ,  " ia the number of obeerved meuurements at a site 
which ia the geometric mean of the ratio value. Also, s. can be 
computed as the standard deviation of M.. For an ideal model, 
both M. and s. should be cloee to unity. 

Finally, it wu Ulumed that a valid model should generate 
errors between predictions and obeervations which are randomly 
distributed, i.e . ,  the erron should not be correlated with the mag
nitude of the predictions. The criterion wu that the crOBB corre
lation between e and Cp should be small. 

p., Cp < 1.0 {4} 

Model Evaluatlcm laUure 

At the time the evaluation wu attempted, the evaluation data 
set contained only eight points for annual wet sulphur deposition 
and nine points for annual sulfate concentrations. Data for sea
sonal evaluation were limited to observations during the months of 
January and June 1978. The available data points turned out to 
be insufficient in number to make statistically significant compar
isons with respect to model performance. Although a good start 
was achieved by developing a set of acceptable criteria for evalua
tion, further testing had to await the availability of additional air 
quality and deposition data. 

Model Dlagn01tlc• 

An acceptable model must be able to predict air quality and 
deposition aaaociated with a given level and pattern of emissions. 
However, all models are developed with liberal use of calibration 
in order to improve their fit with available da�a in explaining 
the source/receptor relationship. Typically, models such as those 
compared in the US-Canada activity have been developed and 
calibrated using the same limited emission and air quality and 
deposition data. These available data are fairly recent, but there 
has been no way to subject the models to the truly important test: 
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to determine their ability to adequately predict air quality and 
deposition levels resulting from a major change in present emis
sions, such as a shift in geographical distribution or a reduction in 
overall levels. 

The ideal way to test such models would be to observe their 
performance under such major changes. Another less satisfactory 
but nevertheless helpful way to address this question is to examine 
whether the models appear to be predicting the results for the 
correct reasons. 

This question can be addressed both empirically and theoret
ically. The empirical approach is possible only if extensive field 
data are available on actual transport of air masses, real-time rates 
of conversion of S02 to sulfates, wet scavenging rates, and dry de
position rates. Each of the models compared in the MOl effort 
simulated these processes by some form of parameterization. In 
the early 1980s data on wet deposition were insufficient to make 
even statistical evaluations of performance among models, pre
cluding the possibility of trying to determine whether they were 
working for the correct reasons. 

The few data that were available, however, did indicate a dis
turbing problem. While the models appeared to be able to predict 
annual average wet deposition with some accuracy, they produced 
seasonal estimates of wet deposition that were widely different 
from observed values. However, owing to the small amount of 
data used to generate both the seasonal and the annual average 
deposition measurements, these results were ambiguous. With 
more predictions arid observations, the averages might converge. 
Only if such differences were to appear in a much more robust 
set of observations could one conclude that the models were giving 
the correct predictions for annual average deposition for the wrong 
reasons, e.g.,  compensating errors. 

The theoretical approach also failed in the MOl comparison 
and evaluation. All of the models reviewed were highly parame
terized and simplified versions of real-world physical and chemical 
processes involved in the acid deposition phenomenon. In spite of 
the fact that they were all developed by a fairly small group of 
specialists in the atmospheric sciences, they nevertheless displayed 
substantial diversity in structure and techniques used to represent 
processes. 

An example of this diversity is the models' treatment of trans
port and dispersion. One model applied a statistical approach 
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to simulate sulphur concentrations and deposition on an annual 
basis while others attempted to compute trajectories generated 
from available wind field data on a monthly or more frequent time 
period. Their treatment of wind field data also varied consider
ably. For example, each of the models defined effective transport 
wind differently. Some assumed it to be the surface wind, others 
asaumed it to be at a height near 1,500 meters, while still oth
ers &BBumed it to be a mixed layer average wind. These diverse 
approaches led to quite different applications of available upper 
level wind measurements ( 400 km spacing) and surface wind mea
surements (150 km spacing) . Similar differences existed in the 
models' treatment of emission sources, conversion chemistry, and 
scavenging for wet deposition. 

The problem wu that all of the approaches represented rea
sonable simplifications and parameterizations consistent with the
ory. Without detailed field data on actual mechanisms and pro
ceases , it was impOBBible to conclude on the basis of theory or 
state-of-the-art scientific knowledge that one representation was 
better than another . 

AppUcatlon of Models 

Even though the available data on air quality and deposition 
were inadequate to evaluate or absolutely compare model perfor
mance, the working group did apply the models to a hypothetical 
problem to teat their relative performance in prediction . Using 
meteorological data for 1978, the group ran each model to gener
ate a matrix of transfer coefficients to relate emissions of sulphur 
from 1 1  source regions in the United States and Canada to nine 
selected receptor regions. The linear character of the models made 
this approach acceptable. The transfer matrix coefficients for any 
model k comprise an 11  x 8 matrix 

lliiA: ]i = 1, . . .  , 1 1, j = 1, . . .  , 8 {5} 
where TiiA: represents the amount of sulphur that is deposited over 
a year at receptor area j, owing to a unit level of annual emissions 
of sulphur from source region i, and predicted by model /c. 

As a result of these applications, the group found significant 
differences among the TiiA: values, i.e. , 

{6} 
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These differences would result in substantially different predic
tions about the effect of emissions reduction upon deposition in 
receptor areas. The differences were 80 great that they presented 
irreconcilable conflicts in attempting to choose one emissions re
duction strategy over another in order to achieve any particular 
target loading objective. 

Ccmdaalcma or the Evaluatlcm 

The results of the MOl evaluation were not comforting either 
to scientists or to policy makers. Available models appeared able 
to predict existing patterns of annual average wet sulphur deposi
tion. However, this conclusion was considered to be very weak due 
to the sparse data available for performance evaluation and to the 
fact that all of the models were calibrated using either the same 
emissions and deposition data or data of comparable magnitude. 
When applied to scenarios of emissions reductions, the models 
provided predictions of reductions in deposition in receptor areas 
that varied 80 greatly that they were of questionable value for 
policy making. 

DEVELOPMENT OP THE REGIONAL 
ACID DEPOSITION MODEL 

The MOl experience revealed major shortcomings in the state
of-the-art of regional atmospheric models. Three of the moat 
glaring weaknesses shared by all models were: 

• The lack of realistic chemistry submodules; 
• The overly simplistic nature of horizontal transport (one- or 

two-layer models) ; and 
• The inability to predict the effects of episodes. 

Scientific knowledge had progressed to the point where these pro
cesses were believed to be the most important in addressing the 
acid deposition phenomenon, yet they were not adequately treated 
in the models. 

There are many examples of the poor fit between the models' 
representation and the real world. Field study results indicated 
that aqueous phase conversion of S02 to sulfate (estimated to be 
the dominant oxidation mechanism) might be nonlinear owing to 
oxidants, and in particular H202 , as limiting factors. Figure 1 
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SOz 

FIGURE 1 Sample p� in S02 oxidation. 

so z . 
4 

SOz 

provides a simple, conceptual, algebraic formulation of a possible 
situation where a reduction in S02 emissions might result in a 
nonlinear response. 

Similarly, plume studies showed great differences in diurnal 
transport. Venting of tall stack emissions above the lowered 
boundary layer at night caused rapid, concentrated transport of 
plumes before re-entrainment in the mixed layer. 

Finally, wet deposition data were collected that indicated that 
the majority of sulfate deposition during a year could be associated 
with very few rainfall events. Understanding· the chemistry and 
transport of these episodes, therefore, seemed crucial in clarifying 
some of the uncertainties inherent in the more simplistic mod
els. In addition, the existing models differed significantly in their 
treatment of scavenging, aggregation of emissions, and rate pa
rameters assumed for important chemical and physical processes. 
Many of these differences could be explained by the independent 
origins of the models. Individual researchers often developed mod
els with quite different objectives in mind, leading to differences in 
structure and/or process which might not have occurred had there 
been a coordinated effort to produce an optimal model of regional 
source/receptor relations for acid deposition on a regional scale. 

The MOl performance evaluations showed wide divergence 
among the predictions of the various models. Yet observation data 
on air chemistry and wet deposition were far too few to determine 
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that these variations were statistically significant, given the inher
ent variation in the annual average observations of these measures. 
Moreover, the application of the models to derive transfer matrices 
relating source regions to receptor regions would produce results 
so diverse that they would substantially complicate formation of 
a coherent policy intended to reduce emissions by reducing depo
sition in targeted sensitive receptor regions. 

In 1982 the US Environmental Protection Agency (EPA) , in 
coordination with other federal agencies, began the development 
of a new Regional Acid Deposition Model (RADM) through the 
National Center for Atmospheric Research (NCAR) at Boulder, 
Colorado. The purpose of the research effort was to develop a 
state-of-the-art regional model. The model was to be Eulerian 
in structure and capable of incorporating in its submodules the 
latest scientific knowledge concerning transport, chemistry, and 
deposition. A d�cision was made at the outset that to achieve 
these aims the model would have to operate on a spatial and 
temporal frame rich enough to capture the influence of episodes. 

The RADM is now complete. It has been run using avail
able data sets and refined so that it is ready for application. The 
model's chemistry is very complex, however, so that the approx
imate running time on a computer is one-tenth hour for every 
hour of simulated real time. The only submodule of the model 
that may need revision to reflect properly the state-of-the-art is 
the wet scavenging module. Estimates are that revision of this 
module could reduce the ratio of computer processing time to 
simulated time by as much as a factor of 10. 

It is reasonable to question the utility of a tool which is so 
complex and expensive to use, but RADM has two extremely 
important uses. The first is scientific. The model incorporates into 
its numerical simulation the best of current knowledge, and it can 
be run to test the sensitivity of its many components to different 
assumptions such as values of rate constants. These sensitivity 
runs can also help prioritize research needs based on the extent to 
which particular uncertainties contribute to differences in model 
predictions. 

The second important use of RADM is to analyze the effects 
of emissions reductions on the pattern and magnitude of acid 
deposition. A simplified engineering version of RADM is being 
developed which will allow operation at a much lower cost to 
explore multiple emissions control scenarios. 
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MODEL EVALUATION 

Models of complex phenomena abound in the field of environ
mental sciences. However, the number of models which have been 
tested and evaluated effectively against real world data is very 
small. To some extent, RADM and other such models have partial 
testing and evaluation built into their construction . Submodulea 
are constructed hued on theory that baa usually been verified 
in the laboratory or by limited field 1tudy. To the extent that 
RADM incorporates state-of-the-m knowledge in ita aubmodules, 
it has paaeed the teat of scientific acceptance as one of the beat 
approaches developed to date in addreaaing the source/receptor 
problem. 

The use of models for policy analysis, however, demands a 
higher standard of evaluation. With regard to RADM, two addi
tional measures of performance have been established for testing: 

• Does the model make predictions that are consistent with field 
observations? 

• Does the model perform well against observations for the cor-
rect reasons? 

The necessity of the first criterion is self-evident; the second is 
necessary because of the under-determination of the modeled sy• 
tem. Parameters can be adjusted to achieve a good fit between 
predictions and observations to the extent that RADM could work 
because of many compensating errors. 

Operatlcmal Perf'ormmce Crlterla 

The MOl evaluations relied primarily on comparison of stati. 
tics on model predictions and observations, e.g. , means, standard 
deviations, and differences. This approach has several limitations 
in trying to design a practical field teat for a model like RADM: 
• Monitoring data on air quality and deposition will be point 

data, whereas model predictions will be averaged over an 80 
km grid cell . 

• Distributional statistics (e .g . ,  means, variances) may not re
veal the spatial characteristics of data. Two markedly different 
fields can have the same distributional properties. 

Given the limited amount of available resources to teat and evalu
ate the model, a decision was made to seek a cost-effective way to 
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deal with the spatial aspects of performance as well as the ·more 
conventional statistical comparisons. 

The primary objective of the operational test and evaluation of 
the model is to gather monitoring data on atmospheric chemistry 
and wet deposition at a sufficient number of sites and with suf
ficient frequency to determine whether the model fails to predict 
seasonal and annual average values for air quality and deposition 
with an accuracy of 30 percent or less. This objective dictated 
the number of sites required because density of monitoring sites 
determined the measurement error inherent in the network itself, 
owing to expected spatial variation and the limited coverage of the 
point network. 

Kriging 

The need for design of a technically and economically feasible 
field test of model operation has led to the choice of a "bot
tom line," pattern-based, point-to-point comparison for model 
predictions versus observations. The core of the approach is the 
application of a geostatistical tool called Kriging to generate pat
terns of predicted seasonal and annual air quality and deposition 
which are compared to similar patterns derived from monitoring 
observations. 

Kriging provided a way to deal quantitatively with the com
parison of the smoothed patterns of model predictions (averages 
over 80 km grid cells) versus the point data from monitoring sites. 
As an interpolation technique, it is attractive because it can pre
serve the main .characteristics of the data by smoothing through 
random variability. Kriging is not unduly inftuenced by single 
points but retains important spatial features and provides a quan
titative means to represent uncertainty in interpolation estimates 
which are produced. 

Kriging is based on a theory of regionalized variables de
signed to mathematically describe phenomena distributed in space 
and/ or time and provides an appropriate means for solving spatial 
estimation problems. It departs from traditional deterministic in
terpolation methods in that the interpolation weights depend on 
the covariance structure of the regionalized variable. The mathe
matical details of the procedure can be found in reference 2. 
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For purpoees of model testing and evaluation, it is more im
portant to know that application of the technique allows for con
struction of a confidence interval for the difl'erence in observed and 
predicted values as follows: 

Y, - Yo ± 1.96(VU'(Y,) + VU'(Yo))112 {7} 

where 
Y, = Kriging estimate for the model prediction at the Krig

ing grid mode 
Yo = Kriging estimate for the observed data at the grid 

mode 
Var = Kriging variance estimate 

If the deviations of Kriged values from true values have a normal 
distribution, this is a 95 percent confidence interval. The confi
dence interval can serve as the basis for determining the expected 
power of a given density of observed monitoring data which in tum 
determines the relative accuracy with which a model can predict 
air quality and deposition data. 

Field testing and evaluation of the RADM model will focus 
primarily on the objective of collecting sufficient surface monitor
ing data to allow rejection of the model if it fails to predict within 
± 30 percent the seasonal average air quality and wet deposition 
observations as calculated by the Kriging calculation in equation 
7. 

From what is known presently about measurement error inher
ent in monitoring methods and local spatial variability in measures 
of interest, it is estimated that approximately 70 monitoring sta
tions will be required to gather data during a on�year period over 
the eastem United States and Canada to obtain enough statistical 
evidence to determine whether the model is achieving ± 30 percent 
accuracy for seasonal averages. 

The US Government is proposing to carry out this evaluation 
program jointly with the Government of Canada and the privately 
funded Electric Power Research Institute (EPRI) based in Palo 
Alto, California. The program assumes two years of monitoring 
data are necessary because the first year's data will be needed to 
fully calibrate the model, which has not been possible to date due 
to lack of data. 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


125 

Dlap01tlc »taJaatloa 

It is unlikely that emissions over the study period will vary 
sufficiently to assume that the operational evaluation will observe 
performance over a significant range of seasonal emissions levels. 
It is also unlikely that such influences could be sorted solely on 
the basis of meteorologic variation during the study period. 

However, it appears likely that the operational evaluation will 
determine whether the model worked in predicting regional air 
quality and acid deposition associated with a known pattern of 
emissions. It is less likely that this conclusion can be extrapolated 
to emissions patterns significantly different from those in the study. 

As part of the planning for model evaluation, two possible 
ways to overcome this serious deficiency were examined. The first 
method to be considered was a major source modulation made 
possible by temporary fuel switching, e.g., from coal to natural 
gas in firing a number of major utility boilers. This option was 
rejected because the cost of a reduction of sufficient magnitude 
and duration was estimated to be in excesB of $750 million. 

The second option was to use a reactive tracer such as 834 
or 836 to tag emissions, thereby allowing direct testing of model 
processes. The former tracer was rejected because of the quantity 
required and the associated costs necessary to provide an adequate 
signal to background noise; the latter was rejected because of its 
radioactive characteristics. 

At the present stage of planning, a series of intensive field 
studies called "diagnostic studies" are being considered to com
plement the operational monitoring program. These studies are 
designed to provide measurements such as vertical profiles of air 
chemistry, transport, and wet deposition as a means of verifying 
that the processes are working according to the model. If these 
mechanisms are not reasonably consistent with model operations, 
it can be concluded that the model is working for the wrong rea
sons. 

Detailed proposals for such diagnostic studies are currently 
being prepared. Their design is proving to be most difficult . As 
was the case for the operational test and evaluation, quantitative 
goals that make sense scientifically must be specified. It is unlikely 
that tests as rigorous as those used for the operational evaluation 
will be able to be applied. However, before conducting these 
studies it is necessary to specify which measurements need to be 
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made, on what temporal and spatial acale they will be made, and 
how they will be used in quantifying model perfomumce . Detailed 
planning is acheduled for completion in early 1987. 

EPA has developed a new generation regional and deposition 
model. A design for an air quality and deposition monitoring 
network that will operate for two years has been prepared . The 
design includes an innovative geoetatiatical approach that allows 
the discriminating power of the performance evaluation teat to be 
estimated in advance. The operational field program is acheduled 
to begin in late 1987. 

In addition, EPA is presently preparing detailed plans for 
short-term, intensive diagnostic field studies to supplement the 
surface monitoring network and to test whether the model actually 
describes mechanisms as they occur. Those plans are acheduled 
for peer review and approval or rejection in 1987. 
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CLIMATE PREDICTIONS AND RESOURCE ANALYSES 

Increasing atmospheric concentrations of carbon dioxide (C02) 
and the resulting climate changes can afFect renewable and non
renewable resources such as ecosystems, forestry, agriculture, wa
ter, fisheries, human populations, and energy supplies. To an
ticipate the consequences of these C02-climate interactions, it is 
necessary to integrate predictions of future climate conditions with 
resource data. 

Modeling the effects of increasing atmospheric carbon dioxide 
on climate has been moving from global and hemispheric scales 
toward finer geographic resolution. General circulation models 
(GCMs) of the atmosphere are the state-of-the-art for reproducing 
important physical processes and for providing geographic detail. 
The geographic (horizontal) resolution of the GCMs that have 
been used for long-term climate studies ranges from about 8° x 
100 to 2 .5° x 3.75° with grid areas of hundreds of thousands of 
square kilometers. Many natural and human resources, however, 
are distributed on a much finer scale, with variations ranging 
from meters to kilometers. Clearly, analyses of the effects of C02 
climate interactions on resources are meaningless on a global
average basis. In addition, climatologists are not able to predict 
future climate with a geographic resolution of meters to kilometers. 
Even if such climate data were available, it is uncertain that 
such detailed resource data and the methodology and computer 
facilities to perform the nece88ary analyses would be available . 
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The challense, then, is to define appropriate resiona and reponal 
scales as the basil for ualysee. 

NEED POD. INTEGRATED, MULTJ-B.ESOUllCE ANALYSES 

There have been a number of case studies of the effects of 
C02-induced climate chuses on individual l'810urces. For ex
ample, Rosenzweis {1985) examined the potential distribution of 
wheat production in North America 88 determined by the cli
mate resultins from a doublins of atmospheric C02, usins the cli
mate predicted by the Goddard Institute for Space Studies ( G ISS) 
GCM. Blaains ud Solomon {1984) predicted a shift in the North 
American corn belt based on a doublins of C02 , usins the Geo
physical Fluid Dynamics Laboratory {GFDL) GCM. Cohen {1986) 
quantified the effects of a doublin1 of C02 predicted by both the 
G ISS and G FDL GCMs on the net basin supply of the Laurentian 
Great Lakes. Solomon {1986) examined the climatic effects of a 
doublins and quadruplins of C02, 88 modified from the GFDL 
GCM, on North American forests. 

However, two important conceptual shortcominp are UBOci
ated with such studies. First, the studies examined only the effects 
of the C02-induced climate shift. The increased C02 concentra
tion itself may also influence the response of the resources. For 
example, C02 enrichment of the atmosphere is expected to affect 
plant transpiration, water use, and photosynthesis. Thus, it could 
affect srowth rates, leaf area index, species composition, irrisation 
demand, and a host of related factors and pr�es ultimately 
even albedo, soil texture, and runoff characteristics. Therefore, 
the effects of the climate change 88 well as the C02 itself must be 
considered. 

Second, natural and human resources do not exist, function, 
or change in isolation . They are connected by exchanses of matter 
and energy, soods and services, and competition for labor and 
land. Effects on agriculture may be determined in part by the 
availability of water for irrisation, and the availability of water 
supplies may be influenced by the interception and retention of 
precipitation attributable to agriculture. Agriculture and forestry 
may compete for the same land. Forest ecosystem types may deter
mine the habitats available for wildlife species. If future climates 
affect production and consumption of natural saa for residential 
and commercial heating and coolins, the availability and cost of 
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agricultural fertilizers could be afFected. Thus, a resource such as 
agriculture cannot be treated in isolation. 

REGION TYPE AND A.PPLICA.BRITY TO THE 
C02/CLIMATE PROBLEM 

As shown previously, analyses that are regional, integrated, 
and multi-resource are needed to address the response of resources 
to changes in atmospheric C02 and climate. What is not known 
is which types of regions are optimal from the standpoint of re
source analysis. The climate/resource studies referred to earlier 
are based on differing types of regions, and the type of region 
afFects the use of climate and resource data as well as the assess
ment methodology. When conducting climate/resource studies, it 
is useful to identify three types of regions: boundary-defined re
gions, homogeneity-defined regions, and dynamics-defined regions 
(Waterhouse 1987) . 

Bound.a,-d.efined. region• are delineated on the basis of con
venient boundaries that are distinct and easy to determine. For 
example, the grid of a GCM may determine the regions, as in the 
case of the Rosenzweig study of North American wheat. With 
such an approach one may observe large-scale patterns and pat
tem shifts, with the advantage that the output from the GCM is 
directly usable. Unfortunately, resources may not be homogeneous 
within the region, as will be discussed in more detail later in this 
paper. For example, in the case of Rosenzweig's study, several 
varieties of wheat which differed in thermal and precipitation re
quirements were found in some grid cells, but it was necessary to 
characterize each grid cell based on the variety grown in the great
est acreage in the cell . Thus, there is some reduction of accuracy 
and detail in the resulting analysis. 

H omogeneitf-defined. region• are delineated on the basis of 
maximum homogeneity of one or more variables. This permits 
uniform handling of data within the analysis, e.g. , climate/crop 
regression models, and also lends itself to the development of uni
form policy and management approaches. However, the bound
aries of homogeneity-defined regions may be difficult to determine, 
particularly if there is continuous variation. Fine-scale variation 
may limit the amount of homogeneity that is ultimately attain
able. In addition, when several resources are being considered 
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simultaeoualy it is unlikely that maximum homopneity can be 
preserved for all resources. 

In their aalysia of the effect of climate chap on the North 
American corn belt, Bluins ad Solomon 1ll8d a homopneity
defined repon (the com belt) as the basis for their analysis. How
ever, it is difficult to relate the srldded output of the GCMa directly 
to the resion of interest. Assipins specific srid points to the re
gion and determining valid methods of interpolation between srid 
points is difficult. In the Blasing ad Solomon study, the changes 
in temperature ad precipitation inferred from the GCM output 
were 888umed to be uniform throughout the repon. However, this 
assumption does not at all make use of the spatial resolution avail
able from the GCMa. For a resource whose location or distribution 
is a function of climate, the location ad dimensions of the region 
will also chap, complicating long-term studies. 

Dynamics-d.efined. regiou are delineated in order to maximize 
intra-region exchanges and minimize inter-repon exchanges. Such 
regions are intesrated units and are appropriate for interfacing 
with dynamic spatial systems models. For some dynamics-defined 
regions such as large drainage basins, regional boundaries are easy 
to determine . However, for others such as economic repons , defin
ing boundaries may be more difficult . Furthermore, variables may 
not be homogeneous within these regions, and shifts in interaction 
patterns-whether a result of C02/climate interactions or other 
factors-would be expected to alter some reponal boundaries. In 
the case of drainage basins, regional boundaries are determined by 
toposraphy and thus do not change with shifts in climate on the 
time scales being considered. 

One example of the use of dynamics-defined regions in climate
change investigations is the study by Cohen on the effects of 
climate on net basin supply in the Great Lakes. In that study, 
the coarse resolution of the GCM output resulted in uncertainty 
in locating future climate patterns. 

RESOURCE HETEROGENEITY AS A JUNCTION 
Ol REGION SIZE 

AJ3 discussed previously, resources are not necessarily homo
geneously distributed within boundary-defined repons. In the 
Rosenzweig study of climate effects on wheat, heteropneity of 
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wheat variety within the boundary-defined regions ( GCM grid 
cells) led to simplifying aaaumptions conceming the resource. An 
obvious question is: How small must a region be to minimize the 
problem of resource heterogeneity? 

Cushman et al. (1986) examined the heterogeneity of five re
source variables-wheat yield, population density, percent forest 
cover, water resource regions, and percent of land irrigated-as a 
function of GCM grid cell size. They found that there was little im
provement in resource homogeneity from grid cella approximately 
8° x 100 to grid cells approximately 3° square. However, a fur
ther increase in resolution to 0.5° square resulted in a marked 
increase in resource homogeneity. This result was found in all five 
resources even though the five were markedly different in type and 
distribution, and despite the fact that the water resource regions 
were based on exact boundaries while the other four types were 
quantified with county-averaged data. 

For climate modeling, p01!18ible solutions include: 

• increasing the resolution of the entire model grid, which would 
greatly increase computing requirements 

• increasing the resolution of certain grid cella in areas of par
ticular interest; and 

• using empirical orthogonal functions to associate likely de
tailed distributions of climate with larger-scale climate pat
terns based on analysis of past data (e.g., Gates 1985) , al
though such distributions may also change as global climate 
patterns change. 

PROSPECTS JOB. THE JUTUB.E 

Integrated, multi-resource analyses on a regional level are 
needed to assess the consequences of increasing atmospheric con
centrations of C02 and the resulting climate changes for renewable 
and non-renewable resources. The effects of both C02-induced 
climate change and the C02 itself must be considered simultane
ously; similarly, the various resources and their interactions and 
feedbacks must also be considered in tandem. 

The US Department of Energy, through its Carbon Dioxide 
Research Division , is currently sponsoring research on this prob
lem. One aspect of this research is the development of methods to 
refine predictions of climate change on a regional scale. In addition , 
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emphasis is now being placed on the development and refinement 
of analytical methods for multi-re10urce, regional effects analyses. 

Some of the future questions to be ad.dreleed are: What types 
of regions or combinations of regions are optimal for analysis? 
Which resourcea are of greatest importance? Which cause-and
effect models are most appropriate-regreaaion or simulation? 
What resource interactions and feedbacks need to be considered? 
How should resource data be managed and aggregated to regional 
levels? 
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T he Use of Ambient Air Quality 
Monitoring in Assessing 
Regional Exposures to 

Toxic Air Pollutants 

DANIEL P .  BEARDSLEY 
US Environmental Protection Agency 

The control of toxic pollutants is one of the most challenging 
environmental problems facing the regulatory community today. 
The number of substances of potential concern is extremely large, 
as is the number of sources-industrial and non-industrial-that 
discharge them. Ambient concentrations tend to be small, making 
detection and accurate identification technically difficult. Even 
if ambient concentrations are known, their significance is often 
difficult to determine. Ambient concentrations cannot be directly 
correlated with efFective dose, and the toxicology aspects of the 
low dosages commonly encountered in the environment are subject 
to much debate. 

With these considerations in mind, this paper discu88e8 the 
role of ambient monitoring in estimating ambient concentrations of 
toxic pollutants in air. The US Environmental Protection Agency 
(EPA) has traditionally relied on ambient concentrations as a ref
erence for regulation, but it is important to stress that estimating 
ambient levels is only a starting point in estimating exposure and 
effective dose for toxics. Exposure 888e88ment requires determina
tion of the magnitude, frequency, duration, and route of exposure 
to a certain pollutant (EPA 1986a) . Ambient pollutant levels pro
vide only a crude basis for assessment of these factors, as they do 
not take into account pollutant levels in occupational and indoor 
environments. 

Other types of monitoring that can be used to support an 
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expoaure Ullesament include aource monitoring and peraonal mon
itoring. Source monitoring ia the direct meuurement of emissions 
at a releue point. It can provide an excellent meana of obtaining 
representative emiaaiona data u input to a diaperaion model, but 
it is pnerally only feuible for aourcea with a limited number of 
well-defined releue pointa. Peraonal monitoring involves placing 
monitoring devicea on subjecta u they conduct their daily rou
tine. It provides data that are more representative than ambient 
outdoor concentrationa since expoaurea inaide residences , during 
transport, inaide commercial facilities, and in workplaces are also 
considered. 

EPA currently regulates only a small number of the pollu
tants present in the ambient air: particulate matter (measured as 
a total quantity, not differentiated by aubatance) , sulphur dioxide, 
nitrogen oxides, carbon monoxide, ozone, and lead. These sub
stances are controlled in terma of quantitative ambient standards 
known as the National Ambient Air Quality Standards (NAAQS) . 
A handful of other pollutants are regulated in part through the 
National Emissions Standards for Hazardous Air Pollutants (NE
SHAPS). However, these standards are set, as their name implies, 
as limits on emissions, not as limits on ambient concentrations. 
By contrast, air in an industrialized metropolitan area is likely 
to contain many thousands of organic and inorganic compounds, 
including some which are directly released and others which are 
photochemically produced in the atmosphere. 

Successful monitoring programs for air toxics should not be 
directly pattemed after the type of monitoring programs devel
oped for the "conventional• (i.e . ,  NAAQS) pollutants which focus 
on accurate quantifications of a limited set of known subatancea 
in relation to dearly defined standards. By contrast, the number 
of toxic air pollutants of potential interest is so much larger and 
so variable from location to location that a major challenge of air 
toxics monitoring is simply to identify which pollutants are present 
and to rank them in priority order. Quantification of ambient val
ues, while of equal importance, becomes one of several goals rather 
than the only goal. The multiple goals of pollutant identification, 
ranking, and quantification imply the need for iterative screening 
procedures. 
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A MULTIPACETED APPROACH TO MONITORING 

Because of the expense of monitoring for toxic compounds, 
a promising approach for identifying and ranking pollutants in 
metropolitan areas is to couple monitoring programs with parallel 
efforts in developing comprehensive emission inventories and in 
conducting dispersion modeling. Emission inventories, including 
both point and area sources, yield estimates by compound of 
toxic air emissions. Associated ambient concentrations of toxic 
compounds can then be estimated through the use of dispersion 
modeling, providing an initial estimate of ambient values that 
can be used as a basis for designing a screening-level monitoring 
program. Resulta of such a monitoring program can in turn yield 
insights into the accuracy of the emission inventory and provide 
the basis for succeeding iterations. 

The success of this type of approach depends on the reliability 
of each of the components. All have admittedly wide error bounds 
which should be individually considered. 

EmlaslCDll estlmatet 

Many complex industrial facilities release a wide range of or
ganic and inorganic pollutants from process vents, storage tanks, 
and other unintended release points which cannot be easily mon
itored. This range of pollutants and sources greatly complicates 
the compilation of emissions data and effectively precludes di
rect measurementa in many cases. A variety of estimating factors 
must therefore be used . These factors can include mass balance 
calculations which, although rough, appear to be reasonable in 
the aggregate. Where possible, detailed estimates can be made 
through process engineering studies. In addition, while estimates 
of releases from area 10urces cannot feasibly be developed through 
source monitoring, they can be reasonably approximated through 
indirect approaches such as evaluating total motor vehicle travel, 
regional gasoline sales, population density, and/or fossil fuel con
sumption for heating requirements. 

Dispersion modeling 

Although dispersion modeling results for short-term averaging 
periods have typically had wide margins of error, existing models 
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have been found to provide reuonable eatimatee on a aeuonal or 
annual buis. For evaluations of aeuonal or uanual averagfll, accu
racy has generally been found to be within a factor of two (White 
1984) , which is adequate for the type ohcreening procedures sug
gested here. For short-term averaging periods such u 24 houn or 
lesa, the greater uncertainty in model output needs to be con�id
ered when interpreting results. Mitior aourcea of this uncertainty 
include the degree of accuracy of the models the1111elves and of the 
input data, which includes available meteorological and emissions 
data for the area under study. 

Ambient mcmltorlns 

A variety of laboratory analytical techniques are available to 
support ambient monitoring programs. While levels of accuracy 
are improving, techniques are still expen1ive and their adequacy 
still widely debated. There are alao substantial uncertainties about 
the representativenesa of individual monitoring lites in any net
work. Although error bounds on any estimated ambient concen
tration are potentially great, monitored valufll at uay given point 
can serve as a reference for gauging predicted valufll that have 
been generated by dispersion modeling using emission inventories 
as input data. 

IEMP STUDIES 

EPA's Integrated Environmental Management Program 
(IEMP) has used this general approach at a number of sites across 
the United States. The program has conducted, or is currently 
conducting, studies of toxic air pollutants in "five metropolitan 
areas: Philadelphia, Pennsylvania; Baltimore, Maryland; Santa 
Clara County, California; the Kanawha River Valley, West Vir
ginia; and Denver, Colorado. These studies provide practical ex
amples of the use of integrated ambient monitoring and dispersion 
modeling as a means of estimating exposure to toxic air pollu
tants. Each of these metropolitan areas is different in terms of its 
mix of sources, terrain, and meteorology. The ambient monitor
ing programs designed for the sites were therefore different and 
made use of dispersion modeling in different ways. Two of these 
programs are discussed below as examples of iterative monitoring 
and modeling programs. 
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PhDadelphla 

Philadelphia is a major metropolitan 81'ea with a substantial 
heavy industry sector. The ambient air monitoring program devel
oped for this study was the first urban-scale air toxics monitoring 
program for organic pollutants conducted by EPA. It involved a 
ten-station monitoring network set up to measure a limited set of 
volatile organic compounds. Dispersion modeling was performed 
prior to the selection of monitoring sites so that neighborhoods 
with relatively high concentrations could be identified. The pro
gram collected a total of thirty 24-hour samples at each site be
tween December 1983 and MBI'Ch 1984 (EPA 1984) . 

The pollutants were selected on the basis of existing toxic 
chemical and air emission inventories compiled by the city of 
Philadelphia. These inventories were augmented by additional 
work conducted by the IEMP program, yielding a combined emis
sion inventory that included all known point and Bl'ea sources of 
toxic air pollutants. Dispersion models were then used to esti
mate ambient concentrations at each of the monitoring sites for 
the specific time periods when each sample was taken. Modeling 
was performed using meteorological data collected at a site central 
to the air quality monitoring network. The EPA model SHORTZ 
was used for the comp81'isons (Sullivan 1985) . 

The results were then comp&l'ed. Agreement between the 
monitoring and modeling efforts was relatively good for about 
one-half of the c:Ompounds that were measured but was relatively 
poor for the others. The final report of the Philadelphia IEMP 
includes details of this statistical analysis. In general, agreement 
was better for those compounds emitted by a small number of 
well-defined industrial facilities. Figure 1 shows day-to-day com
p&l'isons of monitored and modeled values for one such compound: 
1 ,2-dichloroethane. Poorer results were found for compounds emit
ted by both uea sources and point sources or by a lBI'ge number 
of distributed point sources. 

The study provided a number of interesting insights. For 
example, when discrepancies between predicted and observed re
sults were analyzed in relation to wind direction , it was possible 
to identify individual sources for which emission inventory esti
mates were low. In one case, emissions of trichloroethylene from 
a major gBI'ment manufacturer were found to be underestimated 
by approximately a factor of five because process emissions from 
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data: 1 ,2-diehloroethane at aite 7 (ug/m3 ) . 

the recovery still were not addressed. In another case , volatiliza
tion losses associated with the transport of wastewater from a 
major organic chemical plant were identified after the modeled 
concentrations were found to be low for 1 ,2-dichloropropane and 
1 ,2-dichloroethane. The parallel use of models and measured data 
can thus reduce the uncertainty in characterizing ambient concen
trations. 

The Kanawha Valley 

The Kanawha Valley IEMP study is a good example of mea
sured air quality data used to assess the reasonableness of model 
performance in complicated terrain. Kanawha Valley, West Vir
ginia, is one of the largest manufacturing regions for organic chem
icals in the United States. A winding valley roughly one to three 
kilometers wide bounded by valley walls approximately 300 me
ters high, Kanawha Valley experiences limited dispersion and high 
frequency flow past nearby residential areas. This region has the 
potential for high impacts from air toxics on populations in the 
vicinity of the maJor chemical plants. 

In this study, detailed meteorological monitoring was per
formed in four valley sections having clusters of industrial sources. 
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A modeling analysis wu then performed based on the detailed 
meteorological data which emphasized cl01e-in, micro-scale con
centrations (EPA 1985) . Detailed emissions data were available 
for the major and minor industrial sources in the valley. The 
emissions were grouped into logical modeling units such as vent 
emissions from a common building and common storage areas. All 
stacks were modeled individually. The emissions inventory was 
complemented with area source emissions from mobile sources, 
dry cleaning facilities, and other urban sources. Emissions data 
were used in conjunction with meteorological data to model each 
of the four valley sections independently. A total of 14 specific 
organic compounds have been evaluated to date. Predictions were 
made of annual average concentrations throughout the valley floor 
portion of each of the sections studied. 

There was considerable uncertainty regarding the effectiveness 
of dispersion models for this area. To help reduce this uncertainty, 
a monitoring program was designed to complement the modeling 
analysis. In two of the valley sections, ambient monitoring was 
performed up and down the valley from one to 2.5 kilometers from 
the fencelines of industrial areas. Over a two-month period, a total 
of fifteen 24-hour average samples were collected at each of the 
four monitoring sites to help asse• the adequacy of the emissions 
data and to evaluate the reasonableness of modeled values in this 
complicated terrain. 

This integrated modeling and monitoring approach is likely 
to be particularly useful in areas such as Kanawha Valley. In a 
valley, a small number of monitors can produce excellent reference 
points to assess the reasonableness of emissions data and model 
performance. This is because the flow is highly channeled on a 
very regular basis past appropriately located monitoring sites on 
the valley floor, i.e. , wind flow often is restricted to the orientation 
of the valley. 

Preliminary results generally show reasonable comparison be
tween modeled and measured data, with some exceptions. In these 
cases follow-up work could be performed to reassess the emissions 
data and possibly improve model performance. For example, based 
on preliminary results, one section of the valley was found to have 
model estimates for some compounds that substantially underes
timated measured concentrations. As in the Philadelphia study, 
this finding can be used to help provide focus to the emissions ver
ification. Preliminary results also suggest that estimates down the 
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valley tend to be undentated relative to thoee up the valley. This 
providee input to reatlllfll8 the adequacy of the modeling approach 
to account for the difFerences in dispersion conditions between 
transport of pollutants up and down the valley. The results of the 
Kanawha Valley study are expected to be available in early 1987. 

CONCLUSIONS 

In summary, eetimating expoeuree to air pollutants in a large 
metropolitan area or in the immediate vicinity of isolated major 
industrial sources requires consideration of site-specific factors. 
No single approach applies to all situations. The consideration 
of modeling u a complementary tool to help design and evaluate 
measured data, however, can be common to all air quality studies. 
Measured data provide important reference points, while modeling 
can be used to estimate concentrations on a large scale and can 
better describe the variability of concentrations in space and time. 
When performed in a complementary and integrated manner, the 
two approaches of monitoring and modeling cm be used to more 
accurately estimate ambient concentrations used in an exposure 
assessment. 

There is considerable uncertainty in predicting or measuring 
concentrations of pollutmts in the ambient air, especially for toxic 
air pollutants. Emissions may be uncertain for some pollutants 
which can adversely affect modeling while ambient monitoring 
techniques may be relatively poor or non-existent for other pol
lutants. The use of two approache....-disperaion modeling and 
ambient monitoring-to estimate concentrations can help fill the 
gaps of information in either approach, thereby reducing uncer
tainty. Identifying compounds for which modeling and monitoring 
results are in relatively close agreement, u well u those where 
results are substantially different , can be importmt at the often 
costly stage of control measure implementation.  

Confidence is  needed in the supporting technical data bases 
for a metropolitan area to develop policy altemativee that will 
lead to practical changes in the control of toxic air pollutants. 
The IEMP field studies have developed a technical approach that 
provides a reasonable basis on which to asse• risk, as well as risk 
reduction benefits of alternative control measures within current 
limitations of state-of-the-art air quality analysis. Monitoring is 
an important element of the overall approach. The next step is 
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to use this technical information to develop control options that 
lead to regulatory action at the Federal or local level which can 
effectively reduce risk at an acceptable cost. 
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Monitoring Atmospheric Pollution: 
Norms and Standards-Policy and Practice 

VALENTIN G .  SOKOLOVSKIY 
USSR State Committee for Hydrometeorology 

and Control of the Natural Environment 

The prevention of atmospheric pollution in the USSR is an 
essential prerequisite to providing Soviet citizens with favorable 
living, working , and leisure conditions. It is also necessary to 
preserve our forests, lake ecosystems, agricultural and other veg
etation , animal life, and various structures including historical 
and cultural landmarks. This requirement is a result of the "Air 
Protection Law" passed in 1980, which regulates the rights and 
duties of central and local authorities , companies , organizations, 

and citizens in this area. 
In organizational terms, the USSR's state air protection sys

tem consists of three basic components : 

• Air pollution monitoring; 
• Measures for regulating air quality; 
• Implementation of pollution controls at the air pollution source . 

AIR POLLUTION MONITORING 

Air pollution monitoring in the USSR is conducted at three 
basic levels: impact, regional, and global. 

Impact-letJel monitoring is a rapid information subsystem of 
continuous observations of air pollution from primary and dis
crete pollutants contained in gases emitted by factories and mobile 
sources. Monitoring is conducted with a network of stationary sites 
situated in major populated areas and on boundaries of protected 
zones adjacent to industrial centers. 
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The observations made by this network of stationary sites are 
supplemented by ongoing, on-site and plume observations using 
specially designed mobile laboratories. Impact monitoring is con
ducted in 460 cities and industrial centers, md approximately six 
million measurements per year are made. Data from impact mon
itoring are used in 811 operational system to direct inspections of 
air pollution abatement measures by examining specific facilities 
which are sources of air pollution. 

Impact monitoring data analysis and annual retrospective 
overviews permit us to ascertain air quality trends in urban areas 
and industrial centers. This is essential for: 

• Assessing the effectiveness of air protection measures for each 
city and republic and for the nation as a whole; 

• Priority setting for optimizing planning of air protection mea
sures and capital investments earmarked for this purpose. 

Findings from impact data monitoring are also used to deter
mine the background levels of air pollution. This is a key to: 

• Adopting appropriate decisions for siting new production fa
cilities and for expanding capacity of existing facilities; 

• Compiling environmental impact statements for proposed con
struction and upgrading of facilities which will affect the at
mosphere; 

• Setting limits on contaminant discharges into the atmosphere 
for each significant pollutant release point. 

Regional-level monitoring is conducted as part of EMEP, the 
international program of transboundary air pollution observations 
and asse•ment in Europe. These observations are conducted at 
ten specialized stations located on the USSR's western border. 
They annually include over 36,500 measurements. 

The aforementioned observations of trace elements in the at
mosphere and in deposition are supplemented by information from 
26 vectors of transboundary air pollution at varying altitudes (up 
to five kilometers) . Special aerial instruments are used to yield this 
information. The observations are complemented by data from 
monitoring the chemical constituents of precipitation and other 
information generated by a snowpack contamination monitoring 
network. This program yields data on deposition of atmospheric 
trace elements entrapped in snow. 

Regional-level monitoring data under EMEP are incorporated 
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into the computatiODS made by the Eut European Synthesizing 
Meteorological Center (MSTs-V) . Located in Moec:ow , this center 
provides the USSR md other Eut European countries with com
putations of transboundary sulphur compound fluxes and deposi
tion. MSTs-V il currently conducting preparatory work towards 
compiling statistiCB on tranaboundary flux• of nitrogen oxides 
and other pollutants. 

StatistiCI compiled for several years by MSTs-V and corrob
orated by MST&-Z located in Oslo have shown that from five to 
ten million tons per year of sulphur compounds of tranaboundary 
origin are deposited in the European USSR. At the same time, 
from 0.5 to 1.0 million tons from the USSR are deposited to other 
nations of Europe, that is, five to ten times leas. 

Glohal-LetJel monitoring hu been conducted in the USSR since 
the early 1970s at four background BAPMoN stations. Two of 
these stations are situated within the European and two within the 
Asian USSR. Furthermore, global air pollution monitoring is also 
conducted at seven background stations operating under the com
prehensive background monitoring program at USSR biosphere 
reserves: Berezinskiy, Caucasus, Prioksko-Terrasniy, Repetekskiy, 
Sari-Cheleksiy, Barguzinskiy, and Boroviy. The work of these 
stations includes measurements of the most important pollutants 
which cause impacts on the biota: sulphur and nitrogen dioxides, 
sulfates, ozone, lead, cadmium, mercury, arsenic, benz(a)pyrene, 
and PCBs. 

Am QUALITY CONTROL MEASURES 

Technical air quality control policies in the USSR are devel
oped and implemented by the State Committee for Hydromete
orology, with the participation of other pertinent ministries and 
departments. This means that the State Committee for Hydro
meteorology corroborates and executes all basic regulatory docu
ments, such as standards, regulations, methods, instructions, and 
recommendations regarding air protection efforts. 

Air quality control measures in the USSR operate in four 
primary areas: 

• Coordinate siting of new production facilities and prepare 
impact statements regarding the construction of new and up
grading of existing facilities; 
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• Set limits for each plant on contaminants emitted into the 
atmosphere (Maximum Permissible Emiaaiona-MPE) ; 

• Annually plan and implement air protection measures in the 
form of government goals for buaineaaea, organizations, pro
duction facilities, ministries, departments, and republic Coun
cils of Ministers; 

• Carry out comprehensive measures to reduce pollutant emis
sions from mobile sources. 

Coordbuatlcm of New Ccmatructlon and Preparatlcm 
ol Impact Statements 

The steadlly growing expansion of production requires increas
ing material and labor expenditures for protecting the atmosphere 
from contamination. Such steps are moat effective when the de
velopment and execution of air protection measures are initiated 
at the earliest stages of a plant's construction. As a result, Article 
13 of the USSR's "Air Protection Law" calla for strict adherence 
to standards regarding safe levels of contaminants and their im
pact on the atmosphere when siting, designing, constructing, and 
putting into operation new and upgraded plants, buildings, and 
other facilities. 

To achieve this, consideration must be given to the entrap
ment, utilization, and neutralization of contaminants from emis
sions or to the total exclusion of pollutant discharges. Additional 
air protection requirements also must be considered, bearing in 
mind that the total emissions from already existing plants and 
from those projected or planned for construction should not ex
ceed the standards set for maximum permissible concentrations of 
pollutants in the atmosphere. 

Impact statements for new projects are part and parcel of the 
analysis of projected construction. We can then evaluate the qual
ity of our information. This includes aaseaament of data which are 
the basis planning, the effectiveness of engineering and planning 
decision-making, and the reliability of statistics used in forecasting 
air pollution. 

A primary task related to impact statements for new con
struction is the comprehensive monitoring of compliance with the 
standards set for the project. Experts have focused much attention 
over the past 10 to 15 years on analyzing the technical upgrading 
of methods and equipment used directly in efforts to preserve air 
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quality equipment employed in a plant's basic production. This 
reftects the fact that a project's economic and ecological indices 
are ultimately dependent upon fundamental decisions resarding 
the technolOSY used in the production proceaa. 

The following aspects are considered in examining air protec
tion measures: 

• Validity of proceaa of aelectins site and area for construction. 
This selection must take into account backsround air pollution 
and physical, seosraphical , and meteorological factors, as well 
as the specifics of the project ; 

• The advanced character of chosen manufacturins processes, 
with a view to precludins or reducins pollutant formation and 
diacharp and includins a comparison of the selected technol
OIY with the beat domestic and foreip technologies ; 

• Reliability and effectiveneaa of technical decisions taken with 
a view to protecting the atmosphere from pollution ; 

• Validity and reliability of data on pollutant diacharsea into 
the atmosphere; 

• Accuracy of computations of chances in air pollution mea
surements as a result of the openins of a newly-constructed 
facility; 

• Settins standards for maximum permissible concentrations of 
pollutants released into the atmosphere; 

• Cost effectiveneaa of proposed air protection measures . 

Norms and Standards 

Maximum permissible pollutant concentrations (MPC) are 
used in assellins actual and predicted levels of air pollution in the 
Soviet Union. These standards should serve to protect the health 
of both the population and the environment. MPC standards for 
evaluating living conditions (i .e. , sanitary and hygienic standards) 
are used by the USSR Ministry of Health. The USSR Ministry of 
Forestry and the USSR State Committee for Hydrometeorology 
jointly set similar standards which are of an ecological nature (e.g . , 

MPC standards for woodlands vegetation, or MPC-W). 
Maximum permissible concentrations of air pollutants in pop

ulated areas for one-time and for mean daily emission levels are 
currently in effect as national standards. Government regulations 
have been set for more than 300 contaminants, over 40 of which 
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have an additive impact. In addition, approximately safe impact 
levels (ASIL) have been set for more than 300 air pollutants. In 
areas of the USSR set aside for health-care purposes, standards 
are in effect which are 20 percent more stringent than usual. 

The Ministry of Health has also developed standards for max
imum permissible ambient pollutant concentrations in the work
place. These currently total 976 and are taken into account in 
assessing accumulated and predicted air pollution levels not only 
inside buildings, but also in outdoor production areas of manu
facturing plants. Other norms and standards are also employed 
which deal with automotive gas exhaust emissions, permissible 
noise levels, and the effectiveness of standard gas treatment and 
dust entrapment equipment. 

Standard Setting lor DJschargea lrom Alr Pollution Sources 

In order to ensure compliance with sanitary, health, and eco
logical air quality protection standards for each pollutant release 
point, limits on contaminant discharges-called maximum permis
sible emission limits (MPE)-are set. 

MPE standards are set for each pollutant and are determined 
to ensure that each discharge of emissions from discrete and other 
sources in a given area (mindful of potential growth) do not create 
a near-surface concentration in excess of MPC for the population, 
vegetation, and animal world. 

In other words, the following correlation must be fulfilled: 

c < 1 MPc -
where C is the calculated concentration in the atmosphere 's near
surface layer from the sum of its pollution sources. The MPE 
standard is determined using methods for calculating the maxi
mum permissible emission level so that the pollutant concentration 
in even the most unfavorable meteorological conditions would not 
exceed the established health and hygenic MPC standards. 

The calculation is made by the following formula: 

MPE = (TiDK - Cb)H2 � 
A · F · m · n · t  

where 06 = background concentration ; H = release point height 
above the ground; V = flow rate of the air-gas mixture; T = 
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temperature difFerence� between the air-su mixture and the air; 
A = coefficient for the pollutant's meteoroloalcal potential; F 
= coefficient accountins for the pollutant deposition rate in the 
atmosphere; m, " = coeflicients accountin1 for conditions of the 
air-sas mixture discharse at the mouth of the release point; and 
t = coeflicient for the impact of local terrain on trace element 
dispersion . 

MPE standards have been set for both exiatin1 and newly 
built plants, and are developed by profile plannins orsanizations. 
In those instances where existin1 plants are not in compliance with 
the MPE, a variety of measures are employed to reduce emissions 
levels of pollutants to the computed MPE standard. Temporary, 
aareed-upon emission standards (TAE) are drawn up. These bring 
the plant in question into compliance with the MPE by implement
ing in one or more stages the technical measures developed as MPE 
was computed . If the established MPE standard cannot be met 
through technical measures , the activities of that particular facil
ity are re-examined in order to reduce capacity, orient its main 
production to a more advanced technology, or convert the plant to 
a new type of production . 

Standards have currently been set for plants whose emi11ions 
total approximately 75 percent of the nation's industrial emis
sions. It is planned to extend these standards to 95 percent of all 
industrial emissions by 1990. The established MPE standards and 
the measures which have been developed to achieve them provide 
a sound basis for planning governmental air protection efforts and 
for developing impact statements to test measures to maintain air 
quality. 

PJauJng Air Protection Meuarea 

Planning air protection measures is one of the most important 
steps in the regulation of air quality. As already noted, there are 
many principles underlying air quality measures. These include 
using information from impact- and regional-level air pollution 
monitoring and developing measures to reduce harmful emi11ions 
to the maximum permissible levels as prescribed by MPE and 
TAE. 

Planning air protection measures is one component of the 
"Protection of Nature" section in annual and five-year state plans 
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for economic and aocial growth of the USSR and the individual re
publics. The USSR covernmental plan for each republic ministry 
and department, as well as for the republic Councils of Minis
ters, sets out concrete coals for the removal of pollutants from cas 
emissions {in tons per year) ; for reducinc the amounts of harmful 
emissions released into the atmosphere; for introducinc dust and 
gas treatment equipment with a capacity of millions of cubic me
ters per hour; and for allocatinc capital investments for air quality 
measures. 

The total emissions fipres broken down by industry branch 
cover all plants for each branch. They are first developed at each 
plant by accountinc for existinc and anticipated conditions. They 
are then acgrecated at the ministry level. After the Supreme 
Soviet of the USSR incorporates these ficures in the state plan, 
they become law and must be followed. 

B.egalatbag MobDe Source EmlaslODS 

Mobile source emissions currently account for about 40 per
cent of the total volume of emissions, and a noticeable growth trend 
for these emissions has been detected. This can be attributed to 
the fact that the number of automobiles continues to increase more 
rapidly than reductions of individual emissions occur. 

Efforts to reduce harmful mobile source emissions in the USSR 
can be broken down into the following basic areas: 

• Perfectinc an encine to reduce fuel consumption and exhaust ; 
• Reducinc casoline toxicity by replacing tetraethyl lead with 

methyltretyethyl ether as a fuel additive, and replacing gaso
line with diesel fuel or compressed or liquified natural gas; 

• Implementation of exhaust neutralizers; 
• Expansion of public transportation {particularly subway, trol

ley, and tramway systems) instead of more pollution-intensive 
forms; 

• Orcanization of traffic {the "green wave," underground pas
sageways, exits, etc.); 

• Improvinc automobile servicinc (auto emissions testing sta
tions, toxicity testing, etc.); 

• Re-examininc auto emissions standards to make them more 
strincent; 

• Enhancing ecolopcal monitoring of mobile sources. 
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Immediate Meuans fOI' Jleplatlq Air Quallty 
Urgent measures are initiated during episodes of unfavorable 

meteorological conditions (UMC). A special UMC warning sys
tem based on weather forecasts has been established in 120 Soviet 
cities with high incidences of UMC. These warnings are transmit
ted to city executive councils made up of peoples' deputies and 
to all plants that are major sources of toxic dust and gas emis
sions. Each plant has developed special measures to cut harmful 
emissions in the event of an UMC episode. They call for switching 
boilers to low sulphur fuel, utilizing backup gas and dust treatment 
capacity, reducing primary production output, and so on. These 
UMC warning measures are currently in place and serve to pre
vent dangerous air pollution levels. Monitoring compliance with 
these measures is conducted by state air protection inspectors and 
industry branch environmental services. 

INSPECTION Ol Am POLLUTION RELEASE POINTS 

Inspection of pollution release points is conducted in the USSR 
by the State Inspection Agency for Air Protection. It is assisted 
by the Ministry of Health and the Ministry of the Interior's De
partment of State Automotive Inspection. The State Inspection 
Agency for Air Protection monitors compliance by plants, orga
nizations, and citizens with the Air Protection Law. The State 
Agency visits plants to teat gas/dust treatment equipment for ef
ficiency and verifies the extent to which air protection plans are 
met. This includes air quality measures and other aspects regard
ing compliance with the law. 

If an inspection team detects violations, it acts in accordance 
with its instructions or imposes penalties by: 

• fining managers and specialists; 
• submitting material to an administrative commission to serve 

as a basis for levying fines; 
• transferring the case to the prosecutor if the violations consti

tute a criminal off'ense; 
• shutting down specific plant sections, production lines , or 

entire plants. 
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Use of Environmental Data in 
Management Decisions 

JOHN W .  WILSON 
US Environmental Protection Agency 

Although the US Environmental Protection Agency {EPA) 
invests heavily in environmental monitoring, information on envi
ronmental quality and trends in pollutant levels are not adequately 
used for manqement decisions in many programs. Monitoring in
formation has historically been uaed to set national standards, to 
determine limits in individual permits, and to support enforce
ment actions. However, environmental monitoring is not routinely 
used to compare the severity of problems across media (e .g . ,  air 
as compared to surface water contamination) or to set priorities. 
In an era of limited resources and increasingly subtle and diffi
cult environmental concerns, the value of environmental data in 
environmental policy and manasement decisions is becoming in
creasingly important. This paper considers the need for additional 
information for environmental management, and then briefly cov
ers aeveral activities now underway in EPA to improve the type, 
quality, and availability of environmental data. 

TECHNOLOGY-BASED CONTROLS VS. MANAGING 
lOB. ENVmONMENTAL RESULTS 

The laws which EPA implements depend heavily on generic , 
technology-based controls on specific classes of sources. The as
sumption has been that environmental improvement would follow 
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the control of significant sources such u reducins pollutant load
ings. For example, the Clean Water Act required controls on mu
nicipal and industrial discharses accordins to national standards 
regardleu of the location of these facilities. 

Since the early 1970., the variety of environmental problems 
hu srown, and in many cues theee problema are not found uni
formly across the United States. More importantly, in many areas 
regulations have not resulted in an improvement in environmen
tal quality. With resard to water pollution, for example ,  controls 
may have reduced loadings from point sources for specific chemi
cals for which standards exist and permit limits are set, but other 
sources--such as runoff' from urban or asricultural areas or dis
charges of unregulated chemicals-may continue to desrade water 
resources. 

Ultimately, environmental agencies must assess whether tech
nological controls are protecting or improving environmental qual
ity using measures of human morbidity and mortality and plant 
and animal survival. This requires identifying human and ecolog
ical eff'ects of concem and then establishing methods to measure 
and interpret change. 

THE NECESSARY MIX OP ENYm.ONMENTAL DATA 

As EPA's programs have matured, the need for a broader mix 
of environmental data has grown. Figure 1 describes a continuum 
of data types available to managers for assessing the effectiveness 
of their programs. The left aide includes those data that are mea
sures of regulatory activity. The extreme right includes data that 
directly measure the eff'ect of those activities on human popula
tions and on fish and wildlife resources. The d�ta in the center 
include discharse quantities and data on ambient pollutant levels 
in the environment. 

All data types are needed for sound environmental manage
ment. At present, however, the proportions of available data are 
not in balance. Instead, the amount of resources spent on each 
data type drops off' precipitously from left to right. US environ

mental managers do not currently have every data type available 
for all areas of environmental concem. The goal is to identify the 
neceuary data to assess changes in quality and auure that they 
are collected and used. 
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A RANKING OF ENVIRONMENTAL DATA 

Administrative O.ta EnvlronlrMintal Data 
,- - - - - - - - - - -, , - - - - - - - - - - - - - - - - - - -
I I I 
I I I 
I type 8 type 7 I I type • type 5 

type 4 type 3 type 2 

1 I I 
I .__ _ __. 
I 
I 
I 
I I I  
L _ _ _ _ _ _ _ _  l l  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 

FIGURE 1 A ranking of environmental data. 
Data to the right are closer to the •adverse impacts of pollution•-the ultimate, observable, adverse 

impacts that result from environmental risks. All else being equal, data further to the right are better 
measures of the current extent and severity of environmental risks and of effectiveness in efforts to 
mitigate these risks. 

Data are ranked in the form in which they were originallfl mca�urcd, not in the form in which they 
are preunted after further analysis. 

type 1 
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LONG-llANGE PLANNING AND ENVDlONMENTAL 
INDICATOllS 

In 1985, EPA besan to apply the concept of manasing for 
environmental results to the development of Ions-ranee plBDB for 
major environmental issues. Plann.ins was begun in five areas: 
wetlands, agricultural chemicals in sroundwater, air toxics, inter
media transfer of hazardous wanes, and near coastal waters. These 
plans are desiped to predict the future eff'ects of manasement de
cisions. Essentially, the plann.ins proceiB applied to environmental 
issues answers the followins questions: 

• What is the present condition of the ecosystem? What are 
the current environmental problems and the sources of these 
problems? How widespread and sipificant are they? 

• What will be the condition of the ecosystem in 1o-15 years, 
siven projected uses and current approaches to manasins these 
problems? 

• What should be the condition of the environment, based on 
present or projected future expectations resardins the degree 
of environmental quality? 

• What can be done and what are the tools needed to achieve 
the desired results? 

The answers to these questions should lead to development of a 
set of possible actions by varyins levels of sovemment (e.s. , EPA, 
individual states, or federal asencies and the states) to achieve 
some future level of environmental quality. One of the key steps 
is determinins what environmental data are needed to support 
effective action within the stratesic plan . 

MEASURING SUCCESS: ENVD.ONMENTAL INDICATORS 

At the heart of this plannins initiative is the concept of envi
ronmental indicators. Environmental indicators answer the ques
tion: If this problem is addressed successfully, what chance in 
environmental quality, human health, or other "ultimate impacts" 

would be expected? 
An environmental indicator is an environmental variable , con

cept, or aggresation of data that provides a surrogate represen
tation of some aspect of environmental quality or condition. For 
example, one indicator of the ecological state or condition of an 
estuary is the degree of enrichment of the water. A number of 
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variables such as nutrient concentrations, productivity, biomass, 
and dissolved oxycen collectively provide a measure of the degree 
of enrichment. 

The medical model is conceptually useful when considering 
indicators. A patient complains he does not feel well, and the 
doctor checks certain indicators such as temperature and appetite 
to determine how the patient's current condition varies from the 
ideal. Once the patient receives a diagnosis, action is taken in the 
form of medication or an operation. The physician and patient en
sure that these steps have been followed but also continue to make 
use of the indicators of health to see how eff'ective the remedies 
have been. The same is true for "curing" environmental problems. 

Indicators are potentially powerful tools for highlighting sig
nificant environmental conditions, illuatratinc major trends, for
mulating environmental coals, and measurinc progress toward 
these goals. They can be used in diapoaing environmental prob
lems, developing environmental control procrams, and determin
ing the extent to which these programs have succeeded. Indicators 
can also be eff'ective in defining alternatives, assessing trade-off's, 
and informing laymen, environmental managers, and policy mak
ers about the current status of environmental quality and the 
extent of changes over time. 

Returning to the medical model, the temperature of the hu
man body is a sensitive indicator that either something is wrong 
or that the body is functioninc normally. This single variable is a 
surrogate for a host of other variables. A patient does not have to 
understand the scientific principles underlying a chance in temper
ature, nor does it matter whether the instrument used is an inex
pensive mercury thermometer or a more expensive transistorized 
machine. What is important is that the indicator-temperature
reliably reflects a larp number of changes that have an impact on 
human health. 

Given current technolocy and understanding, it may be im
practical to construct an environmental counterpart to human 
body temperature that provides such a clear relationship between 
the indicator and the underlying condition it measures. Some envi
ronmental problems have not been fully characterized and precise 
cause-eff'ect relationships cannot yet be specified. Therefore, ap
propriate corrective actions cannot be identified with any high 
decree of certainty. 

The issue of acid deposition illustrates this point. Initially, the 
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hydrogen ion concentration in aquatic ecoeyltems wu measured 
and the phenomenon wu diacUBMCI in tei'IIJB of neptive efFects 
on aquatic plants or on the development of fish egp or early 
life stages. Now it appears that acidification of aquatic systems 
might result in the release of heavy metala bound in sediments 
or soil with a subsequent accumulation of these metals in fish or 
their occurrence in drinking water. Thus, what was initially a 
complete measure of efFects now needs to be aupnented to reflect 
a better understanding of the problem. Another measure which 
could be added to the aet of variables describing the effects of acid 
deposition might be accumulation of heavy metals in larval fish. 

The measures or indicators aelected for each environmental 
problem should have certain desirable characteristics: 

1 .  RelevancJ: Statistical data sets which characterize the mea
sure must provide information about the condition of an im
portant resource or about the status or trend of an aspect of 
environmental quality that is of concem (e.g., reductions in 
toxic loadings to streams from municipal treatment plants) . 

2. S ensitivitJ: The measure must be capable of portraying ranges 
of environmental quality that reflect •normal• conditions, a 
•problem threshold, • and a category that warns of serious en
vironmental or ecosystem decradation. The indicator should 
be designed to respond within a timeframe appropriate to the 
environmental medium or process that is being measured. 

3. SelectivitJ : The fewest number of environmental measures 
needed to describe and assess the condition should be used. 

4. Data AvailtJ6ilitJ : Data from sources realistically available in 
the public domain or easily collected should be used. 

5 .  Good Statistical and Scientific QualitJ : There should be agree
ment among recognized experts that the data represent rea
sonably valid measures of some environmental condition. 

6. Scope : (a) Spatial: The moat desirable data are site-specific 
data seta for political units such as counties or geographic 
units such as watersheds or drainage basins that can be ag
gregated to show national trends. Less desirable, but often 
more available, are data baaed on statistically representative 
random samples from the nation as a whole that cannot be 
disaggregated to show local status or trends. 
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(b) TemJIONl: Time aeries data, which are collected regu
larly at the same place with the same methods, are moat 
desirable to establish trends. However, even data collected at 
different locations, with different methods, and over a varying 
time interval can be of some value. 

7. Accepta6ilit11 of Oo•t: The coats of feasible corrective actions 
require careful analysis. 

USE OJ ENYm.ONMENTAL DATA IN 
MANAGEMENT DECISIONS 

Aaaeaament of trends in environmental indicators and ultimate 
efFects can provide significant insights for program management. 
For example, trends in levels of enrichment in estuaries can be used 
to determine the moat appropriate targets for regulatory action 
with limited resources and over time, to 888e88 the effectiveneaa of 
control strategies. 

An example from the control of ozone in the lower atmosphere 
is illustrative. Under US law, health-baaed standards for levels 
of air pollutants were established for six major pollutants which 
serve u measures of air quality. The frequency and extent of 
violations of these standards can be used to indicate progreaa in 
controlling ozone pollution. Nationally, ozone levels over the past 
ten years have indicated a trend of reduced levels. However, a 
difFerent perspective is provided by measuring ozone at specific 
locations. For example, while levels in Boston appear to be at 
about the national standard, levels in Los Angeles continue to be 
significantly above the standard. 

Several management decisions can be drawn from such in
formation. The ozone control strategy appears to be effective in 
some parts of the country while in other areas, such as Los Ange
les, significant problems remain. The manager can either elect to 
revise the national strategy for ozone or determine the causes of 
the problem to provide the basis for a unique strategy to addreaa 
conditions in a specific area. 

These conclusions could not be drawn without appropriate, 
high quality, air monitoring data. While air quality standards are 
health-baaed, another level of data could be collected to aaseaa the 
ultimate efFects of ozone and the succeaa of the control program, 
which could include incidence and severity of emphysema. 
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INNOVATIVE MONITOJUNG METHODS 

Clearly, increued uae of environmental data for management 
could add substantially to the already high cost of collecting data 
to support other needs. Collection of detailed chemical data for 
all streams, lakes, and rivera, u well u collection to satisfy the 
requirements of some current environmental concerns such u air 
toxica and ground water, could euily double the monitoring bud
gets of EPA and the individual states. 

Environmental scientists at EPA and other research organiza
tions have been seeking ways to collect new types of data that could 
be used-like the conceptual model of temperature in the human 
body-to provide a general indication of environmental health . 
These data would provide early warning of concerns which could 
be addressed in more detail as necessary to correct the problem. 

For example, much research has been conducted using fish 
populations as indicators of the health of water bodies. Careful 
monitoring of fish populations, species diversity, and fish pathology 
provides a clue to the chemical condition of the water. The status 
of fish populations could serve to reflect the overall health of the 
stream both for pollutants and loss of habitat. 

While monitoring the tremendous array of toxic contaminants 
in the nation's streams would quickly expend monitoring budgets, 
fish populations could be used as an indicator of whether the mix 
of pollutants is at a sufficient level to show effects. EPA is working 
to establish expected standards of fish populations for the differ
ent "eco-regions" in the United States baaed on reference streams 
to indicate populations that would be expected without anthro
pogenic disturbances. Deviations from these standards could be 
used as an indicator of a problem, stimulating more detailed chem
ical analysis. Thus, monitoring of fish populations instead of mon
itoring chemical concentrations in water might provide substantial 
savings in terms of cost. 

COMPARATIVE RISK. BASED DECISIONS: 
TBE JUTURE 

EPA is now moving toward establishment of a more direct link
age between priority setting and the level of risk posed by different 
environmental problems. Any risk calculation must include both 
consideration of the variation in effects with changes in exposure 
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to a given pollutant or disturbance and an understanding of the 
current exposure to the pollutant or effect. Therefore, monitoring 
data are critical to the success of risk-baaed decision-making. 

EPA has initiated an effort to compare the risk of environmen
tal concerns acr088 media. For the past year, multi-disciplinary 
teams have been ranking major environmental problems in order 
of severity for four types of risk: cancer, non-cancer health risks, 
ecological risks, and welfare risks. While this activity is scheduled 
for completion in early 1987, some valuable lessons have already 
been learned. In some areas, particularly regarding ecology and 
welfare, the ability to understand and calculate risks is severely 
limited. Furthermore, in many areas key data are not available 
to assess risk. For example, in attempting to calculate ecological 
risk from 1088 of wetlands, fundamental data on the rate of 1088 are 
lacking, as is specific information on changes in animal populations 
and water quality where significant lOBBeB have occurred. 

In conclusion, environmental decision-makers are facing in
creased pressure to set priorities and direct resources to those 
activities which will bring the greatest positive change in envi
ronmental quality for a given "investment." EPA is attempting 
to identify those decisions which can be made from a risk-baaed 
perspective and determine what data will be required. It is not 
an easy transition. Historical approaches which have concentrated 
on regulating the largest and most easily controlled sources need 
to be augmented to reflect better awareness of location and sever
ity of continuing environmental effects. In many cases, smaller 
sources and sources not easily controlled will require much greater 
attention in the future. 
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Preserving and Regulating the 
Ecological Function of Topsoil 

G LEB V .  DOBROVOL 'SKIY 
Moecow State University 

A. scientists focus increasing attention on the study of the 
biosphere, the pivotal role of soil becomes increasingly obvious. 
It serves not only as the foundation of agriculture but also as an 
irreplaceable component of all terrestrial ecoayatems and the bio
sphere as a whole. Highly complex proceaaea of exchange involving 
matter and energy between the earth's crust, the atmosphere,  and 
the hydrosphere take place in soil. Soil serves as an extremely fine 
biological and mineral membrane on the earth's surface and all or
ganisms, including man, are involved in these exchange proceaaea. 

Soil is regarded not only as a unique natural body, but also 
as a special, multi-functional, biological and mineral system which 
plays a leading role in maintaining biosphere stability. Soil's many 
ecological functions can be broken down into two categories: bio
geocenotic (ecoaystemic) and global-biospheric. 

Soil serves as a habitat for a wide diversity of organisms, one of 
the most important functions it performs in biological and geolog
ical ecosystems. Firat of all, ita three-phase ayatem (solid, liquid, 
and gaseous) makes soil a unique habitat. Second, it is an organic, 
mineral system and is therefore suitable for both autotrophic and 
heterotrophic organisms. Third, soil is a system with many dif
ferent dispersion channels; it is structurally heterogeneous with a 
wide variety of ecological pockets. These factors create ecological 
conditions which provide a favorable habitat conducive to the vital 
activity of abundant and diverse organisms. 

It is a well-documented fact that soil, as a habitat, has a 
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tremendous deJUiity and a very high level of geochemical energy 
of living matter. The biological m888 of terrestrial biological and 
geological systems exceeds the biom888 of the seas and oceans by 
750-fold, despite the fact that the total land area is three times 
less than the water areas. In addition, species diversity of land 
organisms is incomparably greater than the diversity of organisms 
inhabitating the aquatic environment. Diverse organisms find soil 
a medium with highly favorable conditions for living space, wa
ter, air, nutrients, and protection from precipitous fluctuations in 
hydrothermal conditions. 

One of the most important ecological functions of soil is its geo
logical productivity and fertility, on which agriculture and forestry 
depend. Soil fertility provides man with 90 percent of his nutrients 
and a broad range of raw materials used in industry (woodwork
ing, textiles, chemicals, etc.) . Soil also serves as a major energy 
bank since soil humus contains as much accumulated solar energy 
as is present in all surface vegetation. Soil performs a tremendous 
two-way process of organic matter accumulation and destruction , 
highlighting the cyclical nature of terrestrial life processes. 

The global-biospheric functions of soil are seen in its 8880ci
ation with the lithosphere, hydrosphere , and atmosphere . Soil is 
the earth's living, functioning "skin" and serves as a kind of "roof" 
for the lithosphere, protecting it from destruction by the exoge
nous processes of denudation and erosion. On the other hand, soil 
constitutes the uppermost horizon of the hypergenesis zone where 
highly active biochemical processes transform the granular size 
and mineral composition of rock, gradually accumulating fine soil 
and the most finely dispersed portion of the undersoil . 

The functional impact of soil on the hydrosphere is reflected 
in its transformation of the chemical composition of precipitation 
by percolation through soil to form groundwater, river water, 
and ultimately sea water. As V.I. Vemadskiy noted, the salinity 
of sea water is primarily a function of the chemical action of 
soil. Through its so-called "respiration," topsoil exerts no less an 
influence on the dynamics of chemical composition, humidity, and 
temperature of the near-surface layers of the atmosphere. 

The salient role of soil in the processes at play in terrestrial 
ecosystems and the biosphere at large is clearly evident from even 
a brief and incomplete perusal of its ecological functions. There
fore, a specific soil protection strategy which would optimize these 
ecological functions needs to be developed if we are to maintain 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


US2 

biosphere stability. Such a strategy IIIU8t be bued on an ecological 
evaluation of the structural and functional role of soil cover. This 
kind of strateu would have to take into account th01e propertiee of 
both soil and topsoil which beet define specific ways of protecting 
and preee"ing soil from deetruction, pollution, and incorrect U&o 
age. The following specific soil propertiee muat first and foremost 
be considered: 

• In contrast to the atmosphere and hydrosphere, soil is not 
capable of dispersing those components which are contained 
in it or introduced to it. As a reeult, any contamination of 
soil (from heavy metals, radioactive elements, hydrocarbons, 
peeticidee, and other toxic elements) will in moat instances 
have long-term effects which are difficult to counter. 

• Topsoil is extremely delicate and biogenetic and therefore is 
the most easily damaged of the earth 'a geospheric membranes. 

• Topsoil is geographically highly variegated and diverse; it in
cludes hundreds and even thousands of soil typee which differ 
greatly in their propertiee, conditions, and ecological features. 
Meaauree to protect the soil and regulate soil pr0C818ee must 
therefore be rigidly differentiated to account for zonal and 
regional differences. 

• The age of mature, fully formed soils is measured in thousands 
and tens of thousands of years. The topsoil of large areas is 
therefore a virtually unrenewable fund of one of our most 
important natural resources. 

Maintenance of biosphere stability calla for organizing a global 
soil monitoring program and developing a regional and zonal sys
tem with an ecological approach to optimize and regulate soil use . 
Soil monitoring must be a subsystem of an integrated ecological 
monitoring program which should be carried out at three levels: 
global, regional, and impact. The goals of a soil monitoring pro
gram, its control indices, monitoring methods, and measurement 
periodicity have at this stage been more or leBB developed. They 
provide for monitoring changes in soil reaction (acidification or 
alkalization) , salinization (particularly in irrigation zones) , humus 
content, soil contamination from various toxic substances, soil 
biota activity (nitrification, etc.) , erosion, marsh formation, and 
diversion of land for industrial, residential, and transportation 
uses. The soil monitoring network itself is still in the prelimi
nary stages of development and therefore must be accelerated and 
further refined. 
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Proposals to create an •Endangered Soils List" similar to the 
list of rare and vanishing plant and animal species merits our sup
port. Soil possesses a highly developed -memory capability," an 
ability to record and preserve the long-term history of soil forma
tion and the evolution of natural topography. Soil monitoring data 
should serve as baseline information for policy decision-making for 
soil protection and for offaetting negative trends resulting from 
man-induced topsoil evolution. 

An extremely important aspect of maintaining and regulating 
the ecological functions of top soil is determining the ecologi
cally permissible or optimal ratios of land area devoted to various 
branches of economic activity (agriculture, forestry, fisheries, wa
ter supply, national parks, recreational use, industrial and urban 
areas, and transportation) , as well as ratios within each branch 
(e.g. , the ratio ill agriculture between arable land, meadows, pas
tures, and water use areas) . In developing criteria for optimal soil 
use ill different zones and regions of the world, it is important to 
account for the geographic diversity of potential soil resistance to 
such negative factors as: 

• Water and wind erosion of soils; 
• Soil destruction and contamination associated with man's 

technological activity (heavy metals, hydrocarbons, coal and 
cement dust, mining wastes, pesticides, and excessive and 
imbalanced doses of mineral fertilizers) ; 

• Secondary salinization, cementation, and marshland forma
tion where land is irrigated for agricultural use and subjected 
to fundamental transformation. 

The development of zonal and regional models of the most 
efficient use of topsoil, which would account for soil's potential 
resistance to anthropogenic destruction and contamination, calls 
for an analysis and generalization of multi-scale soil maps, maps 
charting the economic uses of land resources, special maps of 
areas prone to erosion and secondary salinization, as well as soil
geographical and soil-geochemical maps which provide a regional 
breakdown of our land resources. By systematizing and generaliz
ing these materials, we can then begin to compile maps charting 
topsoil preservation and the most ecologically sound use of topsoil 
in order to maintain biosphere stability. 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


Development of Scientific 
Information for Acid Rain Policy 

DWAIN L .  WINTERS 
US Environmental Protection Agency 

APPROACHES TO RESEARCH MANAGEMENT 

There are two major objectives in support of national research 
programs. One is the support of those activities which show the 
most promise in furthering scientific understanding. The other is 
the support of research activities which address specific societal 
needs for information. Pursuit of both objectives is, of course, 
important; however, the two objectives lead to different priorities 
and therefore require different proceBSes for priority setting and 
program management. 

Research pursued primarily to further science can be managed 
to a very great extent within the scientific community. Priorities 
can be established and individual projects selected through the 
collective judgement of peer groups within and among the various 
scientific disciplines. The role of the non-scientist in this process 
is primarily that of contributing to the broader societal decision 
of determining what portion of a nation's reaources should be 
dedicated to the pursuit of general scientific inquiry. 

This is not the case, however, for research targeted to a specific 
societal need for information. Under these circumstances, there 
emerges an end-user or client for the informatioll, and the eatab
lishment of research priorities becomes the shared responsibility of 
the client and the scientist. Developing the scientific and technical 
basis for sound environmental protection decisions is a prime ex
ample of a situation in which the relationship between researcher 
and end-user must be carefully established and maintained. 
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TD ACID BA.IN EXAMPLE 

The current US research effort on acid rain reflects a major 
attempt to manage acientific research for the purpose of providing 
direct support for environmental policy development. During the 
summer and fall of 1983 the US Environmental Protection Agency 
(EPA) conducted an extensive review of the state of acientific un
derstanding of acid deposition and the policy alternatives available 
for its management. Baaed on this review, the US Government 
concluded that the high level of uncertainty in several key sci
entific areas precluded making a prudent choice between various 
policy alternatives. The Government therefore decided to defer ita 
decision concerning appropriate action until sufficient additional 
information could be developed to significantly reduce this un
certainty. At the time of this decision, the Government already 
had initiated a sizeable acid deposition research program, with a 
budget of approximately $35 million in fiscal year 1984. 

Because US policy was to defer a decision on the need for ad
ditional controls until the major scientific uncertainties had been 
addressed, EPA had the responsibility to clearly identify these un
certainties and to ensure that the ongoing research effort addressed 
these problema in the most expedient manner pouible. Two issues 
soon became quite clear. First, it was not until after attempting to 
formulate a policy that the scientific areas most critical to policy 
development became apparent. Second, when the list of informa
tion needs was compared to research efforts then underway, it was 
clear that there were major gaps and mismatches. 

For example, major emphasis had been placed on the devel
opment of a highly advanced source/receptor model to predict 
changes in deposition patterns 8880ciated with various emission 
reduction proposals. Much attention was given to resolving the 
question of whether there was significant non-linearity 8880ciated 
with this source/receptor relationship. At the time only anecdotal 
evidence existed regarding the extent or magnitude of lake acid
ification. Baaed on the available data, researchers had identified 
only 219 acidic lakes in the US that were likely the result of acid 
deposition. This estimate resulted from combining the data from 
a number of individual and independent studies, but it did not 
provide a basis for projecting either the extent or magnitude of 
the problem. 

Similarly, as assessment teams further pursued the aquatic 
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effects question, there was no COIUielliUI as to the basic mechanisms 
governing the interaction of deposition and soil to promote or 
prevent surface water acidification. From the perspective of the 
policy analyst, the ability to &Ilea the extent and magnitude of 
current lake and stream damage and to project the level of future 
damage is e��eBtial to the development of sound policy. 

Unfortunately, this line of inquiry received only limited re
search support. Consequently, even if the atmospheric models 
provided a greatly improved ability to predict deposition levels, 
policy makers still had only limited means to improve their ability 
to set policy. They still did not have a reasonable basis for decid

ing which parts of North America needed protection or what level 
of protection was required. 

To address the question of the extent and magnitude of acidifi
cation, a national surface water survey was proposed. This survey 
was intended to be an intensive effort to sample a statistically 
selected population of lakes and streams from which projections 
would be made regarding the extent and status of acidic surface 
waters in the United States. Interestingly, this project received 
a cool reception from many aquatic researchers who viewed it as 
primarily a monitoring and not a research project. What was 
identified as central to policy development was perceived by many 
highly qualified scientists to be only of peripheral interest to fun
damental scientific understanding. 

Similar questions were raised in other effects areas such as 
forests and materials, where little US research was then underway. 
In addition, new concerns were being raised regarding the appli
cability of new source/receptor models to make predictions in a 
form usable by policy makers. It was clear that much of the acid 
deposition research effort needed to be modified and expanded. It 
was also clear that this needed to be done quickly but carefully 
if policy makers were to obtain timely answers while maintaining 
the scientific credibility of the effort. 

THE RESEARCH MANAGEMENT PROCESS 

The US decision to wait for more research before acting to 
address acid rain has been and remains controversial. Many critics 
have claimed that adequate information is available to make a 
decision and that what is needed is a multi-billion dollar expansion 
of the existing control program for sulphur and nitrogen oxide 
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emissions. In light of this controversy, it was not only necessary to 
manage the acid rain research effort so that it addressed scientific 
uncertainties critical to policy analysis, but it was also neceuary 
to conduct the research in a manner which would be recognized as 
scientifically objective. If research results were viewed as biased 
toward a particular policy or point of view, they would be of little 
value. 

The challenge was how to involve policy analysts and pol
icy makers in the research planning process without sacrificing 
the scientific objectivity of the research. To accomplish this, two 
separate categories of work were established. The first was the de
velopment of research questions and determination of their relative 
priority. The second was the design and management of individ
ual research efforts to answer these questions. Both areas require 
the involvement of scientists and policy analysts. However, the 
policy analyst's major contribution is in the first area-developing 
questions and establishing priorities. In research design, the policy 
analyst 'a role is important but highly limited. 

The development of research questions and priorities is an it
erative process relying heavily upon the expertise of both scientists 
and policy analysts. The process generally begins with a review of 
existing scientific knowledge. This is often a major undertaking, 
requiring the collaboration of many scientists and some form of 
scientific peer review. This effort should be purely descriptive and 
should make no attempt either directly or indirectly to discUBB 
what actions might be taken. Rather, it should try to describe as 
objectively as possible the nature of the problem. The product of 
such an effort is known as a "risk assessment document." Central 
to this assessment are a clear statement of what is known and 
an accounting of what is not yet understood. Since science is an 
inductive process, most understanding carries with it some level 
of uncertainty. Consequently, the risk assessment tries to convey, 
either qualitatively or quantitatively, the uncertainties associated 
with understanding. 

The risk asseBBment document is then used by policy analysts 
as a basis for developing several policy alternatives. These alter
natives are evaluated in terms of three primary criteria: (1) their 
effectiveness in solving the problem; (2) the new social, economic, 
or environmental problems they create; and (3) the benefits of the 
proposed actions compared with their costs. This inquiry is known 
as a "risk management analysis," and it differs substantially from 
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the risk .. easment. Althoush it hu a acientiflc buill, it soea be
yond science to evaluate and judse what should or should not be 
done. 

:UDmECTING ACID llAIN :USEAllCB 

When risk assessment and risk manasement analyses were 
heine conducted for acid rain, calculation of control benefits was 
extremely difficult in view of uncertainties resardins the extent 
and mapitude of the problem. In addition, because of uncertain
ties concernins sourcefreceptor and ecosystem sensitivity, the only 
option providins confidence that acid deposition damase could be 
sipificantly reduced would be a major reduction in the emissions 
of all sipificant acid deposition precursors. Unfortunately, such a 
plan would have an extremely hish social and economic cost, and 
in the absence of an accurate method to determine the benefit of 
the plan, there wu no buis for comparison between benefit and 
cost. 

The risk manasement analysis and the resultins clearer sense 
as to which information was moat critical to acid rain policy devel
opment enabled policy analysts and research manasers to review 
research priorities. Policy analysts stated their needs in very sen
era! terms and research manasers responded with specific research 
alternatives. More often than not, questions raised by the policy 
analysts could not be answered directly by the research options. 
Consequently, policy questions were often modified somewhat to 
accommodate the ability of science to provide meaninsful answers. 
Similarly, the time estimates for results offered by researchers were 
always lonser than the policy analysts wanted, and accommoda
tions were also sousht to find ways to achieve mo.-e rapid results. 

The key to the success of this kind of interactive scientific 
research plannins has been the clear understandiq of roles of 
each participant. Policy analysts are careful to defer to scientists 
on questions of science while scientists focus their attention on 
findins ways to meet the information needs of policy analysts. 

Once research questions and priorities have been clearly iden
tified, it is the responsibility of scientists to desip, submit for 
peer review, and manase individual research effo�ts. Policy ana
lysts senerally do not become involved in this process, with two 
important exceptions. First, they should ensute that the final 
product is in a form that is understandable and is as directly 
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usable as pOIIIIible from a policy standpoint. A sood scienti&c de
scription of a particular phenomenon may not be directly usable 
by non-scientists. An extra effort needs to be made throushout the 
research procesa to ensure that the research continues to addresa 
the intended question and that the answer is ultimately expresaed 
in a form which can be readily understood and used for policy 
purpoees. 

In addition, as new scientific results are developed, analysts 
can influence policy questions by either chansins the priorities of 
onsoins research or by creatine the need for new research efforts. 
Thus, research results need to be shared with policy analysts as 
they become available, and science and policy manasers must 
collectively and resularly reaasesa research needs. 

RESULTS OJ :UDIRECTION 

EPA has established this procesa of policy research coordi
nation to addresa the acid rain issue. It appears to be workins. 
Over the past three years, several major new research initiatives 
have bepn. The results of many of these efforts are expected 
in 1987. Some, like the Eastem Lake Survey, have already been 
completed, and their results have been made public. Publication 
is expected in 1987 of the results of the Westem Lake Survey, the 
National Stream Survey, and initial findinp of the Direct-Delayed 
Research Project, which will attempt to predict future rates of 
acidification. 'Thsether, these results should reduce uncertainty in 
the critical areas of problem definition and benefits derivable from 
deposition reductions. Coupled with the work in source/receptor 
modelins, there should be a better basis for review of the efficacy 
and efficiency of policy altematives. 

The full succeu of this effort cannot be judsed for many 
years. However, based upon past EPA experiences, the research 
policy coordination procesa implemented for acid rain appears 
to be applicable to other major environmental problems such as 
slobal climate chance, stratospheric ozone depletion, and indoor 
air quality. 
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Comprehensive Soviet-American Investigations 
of Global Atmospheric Distribution 

of Trace Elements and 
T heir Potential Impact on Climate 
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IGOR ' M. NAZAROV 

Fedorov Institute of Applied Geophysics 
USSR State Committee for Hydrometeorology 
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YU . YE . KAZAKOV 
USSR State Committee for Hydrometeorology 

and Control of the Natural Environment 

R . H .  GAMMON 
US Pacific Marine Laboratory 

D . R .  C RONN 
University of Washington 

Interest in studying transport, transformation, and sources 
and sinks in the atmosphere of gaseous trace elements such as 
C02 , CH, , N20,  and freons has arisen primarily out of concern 
over the near-term consequences of accumulation of these gases in 
the atmosphere. For this reason, two aspects of the possible conse
quences for the world climate from alterations in the composition 
of the atmosphere are under close scrutiny: 

• Potential warming due to increased ambient levels of C02, 
CH, , N20, and freons; 

• Potential perturbation of the ozone layer as a result of dis
charges of freons and other gases into the atmosphere. 

Mathematical models are used to evaluate potential alter
ations in the composition and properties of the troposphere and 
the stratosphere. The reliability of predictions made with the 
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use of these models depends to a large degree on the availabil
ity of accurate information regardins transport pattems of trace 
elements in the atmosphere, their sources and sinks, and other 
factors ( 4,5,14,15) . 

Scientists conductins experimental investigations of ambient 
radioactive gases must therefore consider at least two approaches: 
large-scale experiments to determine the spatial distribution of 
these gases in the troposphere and stratosphere, and an ongoing 
monitoring program of these gases at background stations to deter
mine accumulation rates for radioactive gases in the atmosphere 
(8,10,13) .  Joint experiments by Soviet and American scientists 
have tackled these two problems in recent years under Project 
02.08-12, "The Impact of Air Pollution on Climate," within the 
framework of the US-USSR Intergovernmental Agreement on Co
operation in the Field of Environmental Protection. 

In addition to land-based, airbome, and balloon-based experi
ments to measure ambient radioactive gases, studies using research 
vessels can prove extremely valuable. Meridional transects in the 
Pacific and Atlantic Oceans can generate nearly simultaneous am
bient trace element distributions in the northem and southern 
hemispheres. Given that the chemical constituents of the oceanic 
atmosphere are controlled primarily by the ocean, it is important 
to make measurements directly at the surface interface. We can 
then evaluate gas exchange fluxes between the atmosphere and the 
ocean. 

The use of research vessels in such experiments will yield 
information on the status of the atmosphere and the ocean in 
the measurement area. Accordingly, we have an opportunity to 
make more comprehensive and reliable analyses and interpreta
tions of our findings. We can generate the most complete infor
mation by conducting specifically designed sea expeditions with a 
predetermined agenda. On-board experiments would involve an 
entire range of investigations, including measurements of trace el
ements, aerosols, and radiation characteristics of the atmosphere 
( 1 ,2 ,3 ,6,9) . 

A Soviet-American experiment on gases and aerosols in the Pa
cific Ocean (SAGATEX-83) was conducted in 1983 on the research 
vessel Akcatlemik Korolev provided by the USSR State Committee 
for Hydrometeorology. Specialists from the following research in
stitutions participated in preparing and carrying out this series of 
experiments: 
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JiFom tlae USSR: Institute of Applied Geophysics 
Institute of Atmoepheric Phylice (Academy of 
Sciences of the USSR) 
Main Geophysical Observatory 
Far Eaatem Hydrometeorological lnltitute 
Odesaa Hydrometeorological lnltitute 

JiFom tlae USA : NOAA Atmospheric Resources Laboratory 
Scripps Oceanographic Institute 
Orecon Research Center 
University of Washinston 
Washinston State University 

The primary coals of the experiment were to investicate the 
distribution in the atmosphere over the ocean and the exchance 
between the atmosphere/ocean interface of trace elements which 
could potentially impact the planet's climate; to study marine 
aerosols; and to compare methods for measurinc caseous and 
aerosol trace elements. 

The region for the expedition (Fipre 1) and the meridional 
transects were selected so that we could: 

• determine the latitudinal gradients of ambient trace elements; 
• assess the exchance between the northem and southem hemi

spheres; 
• investicate the impact of the intratropical convercence zone 

(ICZ) on atmospheric transport; 
• evaluate trace element exchance fluxes between the atmo

sphere and the ocean; 
• study the chemical makeup of current b.aground precipita

tion (rain) ; 
• compare the composition of the atmosphere in the central por

tion of the Pacific Ocean and the zone impacted by continental 
air masses; 

• study the variability of optical and physico-chemical proper
ties of marine aerosols. 

The followinc measurements were made under the experimen
tal program: 

• Concentrations of freon-11 (F-11) , freon-12 (F-12) , CllsCCls , 
C02 , CCI, , N20, CHsCl, CH, , and other c.- in the layer of 
the atmosphere closest to the surface; 

• Total C02 and 03 levels in the atmospheric column; 
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• C02 concentrations in the ocean's upper mixing layer; 
• Spectral transparency of the atmosphere in the visible and IR 

ranges; 
• Chemical composition of precipitation (rain) ; 
• Radioactive tracers such as Kr'6, Pa222 , Be7 , and Pb212 . 

Standard aerological, meteorological, hydrological, and hydr� 
chemical measurements were taken for the entire expedition route. 
This paper presents the results of measurements taken for given 
trace gases in the ocean atmosphere, and findings of concomi
tant measurements of the partial pressure of carbon dioxide in the 
atmosphere and the ocean's surface layer. 

Latitudinal distributions of F-12, F-11 ,  CC14 , methylchlor� 
form, methane, and C2C4 in the Pacific Ocean atmosphere were 
recorded in the first leg of the joint expedition to Portland, Ore
gon (155°W, 30°S). Median trace element levels were calculated 
for two atmospheric blocks (30°N - 0° and 0° - 300S) in order to 
quantify trace element inter-hemispheric ambient redistributions. 
This selection of block dimensions proved appropriate since in the 
first approximation it is consistent with existing views on atm� 
spheric circulation (10) . Furthermore, as Figure 1 indicates, our 
measurements were also made in this same latitudinal zone. Table 
1 presents the results of calculations on median ambient levels of 
trace gases in the northern and southern hemispheres, as well as 
relative divergences. 

All distributions obtained showed greater atmospheric trace 
element concentrations in the northern hemisphere than in the 
southern hemisphere. In addition, the non-uniformity of trace 
element redistribution varied between hemispheres for different 
trace elements. This is, above all, a function of global source and 
sink distribution and rates for these trace elements. 

Of the above trace elements, F-12, F-11 ,  and CC14 are the 
most long-lived; estimates put their lifetime in the atmosphere 
at between 50 and 80 years. The main sources for these trace 
elements are situated in the northern hemisphere. However, they 
have no effective sinks in the troposphere and break down in the 
stratosphere through photolytic reactions. In view of this, it is 
evident that the latitudinal distribution of these trace elements in 
the atmosphere of the Pacific Ocean is almost uniform. 

Unlike F-1 1 ,  F-12, and CCI. , methane and methylchloroform 
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FIGURE 1 Route of 35th cruise of Soviet reaearch veuel Alculerrul Koroleu. 

Table 1 
Median ambient trace element levels 

in the northern and southern hemispheres 

Concentrations (ppt) 

Parameters F-12 F-11 CC14 CH4 CH3CC!4 c2c14 

Cc median 
concentration 350 212 170 1630 169 40 
(30°N - 0°) 
c2- median 
concentration 343 205 166 1580 130 8 
(0° - 30°S) 
C1/C2 1 .02 1.04 1.02 1.04 1.30 5.0 
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are more short-lived; estimates put their lifetime in the atmo
sphere at between seven and 10 years. This is due to the fact 
that these trace elements may be removed from the troposphere 
by interacting with an OH radical. The global sink distribution 
for methane and methylchloroform are thus virtually identical. 
At the same time, their global sources vary. Nearly 90 percent 
of all methylchloroform discharges into the atmosphere occur in 
the northern hemisphere, while methane sources are more evenly 
distributed. This is the very reason why (as Table 1 demon
strates) differences between median ambient concentrations in the 
northern and southern hemispheres for methylchloroform are ap
preciably greater than for methane, totaling 30 percent and four 
percent , respectively. 

C2Cl4 is the shortest-lived trace element of those measured 
in the experiment. Estimates put its lifetime at one-half year. 
Interaction with the OH radical is the basic mechanism for �Cl• 
removal from the troposphere. Primary sources of �Cl4 input 
into the atmosphere are concentrated in the northern hemisphere. 
As can be seen in Table 1 ,  these factors combine to result in a 
five-fold greater abundance of ambient C2Cl. in the northern than 
in the southern hemisphere. 

With the trace element ambient latitudinal distributions we 
obtained, we were able to ascertain the role of the intra-tropical 
convergence zones (ICZ) in inter-hemispheric trace element trans
port. The greatest values for the latitudinal concentration gradi
ents were observed in the ICZ zone. It clearly follows from com
parisons of the latitudinal distributions of three trace elements 
(F-11 ,  methylchloroform, and �CI.) that the ICZ acts as a kind 
of natural barrier for atmospheric trace element transport from 
the northern to the southern hemisphere. As noted above, 90 
percent of the sources for these trace elements are found in the 
northern hemisphere. Their lifetimes in the atmosphere vary con
siderably. They are, respectively, 80 years for F-11 ,  seven years for 
methylchloroform, and one-half year for C2Cl4 • It is evident from 
this that the inhibitory action of the ICZ on inter-hemispheric 
atmospheric transport must result in the same kinds of latitudi
nal distributions for F-11 ,  methychloroform, and C2Cl4 that were 
obtained in the experiment. 

Also included in the program of experiments were measure
ments of levels of a number of trace elements in the ocean's surface 
layer in order to examine the gas exchange between the ocean and 
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FIGURE 2 Latitudinal diatributioa of pC02 in the layer of the atmosphere 
closest to the aurface. 

the atmosphere. Figure 2 illustrates the latitudinal course of C02 
ambient concentrations and partial pressure in the ocean's sur
face layer at the experiment's first stage. The difference between 
C02 ambient concentration and partial pressure in the water de
termines the direction of the C02 ftux between the atmosphere 
and the ocean. The measurements indicated the presence of in
tensive C02 release from the ocean into the atmosphere in the 
Pacific Ocean's equatorial zone. It is evident from Figure 2 that 
this zone is situated between s•s and l5°N, where the maximum 
difference of C02 partial pressure in the ocean's surface layer and 
the atmosphere reaches 110 ppm. 

Calculations for pC02 were made at vario'IJS depths (0, 20, 
100, 200, and 500 meten) from data generated by hydrochemi
cal measurements to determine the origin of equatorial zone C02 
removal from the ocean to the atmosphere at the experiment's 
second stage (the cross section running along 133°W from 10°8 to 
20°N) . Our findings point to a two-dimensional pC02 distribution 
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in the upper 500-meter layer of the ocean (Figure 3) . The figure 
clearly indicates two zones of co�-enriched, ascending, interstitial 
water towards the surface of the ocean. This circumstance specif
ically explains the fact that co� flux in these zones is from the 
ocean to the atmosphere. 

With periodic on-board investigations of global, ambient trace 
element distribution over the ocean we can also assess tempo
ral trends for these gases. Such studies were done by Soviet re
searchers in 1980, 1982, 1983, and 1986. Data yielded by these 
expeditions were combined with findings from investigations show
ing average F-11 levels in atmospheric blocks from 300N - 0° and 
oo - 30°S for 1971-79 (10) . These findings generated F-11  ambient 
growth curves in the northern and southern hemispheres for 1971-
85 (Figure 4) . Figure 4 also shows that F-1 1  levels over the last 
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15 years have continued to increase, nearly quadrupling 1971 lev
els by 1986. Other radioactive trace elements such as C02 , CH. , 
F-12, and methylchloroform are also known to have increased dur
ing this period. 

As model calculations made by Soviet and American scientists 
indicate, we detect a man-induced increase 6T0, with continued 
current growth trends 60 of ambient trace element levels to 1990, 
when the resultant 6T0 fluctuation in the mean annual temperature 
of the lower atmosphere in the northern hemisphere will exceed 
bt by two- or three-fold (4,5) . It is worth noting that C02 contri
bution here to 6T0 will be less than the total contribution of the 
remaining gases. In other words, a situation arises when we will 
be able to experimentally record anthropogenic climate change 
due to radioactive trace element accumulation in the atmosphere. 
Furthermore, this modification may be considerable within several 
decades. 

Given that our ability to take countermeasures exhibits an 
identical (or greater) characteristic timescale, the urgency of these 
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problems becomes self-evident. The question then arises regard
ing permissible radioactive trace element emissions into the atmo
sphere. This is a highly complex challenge in view of the fact that 
we shall need to conduct a range of comprehensive investigations in 
the intimately linked areas of atmospheric chemistry and physics, 
as well as biogeochemical cycles of such substances as carbon, ni
trogen, phosphorous, and sulphur (7) . It is clear from this that 
the study of geochemical trace element cycles in the atmosphere
ocean-biosphere system is one of the most pressing problems we 
face in protecting the environment and in understanding climate. 
It is an interdisciplinary problem which calls for good coordination 
and mutual exchange of information. 
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The Atmosphere and the Future 
of the Biosphere: 

Points of Interactive Disturbance 

MICHAEL OPPENHEIMER 
Environmental Defense Fund 

THE CHANGING ATMOSPHERE 

Human activity is altering the atmosphere at an increasing 
rate through the emission of various trace constituents. These 
changes are shifting both the chemical and radiative structure of 
the atmosphere. Among other impacts, these shifts enhance the 
atmospheric greenhouse effect and cause stratospheric ozone de
pletion. As a result, the global climate is changing and the flux of 
ultraviolet radiation (UV-B) to the earth's surface is increasing. 
Changing climate and increasing UV-B, along with other environ
mental stresses , affect individual plants and animals as well as en
tire ecosystems. However, these changes are unique because while 
they are not uniform, they are global in nature. Thus, they act 
simultaneously on ecosystems already stressed by anthropogenic 
effects such as air pollution on local and regional scales. 

Futhermore, these global stresses-and in some cases the more 
local stresses-are increasing at the same rate. The stresses may 
be interacting synergistically, each enhancing and accelerating the 
effects of the others. Such synergism affects both individual ecosys
tems and global biogeochemical cycles. This paper discusses mech
anisms for such interaction in three types of ecosystems, subject 
to projected atmospheric conditions of the future. 

To provide a context for this discussion, Table 1 presents pro
jections for global and regional anthropogenic N and S emissions, 
C02 concentrations, and regional surface ozone for the years 2025-
30. The global surface temperature change at equilibrium and the 
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average UV-B flux increue are a1ao listed. The buis for these 
projections is given in the footnotes to the table. The equilibrium 
temperature correspondins to the projected trace sas chanses will 
not actually be realized by 2030, and the size of the equilibrium 
change is related to the time required to achieve equilibrium. 

A CLOSE LOOK. AT OXIDANTS 

Oxidants are of particular concern to ecosystems in the cur
rent context. Oxidants such as ozone and hydrogen peroxide can 
form in the presence of UV-B in both atmosphere and surface 
waters, and they react rapidly in chemical and biological sys
tems. Oxidants may increue due to increased emissions of NOs 
and hydrocarbons, to increased UV-B, and to hisher tempera
tures. Although simulations of future urban ozone and hydrogen 
peroxide concentrations have been reported, rural or regional sim
ulations which are critical to this study have yet to be performed. 
However, based on rural simulations under current conditions, a 
substantial surface ozone increase is projected due to the changes 
in the factors noted in Table 1 .  

Urban and rural photochemistries difFer in the relative role 
of hydrocarbon photolysis versus ozone photolysis as a source 
of H202 . However, urban simulations sugpst order-of-magnitude 
changes in H202 from moderate (approximately 30 percent) strato
spheric ozone depletion. The rural photochemical sequence pro
ducins H202 begins with ozone photolysis below 3200 A, so a 
large response to UV-B chanses might be expected there as well. 
This argument finds support in the large seasonal H202 chanses 
observed and latitudinal chanses calculated for rural areas of in
dustrial regions. However, in heavily polluted areas NOs increases 
may somewhat reduce the increase in H202 due to enhanced UV
B, and large UV-B increases may increase H202 photolysis. 

The outstanding feature of the data in Table 1 is the increase in 
surface ozone concentrations with a smaller concomitant increase 
in ambient sulphur and nitrosen oxides. The potential importance 
of oxidants and their relation to climate and acid rain problems 
have also been discussed by MacDonald. 

INTERACTIVE EPPECTS OP ATMOSPHERIC CHANGE 

The interactive effects of atmospheric change may be studied 
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Table 1 

Changea in emiaaiona and concentration• of pollutant. 
in the atm01phere 

C02 
6Teq 

cSr uvs 

(1860) 

(276) 

802-8 • (66) 

NO -N • (30) X 

03 (rural,aurlace) 

802-S • 

NO -N • X 

(<1) 

(<1) 

WORLD 

mQ 
340 

1.0 ± 0.26 

0.3 

66 

20 

UNITED STATES 

100 

13 

6 

2026-SO 

460 ppm 

3.0 ± 1.6  OK 

18 o/o 

206 ton � 
x 10 /yr 

66 ton � 
x 10 /yr 

200 o/o 

17 ton s6 x 10 /yr 

9 ton � 
x 10 /yr 

• Valuea under (1860) reflect total natural aource1 of atmoapherlc 
aulphur and nitrogen, not juat S�2 and NO . Valuea Cor later yean 
reflect anthropogenic so2 and No-x emi11ioita. 

co2, 6Teq,6ruvs• S02.-S, NO -N, and 6o3 refer to the 
atmospheric carbOn dioXide conlentration, equilibrium aurlace temperature 
change, ultraviolet photoabaorption rate change Cor 03 at the surface, 
802 emi11ion1 (u aulphur), NO emiasions (u nitrogen), and change in 
rural aurlace 03. CO concentr�tiona, and SO and NO emi11ion1 
are bued on enerey ;1enario projections whichiead to a�.4 percent per 
year growth rate Cor C02 emlaaion• (Rotty and Marland 1980) . A lower 
growth rate of 2.1 perceift per year hu been au"eated recently by Rotty 
and Relater (1986). 6Teq il bued on thi1 C02 growth rate and a let of 
usumptions about other trace gu growth ratea (Ramanathan et al. 1986). 
In particular, CFC-11 and -12 emisaions are usumed to grow at a rate of 
three percent per year. The range Cor 6Teq repreaented a range of 
prediction• from current modela (National Research Council 1983; Hansen et 
al. 1983) . cS�UV.B is bued on depletions calculated by Ramanathan et a!. 
and the photocnemical ratea in Whitten and Gery (1986). 60 wu 
estimated from the resulta of photochemical amog model• and Prom the 
results of Whitten and Gery from the emission ratea above, with the 
additional usumption of hydrocarbon emiuions increues similar to NO 
• X mcreuea. 
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from three perspectives: elemental biopochemical cycles, biophy• 
ical and biochemical proceiMII, or ecosystems. Ia the category of 
biogeochemical cycles, for example, changes in the atmospheric
hydrospheric component of the nitrogen cycle miJht be examined 
separately, or the entire nitrogen or sulphur cycle could be exam
ined at once. A study of biophysical and biochemical processes 
could specify climate-radiative (CR) and air pollution pertur
bation of ecosystem dynamics such as eutrophication, acidifica
tion, erosion, transpiration, and photoeyntheaia. An ecosystem 
approach could focus on changes in particular ecosystems such 
as freshwater lakes, estuaries, and temperate zone forests. This 
discussion will be organized by ecosystems. 

In order to separate the problem into understandable compo
nents, three types of ecosystems have been selected. The condition 
of the atmosphere (including climate and radiation) in which each 
system will exist is then discussed, followed by an outline of how 
the changing atmosphere will affect the various components of the 
system such as soils, water, and biota. Finally, the interaction 
between these changes is discussed. 

TEMPEllA.TE POB.ESTS 

The relationship of the atmosphere to the forest is determined 
by its impact on trees, other vegetation, surface water and ground
water, soils, microbes, and even animals. These interactions are 
so varied and complex that it is difficult to be definitive about the 
effect of atmospheric changes. 

In general, higher temperature and moisture-and perhaps 
higher carbon dioxide concentratio�-increase primary productiv
ity. Foresta will also shift under stress, particularly as temperature 
and moisture availability change. However, temperate forests are 
already under stress from air pollution in both North America 
and Europe. A variety of symptoms of this stress are currently 
observed. One way to examine the effects of climate change is 
to project its effect on current stress mechanisms. At least five 
mechanisms have been proposed as causes of these symptoms, and 
several or all of these (and perhaps others as weU) probably play 
a role. This section describes the proposed mechanisms and then 
discusses how those mechanisms would be altered by the gradual 
imposition of the CR changes which have been described. 
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Mechanl110• for Antbropogmlc Po:reat Clumge 

The five biogeochemical mechanisms which have been pro
posed as contributors to forest damage are: 

1 .  Gaseous pollutant interaction with foliage; 
2. Acid precipitation or acid fog interaction with the surface of 

foliage; 
3. Acid deposition mobilization of metals in soils and subsequent 

biotic-uptake and 8880Ciated soil nutrient impoverishment; 
4. Toxification of soils by atmospheric deposition of metals; 
5 .  Nitrogen •overfertilization." 

Visible effects include fine root damage, yellowing of conifer 
needles, and crown dieback. Ozone as well as sulphur and nitro
gen oxides are known to be phytotoxic and may produce visible 
symptoms at least at the higher end of the ambient concentration 
spectrum. Very acidic rain can visibly damage foliage. In addition, 
both ozone and so2 may inhibit photosynthesis in the absence of 
short-term visible damage, which may explain the broad growth 
reductions inferred from tree ring data. The other mechanisms are 
increasingly speculative. 

Gaseous pollutants are phytotoxic at levels observed near ur
ban areas. Controlled experiments indicate that ozone, sulphur 
dioxide, and nitrogen oxides in combination are capable of causing 
visible damage to conifers. It appears that no single pollutant is 
capable of damaging trees at levels observed in rural areas, but 
combinations of these gases at low levels may act synergistically 
to damage trees. 

As a result of anticipated atmospheric changes (Table 1) , dam
age from gaseous pollutants could increase substantially, and the 
result may be non-additive should S02 , Os , and NO. increase 
simultaneously. In addition, the suggestion by Schutt that S02 
reduces net photosynthesis and increases vegetation vulnerability 
to climate extremes and insect infestation is of particular interest. 

Also of concern is the potential for damage from H202 • The 
phytotoxic properties of this chemical in droplets has been re
ported in Mallant and Salina, and its high solubility suggests that 
it may be easily absorbed by foliage. Since H202 is pervasive in 
atmospheric droplets and its abundance may increase several-fold 
under CR changes, it represents a relatively near-term threat to 
vegetation. 
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Acid precipitation or acid fog may afl'ect foliage, either syn
ergistically with 02 (or H202) or separately by leaching nutrients 
and destroying protective coatings on conifer needles. CR changes 
can afl'ect this mechanism in two ways. Firat, atmospheric droplets 
and droplets on foliage are photochemical tlfactories• due to in
ternal reactions. CR changes will enhance droplet acidity by in
creasing photochemical activity inside and outside these droplets 
followed by absorption. In addition, changes in precipitation fre
quency will alter the surface concentration of dry deposited acids 
on foliage. Where dry intervals lengthen, the acid streu to leaves 
will increase. Conversely, drier conditions may result in lower 
surface wetting. 

In some areas, the efFect of acid deposition on soil chemistry 
will lead to increases in metal mobility in soil solution. Where soils 
are already acidic and if climate change reduces runofF, vegetation 
will absorb less water with lower pH and higher metal concentra
tions. Long-term soil nutrient impoverishment may slow where 
runofF decreases. However, increases in S02 or NO. emissions 
coincident with runofF decreases could increase both nutrient 1088 
and metal concentrations. Soil impoverishment due to acidifica
tion has already been noted in Europe, but only the most sensitive 
soils are seriously afl'ected on decade timescales. 

Temperature increases due to climate change can also increase 
soil moisture acidification. High soil temperatures lead to rapid 
mineralization of humus. In combination with exceBB nitrate depo
sition, this process can lead to acidic discharge of nitrates into soil 
solution. The associated metal mobilization may damage vegeta
tion. Sporadic soil water acidification during warm episodes may 
trigger region-wide forest decline in combination with pre-existing 
stre88e8. A synergism between acid deposition and climate re
sults because vegetation absorbs a progressively smaller fraction 
of available nitrogen as deposition increases. Most important, 
the increasing occurrence of excessively hot summers as climate 
changes could increase forest decline indirectly by soil acidification 
even when there is only a slight change in mean temperature. 

Deposition of heavy metals from the atmosphere may afl'ect 
vegetation, particularly in conjunction with increased mobilization 
due to acidification and enhanced oxidation. However, no specific 
link between deposited metals and observed forest decline has been 
proposed. 

Fin ally, the over-fertilization of forests through excess nitrogen 
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deposition h88 been proposed 88 a mechanism for temperate forest 
decline. This sugpstion arose partly from test plot experiments. 
However, the damaging nitrogen inputs exceeded observed total 
nitrogen fallout in industrial regions by several-fold, so there is 
controversy over the importance of this mechanism. Nitrogen 
deposition also h88 been proposed 88 a stre• on michorrhizal 
associations. 

The discUll8ion above notes two particularly interesting path
ways for interactions among stre8888 on forest ecosystems: en
hanced oxidant abundances interacting both chemically and bi
ologically with other air pollutants; and increued temperature 
interacting with enhanced soil acid loads to leach cations and mo
bilize soil metals. The large increuea which may occur for H202 
merit special attention since investigations of the phytotoxic char
acteristics of this oxidant are just beginning, although synergistic 
responses with other pollutants seem likely. H202 and other oxi
dants also will accelerate the production of acids in leaf droplets. It 
h88 been suggested that doubled C02 levels may increase stomata 
resistance by 88 much 88 40 percent, making gaseous pollutants 
leas damaging. It is unclear whether such an argument pertains to 
H202 which is highly soluble. Further, ozone and perhaps H202 
affect plants synergistically with acid deposition on foliage. 

Increuing UV-B itself represents a significant stress on veg
etation. Inhibition of photosynthesis, mutagenesis, changes in 
pattems of competition, and yield reductions have been observed 
in plants at the molecular or community levels. The interaction 
of these changes with climate or pollutant stresses are unknown , 
although it is known that increued fertilization and water stress 
decrease UV sensitivity. On the other hand, foliage damaged by 
air pollution or acid rain may be more vulnerable to UV-B. 

Water availability stre• in conjunction with air pollution 
stress h88 been cited 88 a possible cause of temperate forest de
cline. Climate change offers the potential for such joint interaction 
in &re88 where soil moisture is decre88ing. 

The foregoing discUliSion h88 identified ways in which tempera
ture, soil moisture, nitrogen and sulphur deposition, and increued 
UV -B interact synergistically to stress forests. The confluence of 
these stresses may be expected to accelerate change and biomass 
reduction already observed in temperate zone forests in industrial 
regions, in spite of the fact that nitrogen-frequently a limiting 
nutrient in forests-is incre88ing in deposition. 
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MechaniiiiiW inYolving oxiclanu and nitropn are of particular 
concern . Projected increuea in nitropn erniwioaa will in tum in
crease nitrogen depomtion and atmo.pheric osone CODcentratiou, 
just as UV-B Btimulatea osone production. Enchaa.ced mineraliz• 
tion of nitropn threatena to accelerate Kidific:ation and increue 
nitrogen leaching. Some drainap buiu in the United Stafies u
reacly diacharge a large fraction of depoeited nitrogen, ud degr• 
dation of theae systems hu important dOWilltream C01118quencea. 
On the other hand, some feedbacb will be negative. Decay ud 
nitrification may be slowed by Kid conditions, and C02 increases 
may reduce pollut&Dt interaction with foliage. 

ACID SENSITIVE WATDSBEDS 

CR aa.d pollutaa.t emission changes produce a variety of in
teractions which affect freshwater acidity. Among theae are the 
direct C01118quencea of increased sulphur ud nitrogen oxide emi. 
siona ud the indirect efFect of chuging runofF on soil water acidity. 
Direct increasea in surface water acidity due to atmospheric C02 
changes may also occur according to the chaa.gea in soil C02 sat
uration and the dependence of weathering on H+ concentration 
changes. 

A temperature-dependent soil acidification mechanism due to 
increased nitrification has been diacuaaed previously. Such a mech
anism indirectly affects surface waters. Acidification of lake waters 
may also increase due to alterationa in the chemical oxidation rate 
in the lake water column above sediments. The aa.aerobic reduc
tion of sulfate appears to be an import&Dt source of alkalinity 
in many aoftwater lakes, sometimes contributing to one-half the 
alkalinity. The resulting Fe - S - H2S system is highly coupled. 
Intervention by increasing oxidut concentratiolil will enhuce ox
idation in bioturbed sediments u well u in the overlying water 
column, resulting in increasea in both sediment and H2S oxidation 
from reduced form to sulfate. This traa.aformation efFectively re
duces alkalinity and removes Fe+2 from the water column, making 
it unavailable for pyrite formation. 

It appears that increasing oxidant levels resulting from UV
B and air pollutant increases may accelerate this oxidation. In 
litu oxidant formation is important in waters high in organic 
carbon while dissolution of oxidants from the atmoaphere may 
be an important 10urce in other waters. A critical question is 
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whether oxidation kinetics are COD.trolled by dislolved oxygen, 
metal catalysts, or oxidmts such as 03 md H202 • Direct oxidation 
of H2S by H202 become� competitive at concentrations near lo&M. 

Such values, although &D. order of magnitude higher than the 
limited observed values, may occur in certain freahwatera now or 
perhaps under the �cenario outlined in Table 1 .  More likely, inter
vention by H202 in the iron cycle will effectively inhibit sulphur 
reduction. 

The net effect of such changes would be a decrease in freshwa
ter albJinity. Sulphur additiOD.S to waters are partly counteracted 
by increases in sulphur reduction rates, but rapidly increasing 
oxidant levels would have a countervailing effect. 

COASTAL A.B.EAS 

Coastal wetlmda, estuaries, and the coastal oce&D. will bear 
the brunt of the combined effects of atmoepheric deposition, cli
mate change, and enhmced UV-B. The entire physical setting 
in which these systems exist may change as sea level rises and 
erosion and salinity increase. In the long run, this proceaa may 
simply eliminate mmy wetlmda as physical systems. However, 
even the wetlands which survive will suffer substantial alterations 
in system biogeochemistry due directly or indirectly to the UV-B 
increase and changes in air pollutant depOIIition. Estuaries will be 
affected by wetland alteration md by a combination of radiative 
and chemical changes. 

From the penspective of chemical inputs, the largest effects 
on coastal areas may arise from nitrogen loading. Nitrogen is a 
limiting nutrient in some estuaries md shallow ocean areaa. Al
though internal nitrogen from phytoplankton turnover is the major 
nitrogen source in the coastal ocean, the annual increment from 
depOIIition and riverine input is approximately 10 percent of total 
nitrogen demand where upwelling is not a factor. Atmospheric 
depOIIition, along with agricultural and sewage runoff, is a major 
contributor to the nitrogen budgets of these waters. In the Baltic 
Sea, for instance, atmospheric depoeition may account for one
half or more of total extemal nitrogen sources since nitrogen in 
river runoff originates partly in the atmosphere {Skulberg et al. 
1984) . The same situation may characterize estuaries such aa the 
Chesapeake Bay md the Hudson River. The change in primary 
production as temperature and nitrogen flux from atmosphere, 
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�eWqe, and qriculture increue m&J lead to accelerated eutroph
ication with alsal blooms, anoxic conditiou, and larp-acale biotic 
shifts in estuaries and shallow coutal ocean areas. 

Coastal waters lie at. the end of a chain that bqine in forested 
ecoeyatems. The changee deecribecl previously will allo increase 
nitrogen, sulphur, and carbon Iowa to theae waters, encourqing 
eutrophication and aedimentation. 

Increues in UV-B may to eome extent counteract this change, 
as UV-B is known to inhibit at least surface productivity. An 
important change will be the shift in plankton communitiee due to 
selective UV -B and nutrient effects. Increasing UV -B allo brings 
along photochemical changes. Moat important may be the increase 
in hydrogen peroxide concentration in theae waters. This molecule, 
and the usociated H02 radical ion, are important determinants 
of estuarine chemistry, including sulphur utilization and metals 
mobility. An increase in UV -B m&J change the oxidation rate in 
theae systems. The coupling of oxidants in coutal waters with the 
global sulphur cycle will be diiCUSied later. 

In summary, couta1 areas will be seriously disturbed by a 
sea level rise accompanying climate change. Theae shifts will be 
aggravated by altered drainage of freshwater to the coast. In ad
dition, carbon, nitrogen, sulphur, and sediment additiou due to 
upstream changes and increased deposition will combine with � 
cal temperature change to encourage eutrophication. The primary 
synergism probably involves the combined effect of nitrogen addi
tiou, C02 increues, and increased temperature on productivity. 
However, the systems are so interactive and the perturbatiou so 
large that singling out any one mechanism appears fruitless. 

BIOGEOCHEMICAL CYCLES 

The relation of climate change to the global carbon cycle has 
been discussed extensively, but the effects of CR changes on the 
sulphur and nitrogen cycles have not been discussed. Some of 
these changes have already been noted. Table 1 illustrates the 
future dominance of global anthropogenic sources of sulphur and 
nitrogen over natural ones. 

Sulphur is the easiest cycle to discu88 because it is dependent 
upon the other cycles. However, the potential for global regulation 
of the other cycles which inftuence the sulphur cycle is limited. The 
sulphur cycle is already seriously disturbed on a regional acale 
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by atmospheric depoeition, leading to sulfate accumulation and 
acidification in soU. and surface water. 

It ia lea well understood that CR chanpa may affect the 
sulphur cycle. For instance, the sulphur emiaaion rates of soU. ( u 
CS2 and OCS) may be strongly dependent on temperature, varying 
by two-fold or more for a 5° Centigrade change {Adams et al. 1981) . 
The increuing anthropogenic sulphur load-now roughly equal 
to natural emiaaiona--alao may cause increued biotic emiaaiona 
of reduced sulphur from aoU.. OCS ia the �or source of the 
stratospheric sulfates which acatter IIUDHght, so such changes can 
affect both surface and stratospheric climate. Freshwater H2S 
emiaaiona may also increase u temperature and redox balances 
are altered, shifting the disposition of sulphur runoff from pyrite 
to gaseous form. However, this sulphur may be re-oxidized due to 
enhanced oxidant levels. 

The largest biological effect of sulphur cycle alteration may be 
uaociated with increued acidification caused by 1088 of alkalinity 
from net sulphur reduction in acid MDBitive waters. Sulphur enD. 
aions from coutal wetlands may increase due to eutrophication 
and increued sedimentation, but wetland l088e8 and increased ox
idant levels will counteract this change. In any cue, parts of the 
global sulphur cycle will be greatly disturbed. 

Another important question relates to CR effects on ocean 
microbes which reduce sulfates in aea salt (Charleaon et al. 1986) . 
If these species control fine aerosol concentrationa and droplet 
nucleation, both UV-B and temperature changes could alter global 
weather since the microbial reduction rate ia bound to be affected. 

The perturbation of the nitrogen cycle by CR changes ia lea 
straightforward than the sulphur/CR relationahip. Enhanced ni
trogen deposition and C02 may synergistically alter primary pr� 
duction which will in tum affect the nitrogen cycle. The nitrogen 
cycle haa already been altered both globally and regionally with 
anthropogenic inputs comparable to or greater than natural in
puts for rivera and the atmosphere. In remote forests, intemal 
sources are 10-30 times greater than inputs and outputs. How
ever, in temperate forests in industrial regiona nitrogen uptake 
accounts for about 5()-6() kg N08 per hectare year, while only 45 
kg per hectare year are cycled intemally. Deposition ia aa high aa 
50-100 kilograms at higher elevations and 10-20 kilograms at low 
elevationa. Thus, nitrogen deposition plays an important role in 
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determining output due to the larp Judtins that occun in some 
forests. 

Although oceana have a subatutial nitrosen relel'Ve, the u
thropogenic input is currently within a f.:tor of two of other inputl 
when both direct depoeition to the ocean nrface ud the -� 
pogenic component of river runoff are conaidered. For the ocean u 
a whole, theae inputs are only about one percent of annual nitrogen 
requirements ud are llllall when compared to the internal pool. 
However, in estuaries, coastal regiou, ud relatively encloeed aeu 
such as the Baltic, anthropogenic nitropn input may be large 
when compared to the local relel'Voir, Jeaclins to eutrophication. 

How will CR chaqes affect the nitrogen cycle? First, coastal 
primary production will increase as temperature, C02 concen
tration, ud nitrogen flux increase (with increasing deposition 
and runoff from aewage, agriculture, and degradins forests) . This 
change is more than additive. Second, terrestrial systems respond 
to disturbance by increasing respiration relative to primary p� 
duction u well as by increasing nitrogen leaching. Such changes 
have been monitored in detail in response to clear cutting. They 
also may be expecMd to occur in response to a relatively rapid 
and continuous climate change where the rate of change will far 
exceed normal migration rates for forests. Therefore, disturbance 
by either air pollution, climate, or other factors may be expected 
to accelerate nitrogen mineralization and flux-and perhaps phoa
phorous flux-from terrestrial systems. Of course, such releues 
are self-limiting, either by 1088 of the terrestrial nitrogen pool or 
by forest recovery, if any, after disturbance ceases. 

In conclusion, the nitrogen cycle is already disturbed by an
thropogenic inputs for terrestrial systems. For temperate forestl 
in industrial areas, deposition far exceeds fixation and may even 
rival intemal sources in some cues. For oce&IUI, anthroposenic 
nitrogen may be important in estuaries, coastal areas, and partly 
enclosed seas. The nitrogen cycle in both cases is strongly af
fected by temperature, so that CR changes along with nitrogen 
emissions increases will seriously disturb the nitrogen cycle for 
terrestrial and certain salt water ecoeystems. How UV-B increues 
affect both algal blooms and nitrogen-cycling bacteria is for the 
most part unknown. 
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:ECOSYSTEMS IN TB:E JUTUU 
Changes in climate-radiative and pollutant characteristics of 

the atmosphere may substantially alter ecosystems and biogeo
chemical cycles by the middle of the next century. With regard to 
biogeochemical cyclee, changes in temperature and oxidant levels 
will generally .:celerate the l011 of carbon, sulphur, and nitrogen 
from terrestrial reaervoira. The most prominent concern is the ef
fect of increued levels of atmospheric oxidants. Increased oxidants 
will: 

• Interfere in the sulphur cycle, increasing freshwater acidifica-
tion; 

• Increue solubility and mobilization of some metals; 
• Act as a phytotoxin; 
• Indirectly enhance nitrogen mineralization and 1088 from for

ests due to the· degrading consequences of phytotoxicity; 
• Enhance carbon and nitrogen respiration from soils by accel

erating decomposition; 
• Enhance sediment oxidation, 88 is the cue with increased 

nitrates and sulfates. 

Ecoeystem disturbance from climate change will also increase 
soil carbon respiration. Respiration will exceed production due to 
the long equilibriation time for terrestrial systems, and forests may 
experience decline. It is likely that nitrogen 1088 will increase with 
respiration due to climate disturbance since nitrate fluxes increase 
markedly in disturbed forests. Mineralization will accelerate in 
the warmer, wetter soils brought about by forest decline and in 
some areas directly by climate change. 

On the other hand, ocean surface flora experiencing a nitrogen 
surge from theae changes and from direct deposition equilibriate 
rapidly. They may respond to theae changes with increased pr� 
ductivity, leading to local coastal eutrophication 88 production 
shifts from land to aea, particularly near industrial regions. This 
productivity may also accelerate ocean sulphur release by shifting 
to anoxic conditions. Over a much longer period, this process can 
again withdraw substantial carbon from the atmosphere. Biota on 
land and in the sea which are needed as a carbon reservoir may 
experience a net decline in the short term. 

To some extent, theae changes occur synergistically, and sev
eral specific mechanisms have been proposed to illustrate these 
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synergisms. Climate and UV-B changes fit into a pattem of pre
existing disturbances, the effects of which will be accelerated. The 
overall conclusion, therefore, is that thoee interactive changes may 
move nutrients from land to sea, increasing biota at aea but sharply 
decreasing them on land . 
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Microbiological Components of Sulphur 
and Carbon Cycles in the Ocean 
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Three feat111'811 in the physiolOSJ of microorgani!IIDI determine 
their key role in cycling matter in nature. First of all, microorgan
isms are producers of unique enzyme sylltems which allow them 
to use a broad diversity of mineral and organic compounds in 
their metabolism. Microorganisms involved in the sulphur cycle 
not only utilize the moet diverse organic sulphur compounds but 
also use hydrogen sulfide, natural sulphur, sulfides, sulfates, and 
other oxidized sulphur compounds in the exchange. Carbon cy
cle microorganisms exhibit an equally wide range of physiological 
requirements. Some of these intensively utilize gaseous carbon 
compounds (carbon and methane oxide and dioxide) ; others rely 
on aqueous or solid hydrocarbons; and a third group breaks down 
complex biopolymer& such as chitin, cellulose, and lignin. 

The second physiological property of microorganisms which 
ensures their wide distribution in nature is their unique adapt
ability to extreme conditions in the surrounding environment. Mi
croorganisms hold all the records among living organisms for resis
tance to acids and alkalines, high and low temperatures and pres
sures, increased salt concentrations, and high radiation dosages. 
Furthermore, many specialized groups of microorganisms such as 
obligate thermophiles, barophiles, halophiles, and acidophiles not 
only withstand temperature or pressure extremes and high con
centrations of salts or acids, but they are incapable of developing 
under normal physical and chemical conditions. 

The third and final geochemically significant physiological fea
ture of microorganisms is their ability � make a rapid transition 
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from an inactive, •dormant• condition to intensive reproduction 
and consumption of the substrata within their sphere of vital ac
tivity. 

While marine biologists until quite recently conducted their 
research independently of the work of geochemists, oceanogra
phers, and ecologists, much attention was focused on studying the 
diversity of microorganism life fol'IIUI in the ocean's water column 
and bottom sediments. At the same time, due to the widespread 
use of physical and chemical methods over the last two decades, 
scientists began to quantify the contribution of microorganisms in 
the cycles of various elements in the oceans. 

The primary aim of this paper is to quantify certain microor
ganism-induced processes at play in sulphur and carbon cycles 
in bottom sediments of the world's oceans. The factual material 
was compiled by microbiologists of the Academy of Sciences of 
the USSR during the past 12 years in the course of comprehen
sive oceanographic expeditions on research vessels provided by the 
Academy of Sciences and the USSR State Committee for Hydrom
eteorology and Control of the Natural Environment. These studies 
were conducted in the Pacific and Indian Oceans and in the Baltic , 
Black, Caspian, and Okhotsk Seas. 

Bottom sediment samples were obtained at depths of up to 
roughly 100 meters ftom the water/silt interface by using bottom 
samplers and geological tubes and by conducting exploratory and 
mapping drilling from special drilling vessels. In addition to micro
biological analyses, we studied anaerobic cellulose decomposition 
rates, methane formation and oxidation, and hydrogen sulfide 
and sulfide formation during microbiological sulfate reduction in 
silt water. Radioactive and stable sulphur and carbon isotopes 
were widely used to study the rates of microbiological processes 
in bottom sediments. All of our microbiological and geochemical 
experiments were conducted in laboratories on our research ves
sels, using fresh, natural material immediately after sampling the 
water and bottom silt. 

The process of microbiological sulfate reduction was studied 
in the greatest detail. Sulfate reduces to hydrogen sulfide while 
organic carbon is concurrently anaerobically oxidized to C02 • The 
vertical distribution of sulfate reduction in the silt column varies 
significantly. We find it in the uppermost layer in near-coastal 
silt where its greatest value is at a depth of 5-15 centimeters. 
Reduction diminishes as sulfate is depleted with increasing depth. 
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In leas organic-rich aediment of the continental slope and base, 
the inteDSive proceas of sulfate reduction begins at the aubaurficial 
layers of bottom aediments underneath the layer of oxidized silt. 
The thickness of this silt sometimes reaches aeveral meters. 

This anaerobic process takes place in virtually all of the sed
iments on the shelf, on the continental slope, and at the foot of 
the continental slope. However, the rate of this process fluctuates 
within a very broad range. In near-coastal, organic-rich sediment 
it reaches a level of tens of milligrams of hydrogen sulfide per kilo
gram of raw silt per day. This rate drops to no more than several 
tenths of a microgram per kilogram of silt diumally for sediment 
in the open ocean. 

Having obtained extensive factual material on sulfate reduc
tion rates in different regions of the world's oceans, we were able to 
calculate the total annual production of microbial hydrogen sulfide 
in bottom sediment. This value is 495 million tons of sulphur per 
year. Approximately 100 million tons of sulphur from this total 
are buried every year in bottom sediment while the remaining 
395 million tons of hydrogen sulfide are re-oxidized to sulfate in 
the uppermost silt layers or in near-bottom water layers. A rela
tively insignificant portion of hydrogen sulfide of microbiological 
origins-approximately several million tons annually-enters the 
atmosphere from shallow-water sediment. 

Our quantification of sulfate reduction is interesting not only 
for a balance assessment of the sulphur cycle but also in terms 
of calculating conjugate cycles of elements, primarily carbon and 
oxygen. Suffice it to say that at least 375 million tons of organic 
carbon would have to be expended to form 495 million tons of 
sulphur sulfate in sulfate reduction. Approximately 0.9 billion 
tons of dissolved oxygen would be required to oxidize 395 million 
tons of surplus hydrogen sulfide. 

An in-depth study of the isotope composition of reduced and 
oxidized sulphur compounds found in ocean sediments was con
ducted in parallel with our microbiological investigations. This 
study demonstrated that the isotope composition of hydrogen sul
fide and other reduced sulphur compounds is primarily coupled 
with sulfate reduction rates: the lower the rate, the more hydro
gen sulfide will become enriched with light sulphur 32. 

We also used a similar methodological approach to study a 
second , very important, anaerobic process: microbial methane for
mation. Since different methane-producing bacteria can produce 
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methane either by reducing carbonic acid or from methyl groups of 
organic acids, we uaed C02 ad acetate tagged with carbon 14 to 
determine the rate of methae formation. Like sulfate reduction, 
the rate of microbial methae formation in ocean sediments var
ied within rather wide r&Jlles. However, unlib sulfate reduction, 
the rate of methane production remained at approximately the 
same level for the entire crOll section of reduced aediments that 
we studied. In a number of instaces, it even increased at a depth 
of 2-3 meters from the surface of the silt/water interface. 

On the basis of a comparison of our microbiological data with 
findings on isotope aalylleB of methae and carbonic acid (pub
lished by I. Kapla) , we can hypothesize that the processes of 
microbiological methae formation in the ocea 's bottom sedi
ment occur in the aediment column, which is measured in tens 
or even aeveral hundreds of meters. Under theae conditions, the 
yearly production of microbial methae in the upper two meters 
of the column of sediment alone amounts to the quite substan
tial figure of approximately 325 million tons of methae. Since a 
minimum of two moles of organic carbon are expended to produce 
one mole of methane, it becomes clear that the process of micro
bial methane production in aediment also accounts for a significant 
portion of organic carbon consumption in early diagenesis in ocean 
sediments. 

Microbial methane in the ocea 's bottom aediments under
goes various fates. In ocea sediments of cold ad temperate 
climates at depths of more than 500 meters, this methae might 
accumulate as crystalline hydrates and form natural gas deposits. 
A portion of the methae degues from shallow-water sediments 
(particularly in regions with a hotter climate) into the water col
umn and the atmosphere, thereby contributing to the formation 
of the atmosphere's methae pool. Finally, part of the microbial 
methane in the upper silt layers undergoes oxidation with aerobic 
methane-oxidizing microorganisms. 

The possibility of oxidizing methane in anaerobic conditions 
using microorgaisms has been sharply debated in the oceano
graphic literature. Although we have yet to identify which dis
tinct organisms are capable of performing this process, we have 
no doubt regarding aaerobic methane oxidation in sediment. We 
have been able to confirm this by conducting experiments with 
radioactively tagged methane in studies on anaerobic sediments 
of several lakes ad the Black and Bering Seas. Our data show 
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that about 30 percent of the methane produced by the activity of 
methane-forming bacteria in sediment is r.oxidizecl in anaerobic 
conditions in theae same sediments. 

Aerobic mineralisation of organic matter in the ocean 'a bot
tom sediments hu thus far been studied in much less detail. Cur
rent data on the distribution of aerobic aaprophites and aerobic 
celluloae-decompoein.g bacteria quite clearly indicate that the max
imum number of aerobic bacteria is found in the surficial layers 
of near-coastal, organic-rich sediments. The abundance of these 
microorganisms drops sharply u distance from the shoreline in
creases and samples are taken deeper in the silt column. Findings 
from studies of oxygen consumption rates in ocean bottom sedi
ment can give an approximate picture of their geochemical activity. 
In 1983, B. Jorlenaen estimated that the total oxygen consumption 
by bottom sediment in the world 'a oceans equala approximately 
six billion tons of oxygen per year. If we subtract from this figure 
900 million tons of oxygen reacting with surplus hydrogen sulfide, 
the remaining five billion tons of oxygen are used to aerobically 
oxidize organic matter. 

From Redorild 'a formula we know that 138 moles of oxygen 
are used to produce 106 moles of organic carbon in the oxidation of 
planktonogenic organic matter. It follows from this that approx
imately 1 .4 billion tons of organic carbon are oxidized annually 
in aerobic conditions of the upper layers of the ocean 'a bottom 
sediment. If we now add to this figure the amount of organic 
carbon used for sulfate reduction and methane production (which 
is in excess of one billion tons of organic carbon per year) , we 
can conclude that the minimum ftux of organic carbon from the 
ocean 'a water column to ita bottom sediment should be 2.5 billion 
tons of organic carbon per year. This represents from five to 10 
percent of the total value of primary production of organic matter 
in the ocean. 

In connection with the aforementioned figures, it is also in
teresting to note that many global carbon cyde models which 
were constructed without consideration of large-scale geochemical 
activity of microorganisms in the ocean's bottom sediments have 
provided estimates that the ftow of organic carbon into bottom 
sediment is 20-25 times leBB than the value which incorporates the 
latest data for rates of aerobic and anaerobic sulphur and carbon 
cycles in the ocean's bottom sediment. 
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Potential Impacts of Global 
Climate Change on the Environment 

DENNIS A .  TIRPAK 
US Environmental Protection Agency 

Since Tyndall 'a experiments in 1862, researchers have known 
that atmospheric gases can alter the earth's radiative balance, 
and they have recognized that carbon dioxide and other radiative 
trace gases may affect the global climate. During the last year, as 
a result of the UNEP /WMO /ICSU meeting in Villach, a renewed 
interest in the global climate has been sparked in the US Congress, 
in various government agencies, and in the press. Indeed, the 
warning in the Villach report states: 

.A. the reault of the increuing concentration• of greenhouae gaaea, 
it ia now believed that in the firat; half of the next century a rile 
of global mean temperature could occur which ia greater than any 
in man'• hiatory • • •  (T)here ia little doubt; that; a future change in 
climate of the order of magnitude (now projected) • • .  could have 
profound eft'ect;e on global ecoeyeteme, agriculture, water re10urcee, 
and aea ice (WMO et; al. 1985). 

This warning has provoked many scientists to ask: How can 
the environmental and health risks of man-induced changes in the 
global atmosphere be assessed? Within the US Environmental 
Protection Agency (EPA) , there is recognition that conducting 
risk assessments is an inherently difficult undertaking which is 
usually limited by scientific knowledge and data. The process 
works best when risks can be readily quantified or expressed in 
defensible numerical form. 

For chemical hazards-emissions in the air, effluents dis
charged into the water, leaks from hazardous waste landfills, or 
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applications or pesticidee-risk UleBiment can work rather well 
although it may be slow and costly. Risk aaaeasment is moat par
ticularly geared toward UleBiing cancer and other health risks. 
In this regard, EPA hu established sophisticated procedures to 
arrive at a final estimate of risk reduction due to regulation. Ba
sically, this risk reduction estimate is a multiplicative function of 
three estimates: the reduction in emissions due to regulation x 
the level of risk per unit of emissions x the level of risk per unit of 
exposure. In recent years, EPA hu expanded its risk assessment 
focus to include larger, regional problems such as acid rain. 

Unfortunately, the prospect of a global warming presents us 
with a larger, more complicated, and less manageable problem. 
Estimating a d081e/response relationship for the effects of climate 
change on the biosphere is simply not pOBBible. Unlike the chem
ical hazards that normally occupy EPA's agenda, global warming 
represents an alteration in the thermal radiation balance of the 
planet. As more heat is trapped in the earth's atmosphere , entire 
ecological systems will be affected: oceans, forests, soils, hydrol
ogy, and agriculture. The time and space dimensions of these 
problems go beyond other environmental problems-beyond even 
the scope of regional or subcontinental problems such as acid rain. 
The impacts of climate change are · irreversible within the next 
several decades, cover the entire globe, and have the potential to 
be substantially different from any other impacts in man's history. 

This all-encompassing nature of climate change presents a sit
uation where only pieces of the puzzle can be examined. EPA, 
along with other US agencies and agencies in other countries, is 
collecting early bits of information-both qualitative and quantita
tive-regarding the predicted impacts of climate change on various 
systems of the biosphere. What emerges are glimpses of informa
tion that give some idea of the risks associated with an unmitigated 
global warming. 

These studies assume that warming will take place gradually, 
and there is some evidence that climate has not always followed 
such a path. In fact, natural systems including climate may ab
sorb stresses for long periods of time without much outward sign of 
damage . There may be "jump events" or "thresholds" where con
ditions rapidly deteriorate. Consequently, climate warming and its 
effects on ecosystems may not proceed in a smooth, incremental 
fashion, but instead may exhibit large jumps. Thus far, however, 
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the possibility of these threshold events has not been factored into 
climate change analy188. 

Clearly, much research remains to be done. Recognizing these 
limitations, this paper summarizes what is known about climate 
impacts on the environment with emphasis on sea level rise, forests , 

agriculture, water resources, and human health. Many of the 
conclusions are drawn from a comprehensive summary recently 
prepared by EPA {1986) . 

SEA LEVEL RISE 

One of the most widely examined impacts of the projected 
global warming is a pOBBible rise in sea level. Researchers have 
identified at least three mechanisms which might cause a signifi
cant rise: the warming and resulting expansion of the upper layers 
of the ocean; the melting of alpine glaciers; and the melting and 
disintegration of polar ice sheets in Greenland and Antarctica. In 
the absence of any efforts to limit global warming, estimates of 
the rise in sea level by the year 2100 range from 50 centimeters 
to over two meters. Even the moat conservative estimate implies 
a substantial acceleration over the 10 to 15 centimeter rise of the 
last century. 

A rise in sea level in such a range would permanently inun
date wetlands and lowlands, accelerate coastal erosion, exacerbate 
coastal ftooding, and increase the salinity of estuaries and aqui
fiers. Although wetlands have kept pace with sea level rise in the 
last several thousand years, a one or two meter rise would destroy 
a majority of US coastal marshes and swamps. River deltas such 
as those of the Miasiaaippi, the Ganges, and the Nile appear to be 
particularly vulnerable. 

Along the open coast, beach erosion could reach one to two 
meters for every centimeter rise in sea level, in addition to what
ever erosion might be caused by other factors. Because buildings 
are generally found within 50 meters of the shore, even the 20 cen

timeter rise projected for the next 40 years could threaten coastal 
property and the recreational use of beaches, unless additional 
remedial measures are implemented. 

Sea level rise would also increase the vulnerability of coastal 
areas to ftooding from storm surges and rainwater. In the area of 
Charleston, South Carolina, for example, the area now ftooded 
by a 100-year storm would be ftooded by a 10-year storm if 
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sea level rises 1 .6 meters. Protection qainst increased flooding 
would require improvement or construction of levees, seawalls, 
and drainage facilities. 

Higher water levels would also increase the salinity of estu
aries and aquifiers. Philadelphia's drinking water intakes on the 
Delaware River would be threatened by a rise of leu than one me
ter, as would adjacent aquifers in New Jersey that are recharged 
by the currently fresh part of the river. Construction of additional 
reservoirs might be necessary to ofl'aet salinity increases. 

Few studies have estimated the economic significance of future 
sea level rise. In the United States, an estimate of the potential 
nationwide cost of defending shorelines and other resources has 
not yet been made. 

PORESTS AND NATURAL VEGETATION 

Forests, the most abundant and important vegetation type on 
land, serve an integral role in the world 's ecological and clima� 
logical system, covering 35 to 40 percent of the earth's surface, 
producing 65 percent of the annual carbon fixation (net primary 
productivity) , and storing over 80 percent of the world's organic 
carbon. Ecologically and economically, forests serve a number of 
purposes: they help protect the quality of streams and ground
water supplies; prevent soil erosion ; provide fuelwood ,  timber, 
paper, chemicals, and other forest products; constitute a home for 
wildlife ;  and serve as a recreation area for millions of people. 

Globally, the areal extent of forests has been shrinking since 
pre-agricultural times as deforestation rates have exceeded rates 
of reforestation. This reduced supply, coupled with expected in
creases in global demand for wood, may result in critical wood 
shortages by the end of this century. In addition, deforestation 
poses enormous ecological and climatological consequences. Loss 
of forests usually implies some hydrological damqe as well as in
creased soil erosion. Climatologically, deforestation-which causes 
a net release of carbon into the atmosphere-may make a signifi
cant contribution to global warming . 

These close associations between human populations and the 
terrestial biosphere impel us to consider how climate change affects 
natural vegetation, and how natural vegetation, in turn, influences 
global climate. The paleo-vegetational record can yield useful 
insights into these processes. It shows that climate change as 
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large as that expected to occur-in response to a doubling of C02 
concentrations or equivalent radiative impacts from other trace 
gases-is likely to induce significant changes in the composition 
and patterns of the world's biomass. 

Changes of two to four degrees Centigrade have been sig
nificant enough to alter the composition of biomes, causing new 
biomes to appear and others to disappear. At 18,000 years before 
the present, eastern North American vegetation was quite distinct 
from that of the present day. The cold and dry climate of the time 
seemed to have precluded, for example, the widespread growth of 
many species such u birch and hemlock which are fairly abundant 
in present-day forests. 

Limited experiments with dynamic vegetation models which 
produce time-dependent estimates of the magnitude and pattern 
of individual plant taxa responses to climate change suggest that 
decreases in net biomass may occur in North America and that 
significant changes in species composition are likely. Experiments 
with one model by Solomon suggest that eastern North Ameri
can biomass may be reduced by 1 1  megagrams per hectare (10 
percent of live biomass) , given the equivalent of a doubled C02 
environment. 

Such changes in natural growing conditions may affect future 
forest management decisions. One study shows, for example , that 
loblolly pine populations are likely to move to the north and north
east into Pennsylvania and New Jersey, while its range shrinks in 
the west. The total geographic range of the species may increase, 
but a net loss in economic productivity may result because of 
shifts of less accessible and less productive sites. While the extent 
of such changes is unclear, adjustments will be needed in forest 
technology, resource allocation, planning, tree breeding programs, 
and decision-making to maintain and increase productivity. 

In order to make predictions which are detailed enough to 
influence future decision-making, models must be developed, im
proved, and validated for all major kinds of vegetation. They 
should eventually incorporate the joint effects of atmospheric C02 
increases, other air pollution effects, and possible increases in ul
traviolet (UV) radiation. Improved estimates of future regional 
climates are also required in order to make accurate predictions 
of future vegetation change. Finally, a concern shared with col
leagues in the USSR is the fate of the boreal forest and tundra if 
increased temperatures occur in polar regions. 
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IMPACTS ON AGBICULTU:U 

Historically, climate hu had a profound influence on farm 
productivity and the geographic distribution of crops. Examples 
include the 1983 drought in the United States, which contributed 
to a near 30 percent reduction in com yields; the persistent Great 
Plains drought in the United States between 1932 and 1937, which 
contributed to nearly 200,000 farm bankruptcies; and the climate 
shift of the Little Ice Age {1500 to 1800 A.D.), which led to the 
abandonment of agricultural settlements in Scotland and Norway. 

Changes in climate u a result of trace gas-induced warming 
are likely to affect world agriculture. In addition to the direct 
effects of elevated temperatures, effects are likely from changes 
in other climatic and hydrological variables such as precipitation 
and runoff. These effects will extend from local to regional and 
international levels. 

The main effects likely to occur at the field level will be phys
ical impacts of changes in thermal regimes, water conditions, and 
pest infestations. High temperatures have caused direct damage 
to crops such as wheat and com. Moisture stress often associated 
with elevated temperatures is harmful to corn, soybean, and wheat 
during flowering and grain fill. Increased pest infestation is often 
associated with higher temperatures. 

Even relatively small increases in mean temperature can great
ly influence the probability of extreme climatic events. Analysis 
of historical data has shown that an increase of 1 .  7° Centigrade in 
mean temperature for a city like Des Moines, Iowa, increases by 
about a factor of three the likelihood of a maximum temperature 
during five consecutive days of at least 35° Centigrade. In regions 
where crops are grown close to their maximum tolerance limits , 
changes in extreme temperatures may have significant effects on 
crop growth and yield. 

Limited experiments using climate scenarios and agricultural 
productivity models have demonstrated the sensitivity of the agri
cultural systems to climate change. Future farm yields are likely 
to be affected by climate because of changes in the length of 
the growing season, heating units , extreme winter temperatures, 
precipitation, and evaporative demand. In addition, experiments 
show that total productivity is a function of the availability of 
land, the location of soil and water resources, the ability of farm
ers to shift to different crops, and agricultural trade regulations . 
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Accommodating to climate change may require shifting to new 
lands, creating support services and industries, improving and re
locating irrigation systems, developing new soil management and 
peat control programs, and breeding and introducing new heat- or 
drought-tolerant species. The consequences of these decisions on 
the total quantity, quality, and coat of food are difficult to predict. 

However, methods for studying climate change and agricul

ture are improving as climate, crop growth, and economic models 
continue to be developed. Studies of transient, rather than equi

librium, climate and ita effects should be emphasized, as should 
the impact of changes on the frequency of extreme events. As the 
atmospheric models improve, impact studies should be repeated 
and expanded to include testing of poasible responses to the po
tential effects. In this way, improved information will be available 
for future policy decisions . 

CHANGES IN WATER RESOURCES 

All natural hydrological processes-precipitation, infiltration, 
storage and movement of soil moisture, surface and subsurface 
runoff, recharge of groundwater, and evapotranspiration-are af
fected by climate. The inextricable links between the water cycle 
and climate ensure that potential climate change will significantly 
alter hydrological processes throughout the world. 

Strong evidence of these climate/hydrology links is provided 
by paleological evidence. Although the number of present-day 
lakes is broadly comparable with the number which existed during 
the last ice age (18,000 years ago) , climate change since that time 
has significantly altered the location of lakes. For example, there 
is evidence that indicates the existence of many tropical lakes and 
swamps in the Sahara, Arabian, and Thor deserts about 9,000 to 
8 ,000 years ago. 

As a result of changes in key hydrological variables such as pre
cipitation, evaporation, soil moisture, and runoff, climate change 
is expected to have significant effects on water availability. For 
many aspects of water resources-including human consumption, 
agricultural supply, flooding and drought management , ground
water use, recharge , and reservoir design and operation-these 
hydrological changes will have serious implications . In Canada, 
it has been demonstrated that, based on model results, net basin 
supply will decrease in the Great Lakes with associated impacts on 
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GISS GFDl 

Temperature Change +4.3 to +4.8 C +3.1 to +3.7 C 
Precipitation +6.4% +0.8% 

Actual Evapotranspiration +18.1% +6.7% 

Snowmelt -45.9% -35.8% 

Runoff -10.9% -8.2% 

Soli Moisture Deficit (summer) + 1 1 6.4% +1 66.2% 
�--------------� 

Net Basin Supply (normal winds) -20.8% -1 8.4% 

Net Basin SUpply-Consumptive UM (2035 proJ.) -28.9% -26.4% 

Net Basin SUpply (80% wlncla) -4.1 %  -4.0% 

Net Basin SUpply-Consumptive UH (2035 proj.) '----1_1_.8_% _________ -_1 1_.7_%__. 

Reference: Siewert J. Cohen, C8nadian Clinate Center. 1985 

FIGURE 1 Effeda of climatic chance acenarioa on annual water balance of 
the Great Lakes buin. 

many sectors (Figure 1) .  Similarly, examination of the predicted 
results from several general circulation models shows similarities 
in summer soil moisture and winter runoff for California (Figure 
2) . 

HUMAN HEALTH CONCERNS 

Weather has a profound effect on human health and well
being. In particular, climatic extremes such as heat and cold 
waves have been linked to increases in mortality. For example, 
it is estimated that in the United States the 1980 heat wave 
contributed to over 1 ,300 fatalities. If change induced by trace 
gases alters the probability of extreme events, as GCM results 
now indicate, future increases in weather-related mortality may 
occur. 

In one case study, which has not accounted for the effects of air 
pollution, a 7° Farenheit warming in New York City was estimated 
to increase total summertime mortality by more than 3,200 deaths 
per year (Table 1) .  If, however, New Yorkers gradually adjusted 
their behavior and acclimatized to the hotter weather, mortality 
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Percent Chege In Av_... Summer Sol Molat&n (June, July, Mel Auguat) 
OVer the a.. Run for All Eight QCM s--to. 

40 

20 

(a) Temperature only 
(b) Temperatu,. Mel Relative Precipitation 
(c) Temperatur. and Abaoluta Precipitation 

NCAR 
(a) (c) 

GFDl 
(a) (b) (c) 

GLSS 
(a) (b) 

Percent Change In Av.,.. WlnW <D-nber, January, Mel February) 
Runoff for aa Eight OCM s--to. 

100 

10 

10 

40 

20 

0 

-20 

(c) 

FIGURE 2 Percent; ehuge in average summer soil moisture (June, July, 
ud August;} over t;he bue run for eight; GCM aeenarioa: (a} = temperature 
only; (b) = temperature ud relative precipitation; (e) = temperature ud 
absolute precipitation. (boUom) Percent; ehuge in average winter runoff 
(December, Juuary, ud February} for eight; GCM aeena.rioa. 

might not increase at all. It is hypothesized that if climate warming 
occurs, some additional deaths would likely occur because of a lag 
in perceptions and because the basic infrastructure of the city 
would prohibit full and timely acclimatization. 
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Table 1 

Averqe monthly inereue in total mortality for 
various wannin1 .cenarioe In New York 

1!- al!2!! R...Ui 
0 2 " ' 

H!! flcelimltiaatioo 

June 19 (oil) So& (11) 17 (llMI) 11o& (27S) 1541 

July 16 (206) 110 (283) lU (HI) 212 (67o&) S72 

Auruat 21 (60) S7 (81) N (US) 170 (o&07) uo 

(STS) 

(1110) 

(191) 

TOTAL ISO (S11) 181 (432) 276 (617) 116 (lSU) 778 (1161) 

[llll ,Mclimati!ati!!!l 

June 19 (41) ss (79) 32 (77) ' (12) 0 

July 16 (206) 62 (lo&8) u (129) 11 (26) 0 

Auruat 21 (60) 29 (69) II (132) " (10) 0 

TOTAL ISO (311) lU (296) loll (SSS) 20 (o&S) 0 

7 

us (601) 

622 (lo&88) 

o&87 (1165) 

1362 (3258) 

0 

0 

0 

0 

l!!!!l: Numben in parenth- rep,..nt raw, unatandardlaed monality •timat•. They are 
calculated by multiplyinc the atandardiaed valu• by 2.S9. The population of the New York 
metropolitan area in IIllO wae 9,120,000, which ia 2.39 timee the population of the 
atandardiaed city (S,811,000). Th- valu• are not adjuated for potential future 
population incre-. 

SUMMARY 

The important task of estimating the risks to the environment 
of the United States from global climate change in the next century 
has only begun. There are no precedents or analogs to help with 
predictions. A comprehensive quantitative analysis has not been 
attempted and may never be possible given the complexity and 
interactive nature of the biosphere. Moreover, the chemistry of 
the atmosphere in the next century-in the form of acid rain and 
tropospheric ozone-will also be different and the amount of UV
B radiation may be altered by changes in stratospheric ozone. 
Hence, a complete understanding of the risks to the environment 
in the next century will need to consider these synergistic impacts 
as well as changes in global climate. 

A better understanding of the environmental effects of global 
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climate change can be gained by using and improving the risk as
aessment methodologies currently available. Risk assessments may 
have to be constantly revised as new ecientific information becomes 
available, and the ultimate answers will take years of work. The 
joint US-USSR project to examine assessment methodologies un
der Working Group VIU of the intergovernmental environmental 
agreement is an important first step. It will 888Ure that the risks of 
global climate change to the environment are understood in both 
countries. 
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Investigation of the mechanisms providing stability of the bio
sphere and its components is an urgent problem for theoretical 
physics. This problem also holds practical significance since iden
tifying man-induced instability is p088ible only with exact knowl
edge of natural mechanisms and the weak points of corresponding 
natural processes. This circumstance makes the problem of stabil
ity a central issue for applied ecology, the study of the environment 
and anthropogenic alterations within it. 

A typical form of instability may occur due to anthropogenic 
management of a natural process with a specific (moat often eco
nomic) goal in mind and according to a specific design. We have 
called this kind of instability "conductive instability" (9) . As a 
rule , these phenomena occur due to incomplete knowledge of eco
logical patterns which leads to the unsuccessful implementation of 
a system for managing natural processes. Pest control using insec
ticides serves as a salient example of the aforementioned situation. 
This paper will focus on this problem. 

With current levels at five million tons per year, world pesti
cide production continues to grow (15) .  Circulating in the environ
ment , these substances are known to disperse over great distances, 
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and they are not easily decomposed. They cODSiderably perturb 
biotic elements of natural ecosystems and in some instances hu
man health. At the same time, insecticide production and use in 
forestry and agriculture continue to increase. In 1950 pesticide 
production in the USSR totaled 5,100 tons (active masa) ; in 1980 
this figure stood at 283,000 tons (8) . Annual pesticide production 
in the United States rose from 90,000 to 900,000 tons between 
1946 and 1976 (9) . Pesticide production is not only expanding in 
terms of volume but is also becoming increuingly diversified. This 
diversity peaked in 1967 with some 30 new compounds (22) . This 
figure dropped to ten by 1975. 

Costs for pesticide production have also risen. If we consider 
DDT costs u 100 percent, toxaphene is 109 percent, methyl
parathion is 209 percent, malathion is 359 percent, and carbaryl 
is 364 percent. Since pests develop resistance to insecticides, new 
compounds are being developed and used. For example, insec
ticides sprayed on cotton crops in the United States were intro
duced in the following order: DDT - toxaphenemalathion - methyl
parathion - monocrotofos - carbaryl - chlordimeform - synthetic 
peretoroides (15) . 

Despite vigorous quantitative increases, qualitative improve
ments, and financial investments of billions of dollars in pesticide 
production and use, the damage from pests and arthropoda has 
not diminished. In some cases it is even rising. This seemingly 
paradoxical situation calls for an in-depth, quantitative analysis, 
applying up-to-date ecological concepts and mathematical simu
lation of ecological processes. Such an effect cannot be explained 
from the standpoint of conventional ecological wisdom. 

This problem can be broken down into the following basic 
stages, incorporating the methodology proposed earlier for ana
lyzing and addressing such situations (5,11) :  

• Inventory and analysis of the existing operational strategies 
for chemical control of pests (including mites) in forestry and 
agriculture; 

• Examination of how insecticides are diffused and transformed 
in the environment and of their circulation in natural geophys
ical media; 

• Systematic investigation of the sensitivity of pest and mite 
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groupe to currently ued and potential iuecticidee and com
parilon with .. eemeuts of the eenaitivity of useful entomo
fauna (including th011e which replate arthropoda abundance) 
to theee iuecticidee. 

• CoDStruction of mathematical models of spatially distributed 
•plant - phytophqan - entomophqan• sylteiDI to simulate 
dynamic proce11e1 resulting from pest control programs, par
ticularly from insecticide use, to Ulell ecological and eco
nomic effects, and to develop well-documented recommenda
tion� on how to implement the aforementioned me81ures. 

We shall touch upon only several of the 81pects related to the 
range of research conducted both in the USSR and abroad . 

Insecticides are currently applied primarily via aircraft spray
ing in the form of small and very small droplets. A portion of 
a sprayed insecticide evaporates; another fraction is transported 
81 aer010l from the treated area. The average diameter of the 
small droplets is 20-250 um; the diameter of very small droplets 
is 5-120 um. Some chemicals do not reach the target area and are 
deposited onto plants and soil. Losses of this nature are at times 
81 high 81 97.5 percent depending on weather conditions, the area 
of the treated territory, flight altitude, sprayer and insecticide 
parameters, and other factors (3) . 

In formulating decisions on pest control strategies, these pe
culiarities must be considered. However, we must disregard these 
differences in the theoretical analysis of a given situation in order 
to generate integral characteristics of how a compound behaves in 
the environment after it is used. 

We infer the following concepts to obtain approximate , a priori 
assessments. The maximum concentration 0;0 of a compound in an 
t.th component of the ecosystem on a treated territory is UBumed 
to be proportional to the amount applied P, /P / = kg/ha: 

0;0 = o.;P, 

where a; is the proportionality coefficient. The concentration C; 
changes exponentially with time: 

C; (t) = 0;01-t/Ti 

where t is the time period from the moment the compound is ap
plied, and Ti is its lifetime in an t.th component of the ecosystem. 
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Tab1e 1 

E.tirnat• of coetllcient � 

Ecosystem Measurement 
Components Unite Value � Data Source 

Leavn uc/cm 2 1.1 uc/cm2 ha/kc 18 

F1owera melc 1 ,133.0 uc/1 ha/kc 1 
me/c 29.0 me/kc ha/kc 1 

Phytophagan me/c 8.4 me/kg ha/kg 12 

Water uc/1 40.0 uc/1 ha/kc 11 

Litter ppm 22.0 ppm ha/kg 26 

Air me/m
8 

1 .0 me/m
8 

ha/kc 8 

Soil me/tc U me/kg ha/kc 18 

where t is the time period from the moment the compound is ap
plied , and Ti is its lifetime in an i-th component of the ecosystem. 
We have made approximate evaluations of the model parameters 
using published data (Tables 1 and 2) . 

Plants take up dimethoate, a systemic insecticide, from soil; 
therefore, its concentration in plants is an order of magnitude 
higher than in soil (12) . Since this process is more relevant to 
health and sanitation issues, it will not be discussed here. 

We shall examine the transport of insecticides from treated 
parcels , using data cited in studies (3) and (19) .  The amount of 
insecticide outflow is dependent upon its physical and chemical 
characteristics and the area of the treated parcel. On average it 
is estimated to be 50 percent. Mathematical expectation of the 
deposition mass changes exponentially, the index of change being 
0.00023 m-1 • Aerosol clouds can induce high local mortality rates 
at distances of up to 20 miles {32 kilometers) and probably even 
further (21) .  

Studies (1) and (8) discuss the process of aerosol distribution . 
Particle size distribution over the surface of plants and soils and 
in the air at varying distances from a release point has been 
determined from the turbulent diffusion equation using the Monte 
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Table 2 

lmedicide lifetime in ec:oqatem component• in daJI 

Compounclt Ecoa,.tem 
Component• Dlmtthoatt Cvbarrl 

Cenopy ltav• 

Undergrowth leav• 

Grua 

Litter 

Soil 

Water 

Internal Plent TiNue 

Nectar 

• 

8 

7 

4 

8 
• 

8 

14 

5 

12 

Ground-level sprayinc of dimethoate onto litter = 3 daJI; subloil 
application = 13 days (23) · 

Sources : (4) , (16) , (19) ,(23) ,(24) 

Carlo method. One-um particles are shown to travel considerable 
distances. The authors note significant air pollution due to use of 
very small droplets. 

Distribution of sprayed insecticide particles should be deter
mined not only spatially but also in .terms of their directly reaching 
the "target." This is particularly true regarding pest worms. Cur
rent continuous sprayers with 50 um droplet size are Uled against 
pests; such droplets were detected on 93. percent of the insects 
killed. The "dry aerosol" technique currently under development 
would reduce droplet size distribution and enhance (theoretically 
at this point) insecticide effectiveness (20) . 

Droplet size distribution is usually log-normal. For example, 
droplet diameter greater than 30 um accounts for 0.5 percent of 
the total number of droplets in an aerosol cloud one kilometer 
away from the aerosol source. The 5-30 um size range totals 16.5 
percent, and thoee droplets lesa than 5 um-33 percent. Droplet 
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Table 3 

Insecticide droplet diameter in the plume and various targets 

�i!e Distribution 
Particle 
Diameter in the plume on glua on worms on needle• 
(um} receptors 

6 94.54 15.2 10.7 60.8 

6-10 3.92 6.5 50.7 25.8 

11-16 0.14 9.6 25 .3 9.3 

16-20 0.28 13.5 8.7 2.6 

21-26 0.14 6.8 3.3 0.5 

26 0.7 48.4 1.3 1 .0 

Source: (20) 

diameter exceeding 30 um accounts for 10 percent of insecticide 
volume: the 5-30 um size is 80 percent, and the under-five um size 
totals 10 percent (10} . Table 3 shows the disperaal breakdown for 
compound droplets and particles deposited on various targets. 

The physiological effects of all or most of the toxic chemicals 
under consideration should target the nervous system components 
of arthropoda. For example, carbaryl and dimethoate are known 
to affect acetylcholinesterase. The latter regulates the amount 
of cetylcholine, the ubiquitous mediator of the Animelia nervous 
system. We shall not go into detail here on these physiological and 
biochemical points. 

The existing pathways by which insecticides enter insect or
ganisms include contact with leaves and needles, perorale, through 
the trachea system, and via direct deposition from the atmosphere 
onto the insect. We can determine the respective fluxes from data 
on food consumption and respiration rates generated by labora
tory experiments to examine pest physiological and biochemical 
characteristics; their sensitivity to insecticides; insecticide prop
erties; and distribution parameters in the environment. Separate 
evaluations should be made for phytophagan and entomophagan 
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Table 4 

( -1 -1) Direct lnHCtlclde de.,o.ltlon onto lnHCb ug min 1 

Ultrumall Spmlnc Capacitx 
Peat Group Carbaryl Dimethoate 

Immobile TO 
(phytophagan} 

Mobile 1000 
(entomophagan) 

52 

5200 

Small Sptaxinc Capacitx 
Carbaryl Dimethoate 

10 1.5 

150 112 

insects since they differ in terms of mobility and exposure rates 
and are at different levels in the trophic chain. 

Tentative asseasments made for a number of toxic chemicals 
(carbaryl and dimethoate are included for their low volatility) 
demonstrate that the amounts of these chemicals which enter in
sect organisms through their trachea system are negligible com
pared to other pathways. We shall, therefore, discuss in depth 
insecticide deposition onto insect bodies. Deposition is closely as
sociated with the speed of air motion near the object, or the speed 
of the object's movement in a stable air mass. 

It should be noted that compound deposition rates increase 
with wind. At a wind speed of 3 m/s, 8 um diameter droplet de
position increasea 100-fold; 57 um increasea 15-fold (2) . Drawing 
from these data, we can determine deposition rates on pests (phy
tophaga and entomophaga) over those fields treated by chemical 
methods of pest control. Assuming that 57 um droplets and 8 um 
droplets are primarily present in the air under generally accepted 
standards for insecticide use, compound ft.uxes onto insects over a 
treated parcel is described in Table 4. 

Our estimates indicate that within the physiological target 
area-the acetylcholinesterase molecul�insecticide ft.uxes gener
ated over fields undergoing pest control measures are appreciably 
greater than the LD60 ft.ux (3.2 x 10-6ug g-1min-1 for carbaryl, 
and 3.7 x 1Q-1ug g-1min-1 for dimethoate) . The amount of pes
ticide used is determined based on plant protection practices. 

However, the effect of an insecticide which has been sprayed 
is not limited to the area of its application alone. The indicated 
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deposition rates refer to the area subjected to pest control. An air 
m888 containing insecticides moves in space, although turbulent 
diffusion and deposition gradually reduce its insecticide concentra
tions. The area of highest fast-flying pest mortality is considerably 
greater than the chemically treated area. Furthermore, fast-flying 
pests in turn "diffuse" inside the air masses containing insecticides. 
Preliminary calculations indicate that the damage to mobile en
tomophaga from small droplet spraying is at least an order of 
magnitude higher than the damage to phytophagan insects. 

CONCLUSIONS 

Harmful arthropoda and mites cause considerable damage to 
agricultural systems and woodlands, the most valuable resources 
available to man. "Reprisal measures" which are used such as 
extermination programs usually involve no more than the use of 
toxic chemicals affecting phytophagan insects, excluding methods 
of biological control. Chemical pest control generally proves cost 
effective for those areas where the toxic chemicals are directly 
applied. The value of the biom888 which is saved exceeds outlays 
for extermination measures. 

However, in using this one-sided, non-ecological criterion to 
judge chemical control effectiveness, ecologists and plant pro
tection specialists overlook adverse, non-local, ecological conse
quences of pesticide use. Uncertainties as to the effectiveness of 
chemical control from the standpoint of global criteria are un
derscored by the relatively constant, large areas of crops which 
continue to be destroyed by pests. This is true despite increased 
chemical production, technological improvements in their use, and 
heightened toxicity. 

It is our view that the nature of insecticide behavior in the 
environment-the mechanisms by which they deposit on insects, 
their long-range distribution, and the relative toxic effects on phy
tophagans and entomophagans (which are affected at distances 
far exceeding areas directly treated with compounds)-triggers a 
gradual spatial destabilization of the "plant - phytophagan - en
tomophagan" trophic chain, not to mention other adverse effects 
from insecticide-induced contamination of the environment. In 
addition, man must increasingly bear the cost of phytophagan in
sect mortality, induced "free of charge" by their natural enemies, 
entomophagan insects. 
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Theee facton point to the benefits of developing a new ap
proach for uaeaing the eft'ectiven- of toxic chemical use in 
forestry and agriculture hued on global criteria. To achieve this 
requires synthesising knowledge on geophysical behavior patterns 
of compounds in the environment (including long-range transport) 
and ecotoxicological data on biota seDiitivity to current and fu
ture uses of chemicals. It also calls for quantitative analysis of the 
synecological efFects of various forms of chemical pest control. 

In view of the global nature of the problem and the con
vergence of the practical tuks involved in formulating concrete 
decisions regarding the use of toxic substances in forestry and 
agriculture, it becomes both desirable and practical to pool the 
efForts of reaearch teams from various countries. This would facil
itate confronting the aforementioned problems of theoretical and 
applied ecology within the framework of both bilateral and multi
lateral international projects. 
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Investigations of atmospheric ozone have broadly and rapidly 
expanded in recent decades due to the detection of potentially 
significant anthropogenic impacts of diverse scales on ozone levels 
in various parts of the atmosphere (1 ,3,9) . Scientists have used 
primarily mathematical models of radiation, photochemical, and 
other atmospheric proceaaes to study the potential weakening of 
the atmosphere's "ozone shield.• Such a trend would consequently 
perturb various components of the biosphere due to increased 
O.uxes of ultraviolet solar radiation. In addition, these models in
volve a large number of laboratory and in llitu measurements from 
various platforms (including apace-based) , incorporating state-of
the-art measurement technology. 

From the broad range of issues concerning this extensive sub
ject, this paper will briefty overview findings from an analysis of 
global distributions of total ozone levels (TOL) and ita vertical 
distribution (VOD) in northern hemisphere air masses. It will 
then discuss model assessments of the effect on TOL and VOD 
of various impacts from atmospheric gas and aerosol constituents 
that originate primarily from human activity. This paper will also 
consider these factors in terms of the potential evolution of man's 
activity in the future. 
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VOD AND TOL IN ADl MASS INTERlACES OP THE 
NORTBEB.N HEMISPHERE 

Analysis of the highly variable distributions of VO D and TO L 
in the stratospheric and tropospheric ozonosphere indicates that 
they are most uniform within the boundaries of three primary air 
masses: tropical, temperate, and polar (7,8) . We detected sharp 
fluctuations at their boundaries corresponding to subtropical and 
subpolar global fronts, with lines of maximum wind velocity at 
isobar surfaces of AT200 and AT300 , respectively. With sharp daily 
variations in boundary locations, the median monthly latitudes 
and altitudes undergo fluid seasonal variation yet little interannual 
movement. VOD and TOL are also consistent within the area 
occupied by these three primary air m888e&. Due to the great 
homogeneity of VOD and TOL distribution and temperature at 
the interfaces of the three aforementioned air masses, their median 
quarterly deviations (MQD)-6. , 60 , and 6e-from their mean m888 
area values are significantly less than the deviation (MQD) of these 
elements from the median values for the zonal belts, which are 
similar in terms of area of air m888 . These belts are usually used 
in climatological analyses and forecasting. 

Figure 1 illustrates this clearly. It presents fluctuations of me
dian annual TOL for 1979-1984, and mean values for the air masses 
under study and for the zonal belts from (9) . This considerably re
duced variability of meteorological field "noise• significantly eases 
and clarifies the task of determining small-scale trends in climatic 
elements (3) . The weak trend towards two percent TOL reduction 
in the Arctic m888 for 1975-1984 is easily discerned from Figure 
1 .  This trend is not visible for mean TOL in the 60°-75° north 
latitude zone. With values two- to three-fold greater, it also pre
cipitously diminishes the statistical reliability of determinations of 
median value trends. 

Minimal mean TOL for 1983 (Xs) is clearly seen in Figure 
1 .  It is asaociated with the global impact on TOL and VOD 
of aerosol and gas products of the El Chichon eruption. The 
greatest reduction (AXs/Xs) reaches four percent of the average 
for the approximately thirty-year period of m888 land-based TOL 
measurements. It occurs in moderate and Arctic air masses where 
interannual variability of Xs does not exceed 32 percent of the 
average. 
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FIGURE 1 Mean annual TOL deviation from the average for 1975-1981 
with amoo,hmg for aonal bel'• and air m ...... 

A distinct ordering of the statistical structure of VOD
dividing it by the air masses indicated above-also allows us to 
appreciably refine the well-known inverse UmieAr method for de
termining VOD by land-based measurements with varying solar 
zenith angles (3) . This procedure mathematically solves the prob
lem for an integral Fredholm type 1 equation. We need the most 
complete information on the structure of the solution and its pos
sible variations in order to solve this problem with mathematical 
reliability as well as an error evaluation of an approximated solu
tion using the statistical regularization method. By dividing and 
averaging VOD for the air masses under study, we can yield such 
information and significantly articulate the VO D profiles gener
ated by the inverse method (from land-based measurements, using 
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both Dobson spectrophotometer& and their analogues, and from 
the M-83 filter osonesondes) . 

Figure 2 presents VOD profiles generated by the aforemen
tioned and "customary• inverse methods, as well as by a chemical 
ozonesonde. The advantage of the refined inverse method over the 
customary procedure is obvious {8,10) . The refined VOD profiles 
generated by the method in question with significantly less error 
are needed to provide references for satellite VOD measurements. 
They can be used to process the quite abundant temporal mea
surements yielded by the inverse method. We can also articulate 
VOD fluctuations over time. This is an important area for study 
in ozonosphere climatology. 

OZONE IN THE TROPOSPHERE 

With the availability of an ever increasing volume of measure
ments and model investigations of troposphere photochemistry 
under background conditions of the earth's atmosphere and in 
the polluted lower atmosphere over major urban and industrial 
areas, we have been able to ascertain the climatology and cycles 
of tropospheric ozone {TO) . These factors are, to a large extent, 
independent of stratospheric ozone {3,12) . 

In addition to toxic impact (TI) , TO sets off' a radiation and 
greenhouse effect. It makes a considerable contribution to ultravi
olet (UV) solar radiation absorption, including biologically active 
uptake ( 4,6) . Our measurements indicate that significant TO vari
ability is associated with its photochemistry and transport. This 
variability is comparable to the clearly established high variability 
of TOL which is determined by fluctuations in ozone levels in the 
layer of its maximum density in the lower stratosphere {below 25 
kilometers) . Such fluctuations are primarily dependent upon air 
mass transport. Study {4) has shown that a 2.4-fold increase in 
tropospheric ozone levels is sufficient to compensate for the upturn 
in eritic UV radiation in average conditions induced by reduced 
ozone concentrations in the middle and upper stratosphere layers. 
There it is broken down by chlorofluorocarbon and hydrocarbon 
compounds. 

TO research , together with the entire range of photochem
istry of the "pristine• and polluted troposphere, must therefore 
become an important component of any comprehensive program 
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FIGURE 2 Vertical profiles for oaone concentra,ions (Dobson units per 
kilometer) January 4, 1985, over Hilo (Hawaiian Islands) derived from (1) 
the customary reverse method, (2) the refined reverse method, and (3) oaone 
sensing da,a. 

of stratospheric and tropospheric ozone investigations and mon
itoring. We should also mention here the great complexity and 
diversity of photochemical, dynamic, and other factors affecting 
TO, the closely intertwined system of relationships among these 
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factors, and their high exposure to varying types of anthropogenic 
impact. 

MODEL PREDICTIONS OP STRATOSPHERIC AND 
TROPOSPHERIC OZONE EVOLUTION 

Various measurements made in recent years-including air 
trapped in gaseous layers of glacier columns-have demonstrated 
that the median levels of methane (CH.,), carbon monoxide (CO} , 
nitrous oxide (N20} , and ozone itself in the lower troposphere are 
growing at a rate as high as one to two percent per year. Methane 
has been increasing since the 17th and 18th centuries. Increased 
atmospheric C02 levels were detected no later than the mid-19th 
century. These increases can clearly be ascribed to man's economic 
activities (5,6,9} . 

Alterations in the composition of atmospheric trace gases 
(TG} are directly UIOCiated with the atmosphere's photochem
istry. They could significantly impact global ozone distribution 
in the stratosphere and the troposphere. On the other hand, the 
evolution of atmospheric TG cycles is related to the evolution of 
the biosphere and impact on it of the growing world economy. 
Therefore, an analysis of the current status and forecasting of 
stratospheric and tropospheric ozone evolution must take into ac
count all of these interactions, as well as the nature of present and 
future fluctuations. 

Such analysis and forecasting call for a systemic analysis 
of the overall "climate• -the atmosphere's constituents of the 
biosphere-and the world economy as it relates to mankind's cur
rent global problems. Several approaches to this kind of analy
sis and specific, initial results are reviewed in study (4} . Study 
(6) estimates the anticipated growth of global methane and N20 
sources to the end of the 20th century. It uses predictions of world 
economic development generated by the UN's economic model de
veloped under the direction of Wassily Leontief. These estimates, 
the findings of other predictive extrapolations of sources and sinks, 
and levels of these and other trace gases (TGs} can and should be 
used to study and predict anticipated alterations in stratospheric 
and tropospheric ozone induced by the entire range of anthro
pogenic impacts. They should not be limited to any one factor, 
however significant it might be. 
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A couiderable portion of current model predictions of stra� 
spheric and tropospheric ozone evolution is hued on simple, sta
tionary one-dimensional photochemical models (PCMs), with lin
ear extrapolation of current growth trends for discrete factors per
turbing stratospheric and tropospheric ozone. An example of this 
is various CFC concentrations (6,15,19) . However, in making pre
dictions the following factors call for the use of multi-dimensional 
models of the global atmosphere that take into account pho� 
chemical, radiation, and dynamical procelllel and their interac
tions: localization of primary CFC sources in the mid-northern 
latitudes and the siseable growth rates they exhibit with time; the 
dependency of photochemical reaction rates on temperature and 
spectral radiation fluxes; and the impact of thermal conditions on 
dynamics and transport of trace elements. 

Such models at their full capacity are not within reach of even 
the most powerful of today's computers. Knowledge of the physics 
and chemistry of these processes is also insufficient for constructing 
complete models. As a result, the most developed predictive evalu
ations of stratospheric and tropospheric ozone are currently made 
on the basis of partial sets of one- and two-dimensional radiation 
and photochemical models. The latter often fail to sufficiently or 
even slightly account for fluctuations of trace element dynamics 
and transport induced by the interactions indicated above. Tables 
of predicted, annual average TG levels in the lower troposphere 
based on statistics up to the year 2000 and calculated from these 
models are cited in study (6) . Estimates in these tables of antic
ipated fluctuations in TG concentrations and the limits to their 
potential fluctuations are in close agreement with similar estimates 
in other studies (5,6,13,14,15) . Estimates of the fluctuations in 
CFC concentrations generated from two-dimensional, mid-zonal 
models are substantially closer to what we find in reality than as
sessments made from one-dimensional models. This is due to the 
fact that the former account for inter-latitudinal CFC transport 
from their primary, land-based release points in industrial zones 
of the mid-northern latitudes. 

Figure 3 presents anticipated average annual TOL fluctuations 
for the extra-tropical northern latitudes to the end of the 20th 
and into the 21st centuries. These determinations were made by 
one-dimensional radiation photochemical models (RPMs) , with 
account being taken for temperature variability and . its impact 
on photochemical reaction rates (6,9) . The following "scenarios" 
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FIGURE 3 Variatiou with time of the mean annual averap TOL for 
extratropical nonhern hemiaphere latitudes from 1980 levels. Calculations 
based on estimates from (9) on LLNL RPM for sc:enario A (1) ,  B (2), C (3) , 
and D (4) ; on DuPont RPM for sc:enario C (5); and from estimates on MGO 
RPM for these same sc:enarios: maximum (6) , mean (7) , and minimum (8) . 

were used for ftuctuationa in TG discharges into the atmosphere 
by year (9) : 

A. Continuous CFC emissions at 1980 levels: 1 .5 percent growth 
in CH, emissions and 2.5 percent N20 emission per year; in
crease in atmospheric C02 levels based on the median scenario 
in study (15); 

B. As in scenario A, but without the increase in CH, and N20 
emissions; 

C. As in scenario A, but with a 1.5 percent per year growth in 
CFC emissions; 

D. As in scenario A, but with a three percent annual increase in 
CFC emissions and Main Geophysical Observatory (MGO) 
RPM estimates, averaging and extrapolating growth exti
mates for CH, and N20 to the year 2000 (Table 1) . 

It is clear from Figure 3 that the anticipated reductions in 
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Maximum 

Mean 

Minimum 
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Table t 

RPM •&imat• or annual iJ'Owth 
or concentraUona and emiuiona or pollutant. 

Annual iJ'Owtb (") or near
aurtace concentrationa 

CH4 co N20 
2.0 5.0 0.4 

1 . 5  2.0 0.2 

1.0 0 0 

Annual P"Owth (") or •million• 
into the atmoaphere 

NO a 
X NO b X CFC 

5.0 7.0 5 .0 

2 .0 5 .0 oc 

0 0 -3.0 

a = rrom land-band aourcea; b = rrom air traffic in the upper tropoapbere; 
c = estimated persistence or mean CFC emiuiona level in 1979-1981.  

Source: (9) 

TOL for the periods in question will not exceed four percent of 
initial 1980 levels. An estimate of this reduction as per scenario 
D for model LLNL in study (9) appears to be greatly overstated. 
This is due to the deficiencies indicated in study ( 11) .  It should be 
noted that computation of emissions growth for such TGs as CR., 
N20, and NO. and their photochemical impacts with ozone and 
other TGs in the atmosphere significantly mitigates the drop in 
TOL and the increase in C02 , resulting in an enhanced greenhouse 
effect: warming in the troposphere and cooling in the stratosphere. 

This important factor is clearly delineated in Figure 4, con
structed from the findings cited in study (9) . It presents calcu
lations from a one-dimensional RPM of fluctuations in the mean 
annual and average VOD for the extratropical northern latitudes. 
This is induced by fluctuations in ambient TG and C02 levels as 
shown in Figure 4. It is clear from this figure that TOL reduc
tion with a CFC increase was induced by a precipitous (nearly 
double) decrease in (03) in the middle and upper stratosphere . 
This decrease drops, however, by nearly one-half, primarily due 
to stratospheric cooling from the doubling of current atmospheric 
C02 levels. TO increase with a doubling of atmospheric CH2 and 
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FIGURE 4 Variations in the mean annual average VOD for extratropical 
northern latitudes from estimates on LLML RPM for: (1)  increasing levels 
of Clw to 8 bUlion-1 by volume in the atratoaphere; (2) doubling C02 in the 
atmoaphere; (3) doubling CH4 ; (4) doubling CO; (5) increasing N20 by 20 
percent; and (6) total effect without including CO increue. (9) 

CO partially compensates for the (03) downturn in the strato
sphere. The total diminished level of TOL is formed as a difference 
of approximately 20 percent of (03) reduction above 30 kilometers 
and of the same increase in (03) in the troposphere. 

EFFECTS OP INVERSE RELATIONSHIPS 

In this way, inverse relationships between temperature vari
ations and photochemical reaction rates-and between variations 
of a variety of TG concentrations and ozone-essentially lead to a 
reduction in the aggregate effect on ozone as compared to the ef
fect of a unique perturbing factor which does not account for these 
relationships. Stratospheric cooling induced by increased C02 
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concentrations ud, to a le��er degne, by increuecl atiDOIIpheric 
CH, , N20, ud CFC diminishes the destruction rate of ozone, 
Cl, ClO, and NO. due to the temperature UIOCiated reduction 
of rates for the corresponding gaseous phue reactions. The effect 
of the rapid jump in CFC release into the atmoephe�freon- 12, 
to be more prec�rves to aubetantially offset the impact of 
increuecl CH4 • The latter converts a portion of atmoepheric C in 
the stratosphere into non-active HCl in the reaction : 

Cl + CH4 - CH3 + HCl (1 , 6) 

The upturn in CO discharges and particularly of NO. from 
land-based release points into the troposphere enhuces intensive 
TO formation. It is therefore impoeaible to predict man-induced 
TOL variations (and even more so for VOD) purely on the basis 
of inferences of potential future CFC emissions. We need to aaaesa 
the evolution of all primary TG and C02 concentrations in the 
atmosphere. 

The greenhouse effect, substantially enhanced by anticipated 
ozone loea at altitudes greater than 25-30 kilometers and by TO 
increase, will induce a noticeable restructuring of atmospheric 
circulation. We believe that an enhanced vertical exchange in the 
stratosphere and through the tropopause is a strong p088ibility due 
to weakening of static stability in these layers of the atmosphere 
(1 ,6) . Intensified mean vertical transport in these layers will clearly 
exert a considerable impact on VOD and on the entire range of 
atmospheric chemistry. However, this intensification is acarcely 
accounted for in current, even one-dimensional BRPM. At the 
present stage we are not exactly certain how to accomplish this. 
It is unclear just how suitable large, detailed, three-dimensional 
models of planetary atmospheric circulation are for this purpose. 
The minor yet long-term effect of enhanced vertical transport is 
difficult to detect in these models against the background of much 
more intensive dynamical transport variations. 

Our assessments of anticipated VOD and TOL variations un
der potential anthropogenic impact invite .further diacuBBion in 
view of the points diacUBBed above . Our general conclusion re
garding the estimate of probable TOL fluctuations does not ex
ceed the accuracy of existing RPM versions. Long-range TOL 
trends cannot be reliably detected with great certainty. However, 
VOD variations may be substantial: increased TO concentrations 
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and depleted ozone above 25-30 kilometers could enhance the 
greenhouse efl'ect and inBuence the planet's atmospheric dynamics 
below 50 kilometers. 
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Stratospheric Ozone Depletion 
and Its Effects 

JOHN S .  HOFFMAN 
US Environmental Protection Agency 

JOHN B .  WELLS 
The Bruce Company 

By preventing most potentially harmful ultraviolet radiation 
(UV-B) from penetrating to the earth's surface, the ozone layer 
acts as a shield protecting human health, welfare, and the envi
ronment. Ozone is continually created and destroyed in a natural 
cycle discovered by Chapman in the 1930s. Oxygen (02) is dissoci
ated by short wavelength ultraviolet radiation into singlet oxygen 
atoms (0) , which then combine with 02 to form ozone (03) .  In 
turn, ozone is transformed into 02 and 0. This natural cycle of 
ozone creation and loss determines ozone abundance. The cycle 
can be influenced by many chemical species and other factors. As a 
result, ozone varies latitudinally, seasonally, and annually around 
long-term means. 

The possibility that anthropogenic forces could upset this cy
cle was raised in the early 1970s. Scientists feared that the space 
shuttle and large numbers of supersonic transports would inject 
exhaust emissiona containing nitrogen and chlorine into the strato
sphere and would interfere with the mechanism described by Chap
man. Acting as a catalyst, each nitrogen or chlorine atom would 
react with thousands of ozone atoms. Because the destruction rate 
of ozone would be increased, its equilibrium abundance would be 
decreased. 

The possibility that chloroftuorocarbons (CFCs) could cause 
the depletion of stratospheric ozone was first theorized in a 197 4 ar
ticle in Nature by Molina and Rowland. They pointed to two CFCs 

235 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


238 

in particular, CFC-11 (CFC�) and CFC-12 (CF2Cl2) . Concentra
tions of these compounde-which were heine used increuinely due 
to their stability, low thermal conductivity, and non-toxicity-had 
been found to be nearly uniform throuehout the pobal atmo
sphere. This findine prompted Molina and Rowland to explore 
loss mechanisma for these CFC.. If they survived lone enoueh 
to become uniformly dispened in the air, what was their even
tual fate? Molina and Rowland theorisecl that the CFCs would 
survive until they were eventually transported to the stratosphere. 
Photo-dissociation of the CFCs would produce sipificant amounts 
of chlorine atoms which would be free to enter into catalytic cycles 
that destroy stratospheric ozone. Despite the many scientific un
certainties which complicate our understanding of this mechanism, 
twelve years of intensive research have reinforced the basic outline 
of this CFC/ozone theory. 

If the ozone level were to decrease, more UV-B, especially that 
of the most damaging wavelengths, would penetrate to the earth's 
surface. The health and environmental efFects of this increased 
exposure could be profound. Scientists believe that the creation 
of the ozone layer was a necessary condition for the evolution of 
life on earth. While organisma exist with current UV-B levels, 
increased UV-B levels would undoubtedly cause harm to individ
ual organisms and alter existing relationships between organisms. 
For humans, disruptions from UV-B could increase skin cancer 
(including melanoma) , suppress the immune system, and damage 
the eye. Aquatic and terrestial ecosystema would be perturbed. In 
addition, increases in UV-B would accelerate the natural "weath
ering" of outdoor materials and increase tropospheric oxidants. 

ATMOSPHERIC RESPONSE 

The likelihood of these dangers will be influenced by the future 
concentrations of trace gases, such as chloroflurocarbons ( CFC-11 ,  
-12 ,  -113 ,  and -22; and Halon-1211) , Halon-1301 (not a chloroflu
orocarbon) , chlorocarbons (CC14 and CH3CC�) , and other gases 
that counter ozone depletion ( C02 , CH4 , and under some high
chlorine cases, N20). Current atmospheric measurements show 
that concentrations of CFCs are increasing and that the increases 
have generally been consistent with past growth in emissions. His
torically, CFC use has closely coincided with economic growth in 
the United States, growing about twice as fast as GNP. CFC-1 13, 
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FIGURE 1 CFC-12:  A'mo1pheric concen'ra'ion1 from dift'eren' emiuion 
'rajedori• (ppbv). 

which is used by the electronics industry, has grown even faster. 
Halon-1211 concentrations are growing at 23 percent per year. 

Extensive economic analysis conducted by several authors for 
a variety of 1eographic areas shows that such long-term growth 
will continue and concentrations of CFC. will increase. Due to 
the long atmospheric lifetimes of CFCs, it should be noted that 
concentrations would continue to increase even if emissions were 
held constant (Figure 1) . 

To explore the changes in ozone due to concentrations of CFCs 
and other trace lase&, measurements of recent changes in ozone 
levels and measurements of trace gases should be compared to esti
mates of models developed to project ozone abundance. Consistent 
with model predictions, a range of monitorin1 techniques using 
balloons, satellites, and ground-based instruments show small but 
significant decreases in ozone of approximately three percent in the 
upper atmosphere at mid-latitudes and an increase of 12 percent 
(from a smaller base) in the lower troposphere. Also consistent 
with model predictions, it appears that no significant net change 
in total column osone occurred for the period 197(}-1980. 

Models can be compared with current atmospheric observa
tions. These comparisons show that current models provide a 
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FIGURE 2 Model comparison for coupled penurba,ion ICeJlario. 

relatively good replication of most observations but produce some 
inconsistent results. For example, differences in ozone levels at 40 
kilometers reduce overall confidence in model reliability. The fail
ure of models to predict or explain the behavior of the Antarctic 
ozone hole constitutes another modeling problem for which the 
implications are still unclear. 

Relatively good agreement can exist among difFerent models. 
For example, one-dimensional models that treat the world as a 
single column of air and two-dimensional models that incorporate 
seasonality and latitude provide roughly similar results {Figure 2) . 
Of the two model types, two-dimensional models project higher 
average depletion and show more depletion at greater distances 
from the equator {Figure 3) . 

Different one-dimensional and two-dimensional inodel projec
tions of future ozone levels depend significantly on the precise 
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FIGURE 3 Calculat;ecl percent; changea in t;he column abundance of Os for 
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scenarios of trace cas emiaiona and the choices of boundary con
ditions. However, the one robust findinc that emerces from an 
extensive number of model runs is that if CFC emisaiOilll crow 
even slightly, ozone depletion will occur even if creenhouse gases 
that counter ozone depletion also continue to crow. 

BJSK.S TO HUMAN ]JEA.LTJJ 
The major consequence of ozone depletion would be an in

crease in UV-B radiation at cround level. Because of changes in 
the solar angle and a natural cradient in the ozone layer, the lati
tudinal exposure to UV-B varies greatly with more UV-B received 
by those organisms living near the equator. Extensive epidemie>
logical studies that relate this natural variation in UV -B to skin 
cancer incidence and laboratory -studies that measure the efFect 
of artificial UV-B on animals conclusively demonstrate that the 
two most common types of skin cancer-basal and squamous
are both associated with cumulative exposure to UV-B. There are 
approximately 500,000 cases of the disease per year in the United 
States although leas than one percent of these are fatal. A rel
atively good understanding of these cancers now exists, with a 
one percent ozone depletion increasing basal skin cancer by one to 
three percent and squamous skin cancer by two to five percent. 

Melanoma is a leas common though far more dangerous type 
of skin cancer. Recent studies of melanoma seem to reinforce the 
hypothesis that UV-B is one of its causes although the relation
ship appears much more complex and is perhaps related to peak 
exposures and possibly to exposures during youth. 

Laboratory experiments and case studies demonstrate that 
UV-B can suppress the immune systems of animals and humans. 
This suppression is thought to be a factor in the development of 
skin cancer. Two infectious diseases-herpes and leishmaniasis
also appear to be afFected by UV-B although other diseases have 
not been studied. In addition, although scientific understanding 
of the causes of cataracts is incomplete, UV-B exposure appears 
to be one factor contributing to their development. Epidemie>
logical, animal, and biochemical studies provide support for this 
hypothesis. 

RISKS TO A.QUA.TIC A.ND TERRESTRIAL ECOSYSTEMS 

There are difficulties in designing experiments which attempt 
to investigate the efFects of UV-B on ecosystems. While few crops 
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have been studied in detail, 23 cultivara of soybean have been 
examined; two-thirds of these were found to be sensitive to UV-B 
radiation. Long-term field studies of one sensitive cultivar show 
that a 20 percent depletion of ozone could produce a 25 percent 
reduction in yield. At this time, it is unknown how other cultivars 
would respond to higher UV-B. However, experts at a recent meet
ins of the UNEP Coordinatins Committee on the Ozone Layer 
concluded that based on limited field and laboratory experiments, 
"increases in UV-B radiation would reduce yield in crops and alter 
composition amons plants." Laboratory experiments have shown 
that lower aquatic forma such as phytoplankton and zooplankton 
have low tolerances to UV-B. Enhanced UV-B exposure might 
alter the community composition of these organisms. Increases in 
UV-B have also been shown to decrease the survival rates of larvae. 
The combined efFects of these perturbations is unknown because 
of two confoundins factors. Firat, exact estimates of exposure are 
complicated by ocean turbulence and natural mixing of organisms. 
Second, uncertainties resarding the lifecycle of organisms in natu
ral ecosystems make the relative importance of changes in survival 
rates and community composition difficult to sauge. Thus, while 
the risk to aquatic species has been demonstrated by experimental 
studies in laboratories, our inability to experiment under natural 
conditions has limited our ability to quantify the dimensions of 
these p08Sible efFects. 

OTHER TYPES or RISKS 

UV-B radiation harms polymers, including many materials 
used outdoors such as pipes and siding. The resulting cracking, 
yellowing, and weakening can be controlled by adding UV stabi
lizers to polymer compounds, but at a cost. Preliminary analysis 
by Whitten in UNEP/EPA (1986) suggests that increased UV-B 
would enhance the development of ground level ozone (smog) and 
hydrogen peroxide, although the implications are still unclear. 

ESTIMATES or rUTURE DEPLETION AND ErrECTS 

Using a variety of prior assessments, the US Environmental 
Protection Agency (EPA) recently performed a time dependent 
analysis of the possible implications of various rates of growth for 
ozone depletion and its efFects (US EPA 1987) . Figure 4 shows 
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Table 1 

Human health efred•: central cue 
(additional cumulative cu. and deatu by population cohort) 

Population 
Health Effect Alive Today (a) 

Hon-Melan2ma �kin IBID211 

Additional Bual c .... 1 ,258,900 

Additional Squamou. c .... 818,100 

Additional Deatu 34,500 

Melanoma Skin Tumon 

Additional C-. 13,600 

Additional Death• 3,700 

Senile Cataracts 

Additional Cue• 599,900 

(a) Analyai• period for health effect.: 1N5-2074 

(b) Analyai• period for health effeda: 1985-2118 

(c) Analyaia period for health effect•: 2030-2184 

Numben Born 
1N5-2020 (b) 

10,717,600 

7,1184,600 

382,100 

113,400 

29,500 

3,855,500 

Numben Born 
2030-2074 (c) 

41,095,900 

35,918,100 

1,474,300 

415 ,800 

99,200 

9,118,300 

Source: USEP A, An Al•e••ment of the Ri•kl of Strato1pheric Modification (1987) 

the depletion levels and assumed scenarios; Table 1 illustrates the 
effect on skin cancers; and Table 2 shows the other effects. These 
results should be interpreted carefully as they are subject to wide 
margins of uncertainty. In particular, many of the effects shown 
in Table 2 are based on limited case studies which are still in the 
early stages of research. 

There are several major limitations in such analyses. First, 
they are based on one-dimensional, not two-dimensional, models. 
Figure 2 shows depletion estimates for the first time-dependent 
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Table 2 

Type of Effect Effect Unit• 

Effect. E1timated Quauitatjvelx for the Yni*ed Statee 

Materiall damap (a) 

Rile in equilibrium temperature 
by 2075 (b) 

Sea level rin by 2075 

5.7 

98 

PnHnt Value (millions 
of 1985 dollar�) 

Deere• Centip-ade 

Centimeter� 

Effect• Band on Can Studi• and R.euarch in Earlr Stam 

Coat of 1ea level ri•e in 
Charle1ton and Galv•ton (c) 

Reduction in 1oybean ned 
yield (d) 

lncreue in p-ound-band 
ozone (e) 

Lo11 of northern anchovy 
population (f) 

871 - 2,131 PnHnt Value (million• 
of 1985 dollar�) 

> 19 Percent in year 2075 

7.0 - 36.8 Percent in year 2075 

>11.0 - >25.0 Percant in year 2075 

(a) Di1counted over 1985-2075 uaiq a real diacount rate of three percent. 

(b) Eltimated ueing an auumed climate nnaitlvity of S C (middle NAS 
estimate) . Recent analyaia indicat• that 4 C may be a preferred central cue 
uaumption. Ueing a 4 C nn•itivity, the eatimated equilibrium warming in 
2075 i• about 8.4 C. 

(c) Lowe1t e1timate with anticipation of na level riae; hil(h•t •timate 
without anticipation. 

(d) E1nx cultivar only in year� of average current climate. 

(e) Lowe1t utimate i1 for Loa Ancel•, California; high•t utimate il for 
Nuhville, Tenn-. 

(f) Lowut utimate uaum• 15-meter vertical mixing of the top ocean layer; 
high•t utimate auumea 10-meter vertical mixing. 

Source: USEPA, An Aueaament of the R.i1kl of Stratoapheric Modification (1987) 
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10 .0 �-----------------------------------, 

Ozone -1o.o 
Depletion 

(�) -20.0 

-30 . 0  

....0. 0  

Low 

Central 
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Reference 

Phaseout: 

Lowest: 

Low: 

Central: 

High: 

Highest: 

1985 

Aaaumptiona 

CFC annual UH i• reduced to sero linearly by 2010. 

No crowth of global CFC use from 1985 levela. 

Global CFC UH crowa at a 1.2 percent annual rate until 2050. 
UH remaina constant after 2050. 

Global CFC uH arowa at a 2.5 percent annual rate until 2050. 
Use remaina constant after 2050. 

Global CFC UH crowa at a 3.8 percent annual rate until 2050. 
Use remain• constant after 2050. 

Global CFC uae crows at a 5.0 percent annual rate until 2050. 
Use remains constant after 2050. 

The following crowth rat• apply for other trace gas concentration. for 
each scenario: 

Carbon Dioxide (C02) : 

Nitrous Oxide (N20) : 

Methane (CH4) : 

0.6 percent annual arowth through 2100 (NAS 5mh 
percentile); 

0.2 percent annual arowth through 2100; and 

0.017 ppm annual increase through 2100. 

Source: USEPA, An Aasaament of the Risks of Stratoapheric Modification ( 1987) 
FIGURE 4 Global average osone deple,ion: emisaiona acenarioa. 
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analysis completed with a two-dimensional model and compares 
the results to the one-dimensional model used in the EPA risk 
888888ment. Clearly, the two-dimensional model shows greater 
average depletion as well as increased depletion as distance from 
the equator increases. 

Another limitation is the fact that the 888888ment assumes 
that C02 , N20,  and CU. will continue to grow at historical com
pound rates throughout the next century. However, alternative 
assumptions are p011ible. One estimate is that ozone depletion 
would nearly double if methane , a greenhouse gas, grows even at 
a much slower rate after the year 2000. 

Finally, the moat important limitation of current estimates 
of ozone depletion and ita effects stems from incomplete and un
certain knowledge of how the earth will evolve in response to its 
changing atmospheric composition. Since the proce88e8 which gov
em the earth 'a atmosphere and natural systems are vastly more 
complicated than models can describe, accurate prediction of the 
magnitude and extent of ozone depletion and ita effects is difficult. 
This lack of knowledge is exemplified by the unanticipated emer
gence of the Antarctic ozone hole, which was so unexpected that 
scientists from the US National Aeronautics and Space Admin
istration (NASA) initially rejected the early satellite data which 
identified it, leaving its discovery to the British Antarctic Survey. 
Several years later, there is still no adequate explanation for the 
phenomenon. 

What is known, however , is that human influence on the 
global atmosphere is unprecedented in ita speed and scope. While 
the ultimate responses of the earth to these perturbations are 
impossible to state with absolute certainty, it appears that their 
ultimate significance will be substantial. 
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Over geologic time, the biological and geochemical cycles es
sential for life on earth evolved and established themselves in a 
harmonious, self-perpetuating equilibrium. However, within the 
last 100 years and primarily because of industrialization, man's ac
tivities have become so significant that they have the potential to 
adversely influence many of these cycles. For example, total global 
nitrogen dioxide emissions are currently estimated to be 645 x 106 
tons per year, including nitrous oxides emitted by bacterial ac
tions. Industrial sources, including transportation, are estimated 
at 52 x 10' tons, or eight percent of the total. Similarly, total 
global sulphur emissions are estimated at 237 x 1o«' tons per year, 
with 34 percent coming from anthropogenic sources (Whelpdale 
and Munn 1976) . Patterson (1980) estimates that 99 percent of 
global lead emissions are anthropogenic in origin. Pacyna ( 1986) 
puts the figure closer to 96 percent, still a very large proportion of 
total lead emissions. 

While we cannot at this time accurately assess man's impact 
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on these m�or global cycles, a number of studies have demon
strated that anthropogenic materials have been transported long 
distances and deposited in reportedly pristine areas. For example , 
Elgmork et al. (1973) found that snow in remote areas of Norway 
contained high levels of sulphur and lead levels of 98 ugfliter and 
concluded that the pollutants originated in urban and industrial 
areas of western and central Europe. Johnson et al. (1972) and 
Schlesinger et al. (1974) reported high acidity, lead, cadmium, and 
mercury levels in mountainous areas of northern New England in 
the United States. It was postulated that the pollutants originated 
in the densely populated, industrial areas of the central and mid
Atlantic regions of the United States. Hirao and Patterson (197 4) 
concluded that 97 percent of the lead found in a remote site in the 
western United States came from anthropogenic sources. Anas 
and Wilson (1970) reported DDT levels in the milk and fat of 
northern fur seal pups. Other studies (Lannefors et al. 1983, Carl
son 1981 ,  Rahn 1981) examined potential contamination of the 
Arctic atmosphere from a variety of mid-hemisphere populated 
and industralized areas. 

A number of studies have been carried out to establish ref
erence levels of compounds with both natural and anthropogenic 
sources. For example, some researchers have looked at the com
position of precipitation from remote areas of the world. Included 
were such constituents as hydrogen ion concentration, calcium, 
magnesium, sodium, potassium, ammonia, sulfates, nitrates, chlo
rides, silicates, and phosphates (Keene et al. 1983 , Galloway et 
al. 1982) .  Others have looked at atmospheric concentrations over 
continental and marine areas at varying altitudes for nitrates, 
sulfates, chlorides, and ammonia (Huebert and Lazrus 1980) . 

Trace metals also have both natural and anthropogenic sources . 
Rahn (1976) reviewed the literature up to 1975 concentrating on 
the composition of atmospheric aerosols with emphasis on remote 
areas. This effort was updated in 1986 by Wiersma and Davidson. 

One of the more significant problems of trying to determine 
man's impact on global cycles is not knowing what "natural" 
levels should be for both abiotic processes (e.g. ,  gases and trace 
elements) and biotic processes (e.g., ecosystem functions) . A well
designed, coordinated network of baseline stations in remote areas 
around the world can provide a data base that will allow current 
estimates to be made of biotic and abiotic baseline conditions. 
These baseline conditions will then facilitate better comparisons 
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with more impacted areaa and thus contribute to a more complete 
understanding of man's impact on his world. 

This paper examines the history of background pollution mon
itoring at the intemational level, describes current activities in the 
field of "integrated• background monitoring, and proposes crite
ria for the development of a global network of baseline stations 
to coordinate background monitoring for the presence, accumu
lation, and behavior of pollutants in remote ecoeystems. In this 
paper, the network is called the Integrated Global Background 
Monitoring Network. 

The objectives of the Integrated Global Background Monitor
ing Network are: 

• To establish reference levels for pollutants that have both 
anthropogenic and natural aources; 

• To serve as an early warning system for detecting global spread 
and trends of pollutants that have only anthropogenic sources; 

• To establish background levels for selected ecosystem param
eters against which data from more impacted areas can be 
compared; 

• To contribute to the study of biogeochemical cycles. 

BACXGB.OUND MONITORING 

The general concept for a global baseline monitoring system 
has been discussed for over 20 years. AB early aa 1965, a US 
Presidential Advisory Committee called for worldwide background 
ecosystem studies (Wenger et al. l970) . Lundholm (1968) rec
ommended the establishment of a global background monitoring 
system based on a network of remote areaa around the world. 

Since then, scientists throughout the world have r&.emphasized 
the need for a global monitoring system and for the establishment 
of a global network of ecological baseline stations (Ecological Re
search Committee 1970, Ad Hoc Task Force on GNEM 1970) . 
Jenkins (1971) suggested that the stations should be representa
tive of the major ecological biomes of the world and be equipped 
to measure pollutants. Sokolov (1981) also urged that particu
lar attention be paid to integrated background monitoring, which 
was defined by a 1980 Expert Group Meeting in Geneva as "the 
repeated measurement of a range of environmental variables or 
indicators in the living and . non-living compartments of the en
vironment, and the investigation of the transfer of substances or 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


249 

energy from one environmental compartment to another. • Izrael 
(1982) pointed out the early warning value of a global network of 
background monitoring sites. Rovinsky and Buyanova (1982) ob
served that such a network of background monitoring sites could 
provide a basis for international environmental protection. 

The World Meteorological Organization (WMO) Executive 
Committee (now "Executive Council" ) in its Resolution 17 pro
posed that: 

(P')or pneral �elentific and economic reuona, member• of WMO 
ahould ••• u far u pouible be prepared to meet requirement• for 
environmental monitoriq in other media (than air) u formulated 
by national or intemational organisation• ••• (M)onitoring in soil 
and biota ahould allo be accepted to be carried out at background 
air pollution atalions u far u feuible. 

The idea of a Global Environmental Monitoring System 
(GEMS) was debated at Stockholm, Sweden, in 1972 at the 
UN Conference on the Human Environment, and a GEMS Pro
gram Activity Center was established in 1974 within the Nairobi, 
Kenya, headquarters of the United Nations Environment Program 
(UNEP) . 

An interagency working group (Task Force II: Committee on 
International Environmental Affairs 1976) was convened in 1974 
to determine what should be monitored and to make recommen
dations for the structure and operation of an environmental as
sessment service within UNEP. The working group proposed an 
"Earthwatch" component within UNEP which would have four 
integral parts: monitoring (GEMS) , research, evaluation, and 
information exchange. The working group also established the 
principle that environmental assessment should be carried out, 
wherever possible, in cooperation with similar activities, either 
existing or planned. 

In addition, the Intemational Environmental Programs Com
mittee (1976) of the US National Research Council suggested link
ing MAB 's Biosphere Reserve Program to terrestrial monitoring 
within GEMS. Franklin (1977) also argued that biosphere reserves 
be considered a component of GEMS. Herman et al. (1978) and 
Wiersma et al. (1978) described potential monitoring activities 
in US biosphere reserves. Finally, the International Coordinating 
Council of the Program on Man and Biosphere (MAB) (Anon. 
1978) officially recognized the link between GEMS and MAB's 
Biosphere Reserve Program. 
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Currently, only WMO has a worldwide background air pol
lution monitoring network which is known as BAPMoN (Kohler 
1980) . However, only about 10 percent of the more than 100 BAP
MoN sites are truly "baseline" (de Koning and Kohler 1978) . The 
terminology is slightly confusing: WMO uses "background mon
itorins- to refer to the entire BAPMoN network and "baseline" 
to designate very remote sites , which in this paper are referred 
to as "background." In BAPMoN, the term "baseline" is being 
replaced by "global," indicating the largest representativeness of 
a monitoring location ( > 3,000 km) . Other categories of monitor
ing locations are designated "continental" ( > 1 ,000 kilometers) 
and "regional" ( > 300 km) . Several workers (Jensen and Brown 
1980, Anon. 1980) have stressed a need for terrestrial background 
monitoring stations that could provide correlated measures of pol
lutant behavior in different environmental media (air, water, soils, 
plants, and animals) . Particular attention has been focused on the 
BAPMoN baseline sites. 

The Geophysical Monitoring for Climatic Change (GMCC) 
program (Mendonca 1979) , the Global Precipitation Chemistry 
Project (Keene et al. 1983) , and other similar programs also col
lect data on atmospheric constituents in remote areas. While more 
limited in scope than the Integrated Global Background Monitor
ing Network, the data collected should be valuable and should 
be considered in the development of the Integrated Background 
Monitoring Network. Eventually, many of these activities should 
come under the new International Geosphere Biosphere Program 
(IGBP) . 

GEOGRAPHICAL BASIS POR A PROPOSED INTEGRATED 
BACKGROUND MONITORING NETWORK. 

An Integrated Global Background Monitoring Network must 
have a geographic basis. An ideal candidate for this geographic 
basis is the existing international Biosphere Reserve System of 
the MAB Program. There are over 226 biosphere reserves in 62 
countries, and over 40 are located in the United States. Obviously, 
the existing biosphere reserves are far too many for an operational 
global network. Estimates vary as to the number of sites necessary 
for representative global coverage. Rovinsky and Buyanova (1982) 
estimated that 30 to 40 sites would be needed. Jenkins (1971) 
estimated 20, with at least two stations in each of the following 
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biome types: deciduous forest, coniferous forest, tropical forest, 
savanna, thorn scrub, grualand, desert, and tundra. 

Many of the biosphere reserves are not suitable for background 
monitoring. Wiersma (1981•) examined the Biosphere Reserve 
System in some detail in order to determine which reserves were 
potentially suitable for background monitoring. The establish
ment of selection criteria is critical to making an effective choice. 
The most applicable criteria would seem to be those established 
for the WMO Background Monitoring Stations as modified in 1979 
(WMO 1979) . However, a second set of site selection criteria pre
sented by WMO in 1980 appear more directly applicable to the 
selection of biosphere reserves for background pollutant monitor
ing. With the removal of reference to specific sites, these criteria 
formed the basis for the final selection criteria used. The criteria 
were then divided into two categories: "mandatory• and "desir
able.• In order to be selected, a site had to meet the mandatory 
criteria but not necessarily the desirable criteria. Both sets of 
criteria are described in Table 1 .  

Actual selection of a subset of reserves based on these criteria 
is preliminary at this time. Selection was based only on the infor
mation available in the Directory of Biosphere Reserves (UNESCO 
1979) which covered the 171 biosphere reserves established at that 
time. The number of biosphere reserves currently in the system 
has expanded, and the more recent additions should eventually 
be reviewed for possible use in a background monitoring network. 
Additional information is also necessary to develop a final list of 
candidate sites. Examples of the need for additional information 
beyond that found in the Directory of Biosphere Reserves are: 

• Inventories of pollutant emissions and anthropogenic activities 
within several hundred kilometers of the study area and for a 
foreseeable future time; 

• More information on availability of flora and fauna data; 
• More information on past and current research programs; 
• Review of existing data bases covering physical data sets (i .e. , 

meteorology, hydrology, soils, etc.) ;  
• More details on the site facilities available; 
• Evaluation of reserve position vis-a-vis maJor air mass traJec

tories; 
• Evaluation of reserve position with regard to major climatic 

regimes (including types of prevailing air masses) ; 
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Table 1 

Selection criteria 

Mandatoty Criteria 

1. �· The ai&e of a raerve can 
help ensure that several of the WMO 
intesrated monitorinc aite aelection 
criteria can be met . For example, 
adequate aiae will help minimise local 
infiuencu. It would help ensure that 
an adequate core area exiated and would 
help shield it acainst chances in 
economic activity in aurroundinc areu. 
Si&e chosen wu 20,000 ha. 

2. Access. The area should be reuonably 
accessible, but intenaive activitia 
such u a large number of automobile•, 
etc. , should be restricted. 

3. Protection. The areu should have 
institutional protection (i .e., state or 
federal government) in perpetuity. Thia 
will not only help protect the area, but 
in some caaea could aignificantly alter 
development in the aurrounding areu. 

4. Staff. The raerve ahould have a 
permanent staff. Thia would increue 
(but not guarantee) probability that the 
following services will be available: 
a) protective oversight ;  b)acientific 
studies; c) logistical ataging areu; 
and d) personnel available to carry out 
routine meuuremenb (e.g. , chance 
sample filters) . 

5. Vegetation. The reaerve should have 
a vegetation type approximately repre
sentative of a major biogeosraphical 
type in the world. 

Dairable Criteria 

1. Underdeveloped aurroupding areu. 
Thia would enaure the aiae and 
exiatence of a buffer aone. Thil 
criterion, however, wu partly met 
by a mandatory criterion on alae; 
therefore, the criterion wu lilted 
u a dairable rather than a 
required criterion. 

2. No hiatoa of diaturbance. While 
thia would enaure a natural 
ecoayetem in the raerve, in 
practice it would be difficult to 
find very many reservu which could 
meet thia criterion fully. 

3. Permanent ataff mater than 
five. Thia ia baHd on the premise 
that the larcer the reaident ataff, 
the creater il the poa�ibility that 
the reserve will have auitable 
facilitia and on(Oinr activltia 
that would be useful to the 
monitorinc prosram. 

4. Scientific f!HHCh underwaY. 
Three kind• of raearch were en
vilioned: a) pollutant monitorinc 
(abiotic) ; b) impact studiu 
which could include pollutant 
monitorinc; and c) buic ecolol)' 
studiu. 

&. Data avallabilitx . The presence 
of backcround data for a reserve i• 
not enaured merely because ruearch 
activitiu are underway. Examplu of 
e ... ntially required data are: 
meteorolocical, ceohydrolopcal, 
ceophyaical , soils, ceohydrological , 
and biolopcal . The latter would 
include itema auch u apecia lilt•, 
foreat type, mape, cenaua data, etc. 
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• Ability and willingneu of host country to carry out pollutant 
monitoring programs; 

• Types and quality of graphical support data (e.g. ,  maps, aerial 
photographs, aatellite photographs) . 

In addition, final aelection of integrated global background moni
toring sites should not necessarily be limited to biosphere reserves; 
other sites should be considered as appropriate. 

Using the ten aelection criteria defined in Table 1 ,  an initial 
screening of the 171 reserves listed in the Directory of Biosphere 
Reaerves yielded 41 potential reserves for background monitoring. 
The geographical distribution of these reserves is shown in Figure 
1 .  In general , they represent a good pattem of global distribution. 

The 41 reserves cover eleven of the fourteen potential biomes. 
Certain biomes are more heavily represented than others. The 
mixed mountain and highland systems zone has a large number 
of reserves. Other biomes with a relatively large number of re
serves present are the tropical dry or deciduous forests and the 
subtropical and temperate rain forests. Final selection of bio
sphere reserves to be used in the Integrated Global Background 
Monitoring Network is still to be determined . 

APPROACH AND DESIGN PBJNCIPLES 

Within the context of this paper, it is not appropriate to 
discuss many of the details of sampling and monitoring design 
for the Integrated Background Monitoring Network. Much of this 
work has been done and can readily be adapted to monitoring in 
background areas (Wiersma and Brown 1980, Wiersma and Brown 
1981 ,  Wiersma et al. 1979, Wiersma 1981•, Davidson et al. 1985, 
Rovinsky and Wiersma 1986) . However, it is important to outline 
the principles under which an integrated background monitoring 
network will operate. The five basic principles which follow will 
be discussed separately below: 

1 .  The monitoring system should be multimediA (integrated) . 
2.  A q1temt1 tJpprotJcl& should be used to relate media and 

help understand possible interactions between pollutants and 
ecosystem parameters. 

3 .  Multicompound analytical chemistry procedures to measure 
polluttJntl should be used where possible. 

4. Ke11 eco1111tem (biotic) ptJrtJmeterl should be measured. 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring and Managing Environmental Impact:  American and Soviet Perspectives
http://www.nap.edu/catalog.php?record_id=19154

http://www.nap.edu/catalog.php?record_id=19154


0 
6 

254 

• 
· ·. 

4'1 •• • • /A . .. 
.. . �. 

. .  
� . .... 
. • 

!J:f> 
· C� u  

FIGURE 1 Biosphere reaerve. potentially auitable for biosphere renrve 
monitoring. 
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5.  Quslity GBBurarace techniques should be applied during all 
phases of the project. 

MultJmedla System 

An ideal monitoring system should be able to trace a pollutant 
from a source to a sink or exit point. In moat remote terrestrial 
areas the pollutant input to the reserve site is via the air route. 
Specific sources, while generally associated with man's activity, are 
in practice difficult to locate. Therefore, input should be measured 
at the background site in the form of atmospheric concentrations 
as well as dry and wet deposition. Output from most background 
sites will be streams and rivers draining the area, and the loss of 
pollutants via this route can be determined by sampling represen
tative drainages. 

The multimedia monitoring approach integrates readily with 
data on ecological processes which are collected during the mon
itoring activity. However, it is highly unlikely that pollutant
related effects in remote areas will be detected. The greatest 
value will be in establishing baselines and long-term trends and in 
helping to understand cycling of compounds in the studied ecosys
tem. In addition, if long-term changes in ecosystem parameters 
are noted, then a good pollutant data base coordinated with the 
ecosystem parameters exists. 

Systems Approach 

Munn (1973) stated that it is essential that GEMS be designed 
to allow interactions between media to be studied, permitting de
lineation of the pathways of biogeochemical cycling. This requires 
a systems approach and is as applicable to the design of a system 
for a remote site as it is to putting the entire GEMS system to
gether. A promising technique for accomplishing this is the use of 
kinetic models. Theoretical bases and applications of these mod
els have been described in detail by O'Brien (1979) , Miller and 
Buchanan (1979) , Barry (1979) , Eberhart et al. (1979) , Wiersma 
(1979) , and Wiersma et al . (1984) . 
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Pollutanta (Ablotlc Parameten) 

Many compounds exist which have both natural and anthro
pogenic sources. Indeed, one of the objectives of the Integrated 
Global Background Monitoring Network is to establish reference 
levels which will help aeparate natural influence from man's influ
ence. However, for simplicity, the teim "pollutant" refers in this 
paper to any measured compound. 

The selection of a limited number of pollutants to be mea,. 
sured in background areas has been recommended by many sci
entists concerned with monitoring systems development in these 
areas (Munn 1973, Task Force II: Committee on International En
vironmental Affairs 1976, Ad Hoc Task Force on GNEM 1970) . 
Virtually all the suggested pollutants have potential for long-term 
transport. However, advances in analytical chemical techniques 
allow for reconsideration of this approach. 

For example, trace element techniques for a variety of media 
are now multi-elemental (Jaklevic et al. 1973 and 1976, Dzubay 
and Stevens 1975, Alexander and McAnulty 1981, Kahn 1982) . 
Multi-residue techniques for trace organics are currently available 
for most environmental samples. With these new procedures, prior 
definition of the pollutants to be monitored is no longer necessary. 
In addition, these new techniques provide us with a true early 
warning capability, albeit at a higher cost. In situ measurements 
are necessary for parameters such as pH, conductivity, 03 , NO. , 
and S02• 

Key Ecosystem (Biotic) Parameten 

There is no unanimity of opinion on the array of ecosystem pa,. 
rameters that should be selected for study as part of a monitoring 
network, although extensive lists of parameters have been devel
oped (Anon. 1980, Institute of Ecology 1979, National Science 
Foundation 1977 and 1978) . However, general agreement does ex
ist on the need for measures of nutrient cycling, productivity, and 
populations of selected species. 

Selected species may either be dominant in the ecosystem or 
sensitive to pollutant perturbations. Parameters which meet these 
criteria include: litterfall or leaf fall (McShane et al. 1983ca) ,  tree 
growth, tree reproduction, tree mortality, changes in the com
pliment of foliage (e.g., years of conifer needle retention) , and 
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chances in the composition of the decomposer community. Sensi
tive species may be plants (e.c . ,  some lichen species) or animals 
(e.g. , aome birds and small mammals) and their sensitivity may be 
reflected in their population structure or crowth rates. A similar 
selection of parameters can be made in stream or lake ecosystems. 

Ecosystem processes are a challenginc aspect of any monitor
ing procram. Background data must be developed for natural, 
unpolluted systems if it is not currently available. These data 
can then be used as a baseline against which other presumably 
polluted ecosystems can be compared. 

The selection of specific parameters and sampling techniques is 
problematic. Ecosystems are a complex web of linkages, making it 
difficult to isolate the phenomena of interest in either the sampling 
or analytical phase of research. The p088ibility of observer effects 
is always present, especially since measurements are repeated over 
many years. Statistics of candidate ecosystem parameters are also 
critical (Hinds 1984) . It is therefore necessary to select processes 
which are sensitive to subtle changes and have natural levels of 
variability which allow statistical detection of deviations from the 
norm (McShane et al. 1983•, Hinds 1984) . 

Permanent plots are an important element in the ecosystem 
monitoring procram. Monumented field sites are critical for accu
rate measurements of ecosystem or democraphic processes . Sam
pling of permanent plots can also provide thorough descriptions 
of key community and ecosystem parameters (e.g., standing crops 
of organic matter) essential to measurement, or interpretation of 
parameters or more specific interest in the pollutant monitoring 
program. One scheme for establishing permanent sample plots is 
the reference stand system used at Olympic (Franklin 1982) , H.J .  
Andrews (Hawk et al. 1978) , and Sequoi&-Kings Canyon Biosphere 
Reserves. 

Quallty Assurance 

A complete quality assurance program should include organi
zation and personnel, facilities and equipment, analytical method
ology, sampling and sample handling procedures, quality control , 
and data handling. The quality assurance procram for the Inte
crated Global Backcround Monitoring Network ultimately must 
incorporate all of these elements to help ensure data comparability 
amonc sites. 
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THE INTEGJlATED GLOBAL BACKGROUND 
MONITORING PILOT PROJECT 

At a series of United Nations interagency and expert croup 
meetincs in Geneva and Nairobi, steps were taken to start an Inte
crated Global Backcround Monitorinc Pilot Project (Anon. 1980) . 
UNEP acreed to establish backcround intecrated monitorinc pilot 
sites in three biosphere reserves as part of the renewable resource 
monitoring component of GEMS and in cooperation with WMO 
and UNESCO. The reserves were to be located in Chile, the USSR, 
and the United States. 

A tentative design for monitoring basic ecological processes 
as well as pollutants was established (WMO 1980) , and a project 
was implemented initially in two biosphere reserves: the Torres 
del Paine National Park in Chile and the Olympic National Park 
in the United States. Thus, GEMS is now using the biosphere 
reserves as part of its terrestrial renewable resource monitoring 
program. 

The pilot network has the following objectives: 

• To develop a strategy and guidelines for global intecrated 
background monitoring (site selection, sampling programs, 
sampling procedures, parameters monitored, data reportinc 
and handling, etc.) on a routine basis , using the most coat
efficient approaches; 

• To establish reference levels for pollutants that have already 
produced low-level, global contamination; 

• To establish baseline levels for selected ecosystem parameters 
against which data from more polluted areas can be compared; 

• To serve as an early warning system for detecting lone-range 
transport of pollutants and chances in ecosystem processes . 

In the USSR, there have been many activities in the area 
of backcround intecrated monitorinc. Rovinsky and Buyanova 
(1982) describe 22 backcround locations in the countries of the 
Council for Mutual Economic Assistance (CMEA) . Rovinsky et 
al. (1982) also describe three sites within the USSR at which inte
grated background monitoring is taking place: Borovoye, Berezin
skiy, and Repetekskiy. Rovinsky et al. (1983) reported on back
ground monitoring in the Berezinskiy biosphere reserve and de
scribe the samplinc locations, monitoring program, and results 
from 1980 to 1982. 
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The projects in Chile and the United States are dependent 
upon available funding. The data seta collected in Torres del 
Paine National Park (Chile) and Olympic National Park (United 
States) will be integrated using the systems approach previously 
described. 

Torres del Paine Natlcmal Park 

At Torres del Paine National Park, a Strohlein 150 high vol
ume air sampler is being operated according to WMO specifica
tions. Sampling times are for alternate 10-day intervals. Samples 
are analyzed for AI, Cd, Cu, Pb, and Zn. A GMWL high volume 
air sampler is operating in parallel with the Strohlein 150. A low 
volume, solar powered air monitor is also operating and samples 
are analyzed for the same elements. 

Only wet deposition samples are collected. Dry deposition 
samples are planned although sampling will not be implemented 
until a standard, internationally accepted, dry deposition sampling 
procedure is developed. Two wet deposition samples are operat
ing at the park. One is a two-bucket Aerochem sampler operated 
by the Global Precipitation Chemistry Project. The second sam
pler is an Erni automatic one-bucket sampler. For the first year 
of the study, samples from both devices will be analyzed by the 
Global Precipitation Chemistry Project. In the second year, sam
ples will be split between the International Atomic Energy Agency 
(IAEA) laboratory in Vienna and the Global Precipitation Chem
istry Project. A DeSaga automatic impinger sampler, prepared 
for sampling S02, has also been installed. 

Water samples are collected monthly from the Chorillo Za
pata, a stream draining the watershed containing the reference 
stand. MOBS and lichen samples are collected twice a year, and soil 
and forest litter samples are collected yearly in the reference stand 
located just west of the ma,jor cordillera in the park. Samples are 
analyzed presently for 20 to 30 trace elements using spark source 
emission spectroscopy and inductively coupled plasma emission 
spectroscopy. 

The reference stand is a mature lenga stand (Nothofa.gus 
pumilio) .  It was selected to be representative of the characteris
tics of mature lenga stands in the area. Detailed ecological studies 
are currently being conducted by researchers from the University 
of Chile. These studies include characterization of the reference 
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stand to species, age and size c1Uie8 and standing biom&ll, an 
overall vegetation inventory for the park, and studies on litter 
decomposition and tumover rates. 

Recently, specialized studies were undertaken to measure S02 , 
N02 , and total oxidant levels in the park. A quality assurance 
program has been instituted for this project. Weather parameters 
are also measured in the park.  

Olympic National Park 

At Olympic National Park, a low volume air sampler has 
operated in the Hoh River Valley. A high volume air sampling 
station will be established when funds are available at a site yet to 
be determined. Siting is critical to avoid local contamination from 
slash buming, campfires, and parking Iota. Analyses will be the 
same as for Torres del Paine National Park, with the addition of 
nitric acid in the high volume air samples. Sampling periods are 
approximately the same as for Torres del Paine National Park. It 
is also planned to eventually sample S02, NO. , and 03 • 

As in Chile, dry deposition measurements are not being made 
at this time. Wet deposition samples are being collected at a Na
tional Atmospheric Deposition Program (NADP) sampling sta
tion at the Hoh River Ranger Station. Also as in Chile, water, 
soil, forest litter, and moss samples are being collected. Analyses 
are carried out for trace elements by spark source emission spec
troscopy and inductively coupled plasma emission. In addition, 
priority pollutant scans for approximately 100 organic compounds 
have been made on the soil, litter, and vegetation samples. Water 
samples are collected from a stream draining the area. 

The reference stand is primarily a Sitka Spruce/Western Hem
lock ecosystem. The stand has been characterized for standing 
and down biomass , species composition, and age and size classes. 
Specific studies on six ecosystem parameters are being measured: 
lichen productivity, moss productivity, leaf litter fall, litter decay 
rates, nutrient flux in soil, and needle population structure. In 
addition, a significant study by the University of Washington is 
underway on nutrient cycling on a watershed basis in the same 
area. 

A quality assurance program has been instituted for this 
project. Weather parameters are being collected at the park and 
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within the stand and are also available from the US Weather 
Service Station at Quillayute . 

CONCLUSIONS 

Experience in integrated monitoring of Biosphere Reserves 
and examinations of criteria for background monitoring and for 
characteristics of existins Biosphere Reserves lead to the following 
conclusions: 

• An integrated global backsround monitoring network for pol
lutants and ecosystem processes should be established. 

• Pollutant measurements should be made simultaneously in a 
number of environmental media. 

• Croea-correlated ecosystem parameter studies should be car
ried out simultaneously with pollutant measurements . 

• Monitoring in the proposed international network should be 
continuous and open-ended. 

• The proposed network should consist initially of sites cho
sen, as appropriate, from the international MAB Biosphere 
Re�erve System. 

• The network should be under the overall coordination of the 
Global Environmental Monitoring System (GEMS) of UNEP, 
and, as such, it should be operated in close cooperation 
with the WMO Background Air Pollution Monitoring Net
work (BAPMoN) . Other intemational agreements such as the 
US-USSR environmental agreement can also play a significant 
role. 
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Issues in the Design of 
Monitoring for Global Change 

ORIE L .  LOUCKS 
Butler University 

The world scientific community in general-and researchers 
in the United States and the USSR in particular-have a long 
record of successful collaboration in large-scale observation and 
data synthesis activities. Collaborative analysis of global weather 
patterns has continued systematically for 300 years (1) , and work 
on ocean currents and high latitude ice flow has been carried out 
for only a slightly shorter period. Recently the United States and 
the USSR have participated in large-scale studies within interna
tional research programs such as the International Geophysical 
Year (IGY) , the International Biological Program (IBP) , and the 
Global Atmospheric Research Program (GARP) . In addition, sev
eral joint reports are an important result of bilateral studies of 
northern oceans and shared marine resources (2). 

What more is needed, then, in considering proposals for sys
tematic study of global change? The goal for the next decade 
should be two-fold: first, to reach beyond earlier interdisciplinary 
and single discipline approaches to a degree not previously possi
ble; and second, to extend measurement programs to emphasize 
fluxes of materials rather than concentrations within and among 
the earth's subsystems with a precision which could not be consid
ered until now. These new approaches will require a restructuring 
of the basis for global change studies-particularly the scientific 
consensus-building process-in order to surpass previous experi
ences and take the initial steps toward setting priorities for global 
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monitoring. A proceu for dealing constructively with these issues 
is the subject of this paper. 

MODELING AS A. GUIDE TO OBSERVATIONS AND 
MEASUREMENTS 

Observations and measurements represent the cl888ical basis 
of scientific discovery; reasoning from physical principles-now 
called modeling-is a more recent means of discovery. The great
est scientific advances of this century have used theory and mod
eling to guide critical measurements on systems either too small, 
too large, or too complex to observe directly. Carefully planned 
heuristic observations or data continue to be needed; in the US
Canadian measurements on the Great Lakes, for example, such 
programs have been cl888ified as "surveillance" rather than moni
toring (3) . 

For large-scale environmental systems, the most mature ex
ample of using modeling interactively with measurement tech
nology on land, on the sea, and from space was the initiative 
of ICSU/WMO in planning GARP in 1968-69 (4) .  The plan was 
characterized by a "dialogue between modelers and technologists," 
an iterative exchange between those who study the system's dy
namics (and who may specify needed spatial resolution and accu
racy) and those who design and operate measurement capabilities 
and answer questions of technical feasibility or cost. Many issues 
were examined and conflicts were resolved during the GARP plan
ning, even in advance of delivery of some of the remote sensing 
capabilities. The results in terms of capability to advance our 
understanding of global circulation have proven quite satisfactory. 
The study is an eighteen-year veteran model that should be recon
sidered in light of the requirements of the International Geosphere 
Biosphere Program (IGBP) . 

Research over the last twenty years which has attempted to 
document a balance in the exchanges of carbon should also be con
sidered. The "missing carbon" was discovered several decades ago, 
a finding based on either inadequate models or incomplete data
or both, as is more likely. Atmospheric, oceanic, and biospheric 
models directed a search for better resolution of discrepancies in 
all aspects of carbon sources and sinks. One discrepancy identified 
nearly ten years ago involved 888umptions made in the West on 
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forest carbon storage in the USSR without current data from the 
USSR; however, that problem has been gradually resolved. 

AB the carbon modeling group in the USSR and others have 
shown, the carbon cycle is more nearly balanced now (5) .  Still, 
the scientific community has begun to recognize problems derived 
from viewing the earth's carbon exchanges over recent decades as 
an equilibrium system, which it clearly is not. The research com
munity is now faced with several tasks: to determine the rate of 
change in bioepheric sources and sinks, as well as in anthropogenic 
sources; to identify associated uncertainties in understanding car
bon cycles; and to ascertain whether still imprecise measurements 
of pools and fluxes of carbon limit the ability to answer questions 
concerning trends in carbon dynamics. Still, the experience with 
the iterative process that links modeling and measurements has 
been poeitive and illustrates how some of the issues affecting plans 
for global monitoring can be resolved. 

CHARACTERIZATION OP GLOBAL SYSTEMS AND 
SUBSYSTEMS 

The previously cited examples of how modeling leads to defini
tion of needed measurements assume that the earth's atmoephere 
is a well-mixed system, and that differences due to latitude or to 
ratios of land and water surfaces can be incorporated within the 
parameters of a single macro-system. However, research results for 
several apparent environmental alterations involving human influ
ences show that these problems tend to be regional, not global, in 
scope. Examples of this include dessication of resources in sub
Saharan Africa; oxidant and acidity influences in eastern North 
America and Europe; water quality and fishery impairment in 
the Baltic Sea and in other semi-enclosed marine ecosystems; and 
desertification of the mid-latitudes on all of the continental land 
masses. 

A principal concern in the arid regions of China is the in
crease in salt aerosols arising from the recently dessicated and 
now dry salt lakes of Soviet Kazakhstan, a trend which has been 
documented by Soviet scientists. Chinese scientists fear that this 
regional environmental trend will increase salinization of soils in 
western China, and they recognize that the problem is regional 
rather than local. 

The problem of transported acidity in regional environmental 
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systems has been addressed previously. All of these regional pro� 
lema involve alteration of chemical or hydrologic source terms, 
alteration of the geographic scope of sinks and of atmospheric 
transport, and long-term changes in the relationships among the 
major media: air, water (including biota) , and land (including 
soils and biota) . In this respect, regions where major environ
mental changes may be taking place have system characteristics 
which are essentially similar to those of the whole-earth systems 
considered previously. 

A major issue for global monitoring in the view of many 
scientists is whether regional-scale questions should be dismissed 
as negligible at the global scale or whether methods of hierarchical 
modeling can be used to simultaneously investigate both regional 
and global-scale phenomena. The work of O'Neil et al. and others 
investigating hierarchically linked environmental properties could 
be used to determine whether understanding of global change 
can be improved through hierarchical monitoring and modeling 
instead of through single-level systems (6) . Working groups should 
be established to investigate ways to resolve the issue of whether 
measurements in the IGBP should address principally whole-earth 
systems or whether the earth should be viewed as a system of 
hierarchically linked subsystems. 

CHOOSING SIGNIPICANT VARIABLES: 
AIR, WATER, AND LAND SYSTEMS 

Air 

The atmosphere is the system for which the most fully val
idated models exist, and there is a general consensus on appro
priate subjects of and methodology for measurements. However, 
new programs have recently been initiated on air chemistry in the 
troposphere and the stratosphere in an effort to understand fac
tors controlling the dynamics of the high altitude ozone layer, and 
these programs indicate the need for improved measurements and 
models. Vitally important are several trace gases in addition to 
chlorofluorocarbons (CFCs) , including nitrogen oxides and other 
by-products of everyday industrial and agricultural practices. A 
global emissions inventory is urgently needed for all of these sub
stances, including those partially of natural origin , along with 
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estimation of sink strensths. However, a full co111ensus does not 
yet exist regardins even the liat of gaaea to be studied. 

Another emersins question is the source/transport/receptor 
relationship for persistent toxic substances volatiliHd into the air. 
Contamination of water resources through long distance atmo
spheric transport of substances orisinating on land is a prime 
example of the intermedia transport problem. However, the is
sue of source/receptor relationships for these substances primarily 
involves the air system. This is of special interest because small 
quantities of fresh inputs of toxics (e.g. ,  DDT in Lake Superior 
before it has broken down into DDE) can now be detected in re
mote sites, indicating a point of origin thousands of miles away. 
It is becoming clear that quantification of the transport of these 
substances is needed from land to the various ocean systems, be
tween continents, and over the northem frozen sea. The question 
of how many of the persistent toxic substanceB-Iuch as how many 
metal8-8hould be addressed in a study of global chanse remains 
an issue to be resolved through a consensus development process. 

Water 

Other papers have already addressed the problem of regional 
water quality alterations and trends that can clearly 888Ume global 
significance. While quantitative approaches are being agreed upon 
for identifying key variables and the parameters needed to under
stand factors controlling change in aquatic environments, the ele
ments of concern vary widely from one system to another. Specific 
problema include phosphorus and toxic substances in the Great 
Lakes of North America, in Europe, and in Asia; exceu sulfate in 
poorly buffered lakes on both sides of the Atlantic ; agricultural 
runoff into streams, rivera, and inshore marine ecosystems such 
as the Chesapeake Bay and Adriatic Sea; and metal mobilization 
such as the mercury problem in Lake St. Clair, the Baltic Sea, and 
coastal sites in Japan. 

Excess nutrients are probably the most general vehicle for 
change in aquatic environments. However, local contamination by 
persistent organic substances, metals, or acidification may be of 
equal or greater significance for long-term resource utility. Con
sensus is needed to determine which, if not all , of these variables 
are appropriate for a program of monitoring for global change. 
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Land 

In the terrestrial environment, the variables most frequently 
cited as having global significance are those describing changes 
in land use, particularly as they influence solar absorptivity and 
hydrology. Also important, however, are the changes induced by 
runoff of soils and chemicals, soil transport by wind, impairment 
of the productivity of the biotic land cover, and impoverishment of 
the diversity of life in ecosystems. Most of these variables are also 
of interest on a regional basis, e.g. ,  deforestation, erosion and de
position, hydrologic diversion and irrigation, desertification, and 
biological impoverishment. All of these problems are commonly 
thought to be significant alterations of the earth's land systems 
which could affect atmospheric chemistry by adding some su� 
stances while failing to remove others. Through positive feedback, 
these processes have the potential to accelerate the effect of C02 
and other trace gases on climate. 

In northeast China, for example, desertification from over
grazing in Inner Mongolia is beginning to affect climate, forest 
productivity, and agriculture in the region. This complex in
teraction among terrestrial and atmospheric subsystems may be 
repeated several times over in other continents. The hierarchical 
modeling suggested earlier would help to determine the array of 
measurements needed in the land environment to document vari
ability, short-term or long-term trends, and controlling factors for 
this part of the global change problem. 

Also important for terrestrial monitoring is the network of 
biosphere reserves now developed in nearly 100 countries around 
the world through UNESCO's program on Man And Biosphere 
(MAB). Over 200 sites are currently available. Especially valuable 
is the comparative measurement and synthesis that have been done 
in the past between US and Soviet scientists. This cooperation 
between the two countries needs to be renewed and expanded to 
include the many other countries around the world that participate 
in MAB and hope to be involved in an IGBP. 

TOWARD RESOLUTION 01!' MEASUREMENT ISSUES 

As the scientific community seeks consensus on how to mea
sure trends in the earth's environment and determine which re
search questions deserve the highest priority, many differences will 
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arise in seeking agreement on measurement methods and proce
dures for detecting change over time and distance. 

The issue of what constitutes the core set of priority questions 
may require proceeding simultaneously with an active level of 
modeling and measurement and a series of intemational study 
groups and conferences to determine which problems are local as 
opposed to actually (or potentially) global (7) . The result will 
probably be pragmatic accommodation among research groups 
addreBBing unique regional questions within higher-order global 
data synthesis and modeling questions. Until understanding of 
processes controlling linkages at the regional and global level is 
improved, global synthesis is leBS likely to accurately determine the 
variables or parameters that should be measured or to define the 
precision of such measurements. Many aspects of these issues will 
be resolved if there is consensus reached on modeling approaches, 
but that too will take time and a high level of commitment on the 
part of the countries and scientists involved. 

To the extent that maBS balance modeling may be a part of the 
larger scheme, detailed documentation of emissions or other esti
mators of source terms will need to be agreed upon as part of the 
monitoring. Measurements of residuals in the various media-air, 
water, and soil-may be straightforward if agreement on precision 
can be obtained. However, differences in instruments and Ia� 
ratory procedures between countries and acrOBB continents pose 
obstacles that can only be resolved with time. The problem of 
determining the ultimate sinks of substances involved in global 
change (even C02) is likely to remain one of the most difficult 
problems. 

Steps are currently being taken toward resolution of lead
time modeling and related measurement questions through the 
various study groups of the International Council of Scientific 
Unions (ICSU) and its subdivisions; through UN agencies ; through 
national committees of the National Academy of Sciences; and 
through bilateral arrangements such as this symposium. Still , 
much more is needed to achieve a full exchange of experience and 
recent results between scientists around the world who are , at least 
locally, investigating change in the earth's systems. 

The iBBue of which types of subsystems to model in the near 
term (e.g. , atmosphere or oceans; or sulphur , nitrogen, and toxic 
substances in intermedia exchanges) may be resolved by priority 
questions implicit in the models cited earlier. The best developed 
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mode�thoee of the earth's atmospheric l)'stema-may already 
determine the perception of these �or questions. Beyond these 
first steps in modeling, however, measurements are needed to 
assure that the modeling approach does not lead to excessive 
resolution beyond what is eseential for regional or global dynamics, 
or to oversimplification whereby important questions are removed 
in the initial system abstraction. 

Modeling methods vary widely within and between countries, 
and there may well be no single best method. For this reason 
little agreement may be found initially on the significance of me� 
surements indicating global change. Agreement concerning the 
strengths or weaknesses of parameter estimation and computer 
code conventions should be an integral part of preparation for 
measurements. 

Finally, there is the issue of possible new approaches to me� 
surements and modeling, particularly the incorporation of space
based monitoring (7) . Progress on these issues probably cannot 
wait for complete direction from the national governments. How
ever, thoee scientists who pursue individual initiatives must accept 
the need for both national and multinational coordination, as well 
as for a final accommodation after all methods proposals have been 
duly considered. The planning framework for such coordination 
currently exists, and bilateral or other group initiatives are both 
pcaible and desirable as long as national committees for the IG BP 
are kept informed. A range of consensu.forming processes should 
be viewed as contributing to enrichment of the potential to study 
global change systematically and precisely. The dialogue begun at 
this symposium presents an opportunity for further resolution of 
the global measurement issues which may presently divide scien
tists in the United States, the USSR, and elsewhere. 
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Appendix 2 

Protocol of the Fifth US-USSR Symposium 
on Comprehensive Analysis of the Environment 

Washington, USA 
December 10-13, 1987 

In accordance with the memorandum of the Ninth Session of 
the Joint Soviet-American Committee on Cooperation in the Field 
of Environmental Protection, within the framework of Project 
02.07-21 , the Fifth Soviet-American Symposium on Comprehen
sive Analysis of the Environment was held in Washington, DC, 
December 10-13, 1986. Co-chairing the Symposium were Mr. 
L.M. Thomas, Administrator of the Environmental Protection 
Agency of the USA, and Dr. Y .A. Izrael, Chairman of the State 
Committee for Hydrometeorology and Control of the Natural En
vironment and corresponding member of the Academy of Sciences 
of the USSR. 

Presented at the Symposium were 24 papers in which US and 
USSR scientists described the present ecological situation on the 
global scale as well as in their own countries, and defined the prin
cipal problems of negative geophysical and ecological consequences 
of anthropogenic effects on the biosphere and permissible loadings. 

The reports and discussions centered on concepts of the stabil
ity of natural systems, the assimilative capacity of natural ecosys
tems, and the biogeochemical cycles of chemical elements and 
mass balances. Theoretical and practical aspects of monitoring 
natural resources were discussed. The Symposium stressed the 
importance of mathematical modeling for solving the problems 
of assessing and predicting anthropogenic changes in the state of 
ecosystems, and the relationship between monitoring data and 
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modeled calculations. The problem of long distance atmospheric 
transport and transformation of pollutants was emphasized. 

The papers of Symposium participants dealt with the cur
rent ecological situation in the following major areas: {1} basic 
scientific approaches and concepts; {I} monitoring methodologies 
and their application; {8} regional-scale case studies, including the 
hazard of the long-term effects upon the ocean of small doses of 
stable pollutants in which the value of comprehensive ecological 
monitoring of the world ocean was underscored; (.1) management 
applications; and {5} global monitoring strategies. 

The Symposium participants discuued the results of the sec
ond US-USSR Bering Sea Expedition conducted in 1984 on board 
the scientific research vessel .Academician Korolev, as well as the 
results of a US-USSR experiment conducted in 1983 on the same 
vessel to study gases capable of affecting climate. The long dis
tance transfer of pollutants and questions of the anthropogenic 
impact on the soil surface and the functioning of soil biocenoses 
were particularly stressed. 

Symposium participants agreed that progreBB has been made 
in the understanding and substantiation of many of the above 
problems and iBBues, as well as in the practical application of 
research results, including the development of monitoring, the use 
of comprehensive indicator systems, and greater standardization 
in ecological approaches in both countries. 

As a result of the Symposium work, the participating scientists 
confirmed that the principal questions to be studied within the 
framework of this project are: 

• Scientific substantiation of monitoring anthropogenic changes 
in the environment, including observation, analysis, and fore
casting of this state; 

• Ecological aspects of such research , including identification of 
ecological consequences of pollution and &BseBBment of ecolog
ical risk from such effects; 

• Developing a scientific base for monitoring in all media, tak
ing into account multi-media pollutants, and including the 
monitoring of land ecosystems; 

• Developing the study of the chemical pollution of the ocean 
ecology and the ecological consequences of anthropogenic pol
lution; 
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• Determining ' the role of monitoring in the system of environ
mental and economic decision making; 

• Introducing ecological usellllments into the evaluation of dam
age to and degradation of the natural environment and re-
8ources resulting from anthropogenic activity, and develop
ment of ecological/ economic modeling to this end; 

• · Further work to develop ecological standards and norms. 

Both sides agreed to publish the Symposium proceedings in 
English and Russian in 1987. 

The project co-chairmen and the Symposium participants 
have agreed that within the framework of the project, continued 
attention will be given to current global problems such as: possible 
climatic changes, risks from stratospheric ozone layer depletion, 
contamination of the world ocean, acid rain, total usellllment of the 
global state of the environment, and development of approaches to 
implement such an assessment. It was deemed desirable to develop 
a joint US-USSR program of research and comprehensive ecolog
ical monitoring for specific locations of the opell ocean. To this 
end, the Soviet side will prepare a proposal for joint consideration. 

The co-chairmen have agreed that the Comprehensive Anal
ysis of the Environment project will serve as a synthesizing and 
coordinating project to provide a framework for conducting inte
grated analysis of all the information obtained both within this 
and other projects of this Agreement. 

Both sides note with satisfaction that the Symposium was 
conducted in a spirit of close cooperation and has proven mutually 
useful. Soviet scientists express their gratitude to the US dele
gation for organizing the Symposium and the warm hospitality 
accorded the visitors. The US and Soviet delegations also ex
press their appreciation to the National Academy of Sciences for 
its hospitality and support in conducting the Symposium, and to 
the MacArthur Foundation for its support. Both delegations also 
thank the interpreters and technical staff for their excellent work. 
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This protocol was signed in Washington, USA, on Decem
ber 15, 1986, in English and Russian, both texts being equally 
authentic. 

L.M. Thomas 

Chair, USA Delegation 
Administrator, US Environmental Protection Agency 

Y.A. Izrael 

Chair, USSR Delegation 
Chair, USSR State Committee for Hydrometeorology 

and Control of the Natural Environment 
Corresponding Member, USSR Academy of Sciences 
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