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PREFACE

By

John S. Hoffman* and Stephen Seidel**

Water planners, coastal engineers, and agronomists as part
of their jobs necessarily make assumptions about future water
supplies, temperature, droughts, and storms. 1In general, they
assume that in the future these conditions will repeat those of
the past -- there will be the same amount of water available,
the worst storm durlng the next hundred years will be similar to
the worst storm during the past 100 years, and droughts will
be of similar frequency and duration. Such assumptions are
used to design public works, to demarcate flood plains, and to
establish safety and growth margins for project and planning
purposes. In agriculture, such assumptions form the basis for
developing more productive strains of crops and for establishing
planting and irrigation practices.

Unfortunately, the underlying assumption that future cli-
mate will essentially repeat the past no longer appears valid.
Research efforts since the turn of the century have produced
considerable séientific support for the belief that increases in
atmospheric levels of carbon dioxide and other greenhouse gases
will increase global temperature and alter precipitation patterns

by trapping infrared radiation.

*Director, Strategic Studies Staff, Office of Policy Analysis,
U.S. Environmental Protection Agency

**Senior Policy Analyst, Strategic Studies Staff, Office of
Policy Analysis, U.S. Environmental Protection Agency



Although a significant rise in temperature appears likely,
much uncertainty still surrounds the timing and magnitude of a
greenhouse warming. Moreover, less confidence exists about
effects other than temperature, including potentially critical
changes in regional rainfall, evaporation, storms, droughts,
run-off, and soil moisture, Yet the importance of possible
shifts in the hydrologic cycle on future agricultural practices,
public works, and development patterns underscores the need to
improve our ability to project likely changes.

This study focuses specifically on possible shifts in a
range of hydrologic conditions that could accompany a doubling
of atmospheric carbon dioxide. It reports on an experiment done
with the Goddard Institute for Space Study's general circula-
tion model (GCM) -- a complex computer simulation of the physical
forces that produce weathér patterns. GCMs are the most
sophisticated tool used to project climatic changes resulting
from increases in greenhouse gases. Past reporting of GCM
experiments has dealt primarily with likely changes in tempera-
ture accompanying -a doubling of atmospheric CO; levels; this
analysis shows how these models can be used to examine potential
hydrologic effects, THIS STUDY REPRESENTS A FIRST ATTEMPT AT
PROVIDING DETAILED REGIONAL HYDROLOGIC EFFECTS. THE VALﬁES
GIVEN FOR HYDROLOGIC CONDITIONS IN PARTICULAR GRIDS SHOULD NOT
BE USED FOR PLANNING PURPOSES.

Section I reports on a range of hydrologic conditions
(e.g., precipitation, evaporation, soil moisture, run-off) for a

"control" run that seeks to duplicate existing conditions. It
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then compares these results with output from a model run where
atmospheric CO, levels are doubled. Section II shifts the focus
of analysis from the future to the past. It compares hydrologic
conditions during a particularly cold period (1900-20) with a
particularly warm period (1940-60). The final section discusses
future research efforts needed to advance our understanding and to
improve GCMs and thus enhance our ability to respond to changes
resulting from the greenhouse effect., It also describes an
important project underway at GISS to further this effort. The

remainder of this foreward sets the context for this analysis.

Scientific Evidence of the Greenhouse Effect

Greenhouse gases in the atmosphere allow the sun's energy
to penetrate and warm the earth, but then block the escape of
some of the infrared energy given off by our planet. 1In effect,
these gases form a thermal blanket around the earth. Carbon
dioxide is an important greenhouse gas. Others exhibiting the
same property include water vapor, nitrous oxide, methane, and
the chlorofluorocarbons.

A small amount of these greenhouse gases in the atmosphere
is partly responsible for thé climatic conditions under which
our civilization has prospered. For example, the earth is
30°C (58°F) warmer than it would be without the presence of any
greenhouse gases., 1In contrast, the atmosphere surrounding Venus
is 97 perceht CO2 and it is much warmer than earth, while Mars

with little CO, or water vapor in its atmosphere is much colder.



Although CO, constitutes only .03% of our atmosphere, it
has increased more than 20% since the beginning of the Industrial
Revolution. Much of this increase is directly linked to
expanded use of coal, oil, and natural gas. In addition, past
reductions in forests -- trees absorb and store carbon dioxide
during photosynthesis -~ may also have contributed to histo-
rical increases in atmospheric CO; levels,

Despite this sizable increase in CO; levels, the complexity
and time lags built into our climatic system prevent scientists
from stating unequivocably that the global warming experienced
since 1850 can be attributed to the rise in CO,;. The amount
of warming that should accompany the past rise in CO, is too
small compared to unexplained natural variation in global
temperature to yield statistically significant proof that
CO, is responsible. Nonetheless, this warming is consistent
with expectations,

In an effort to illuminate thisrissue, the National Academy
of Sciences has conducted two extensive reviews (1979, 1983)
of what we know and don't know about the greenhouse effect.

In each case,'they concluded that temperatures would ultimately
increase somewhere between 1.5°C (2.7° F) and 4.5°C (8.1° F)
for a doubling of pre-industrial atmospheric CO, levels (to

600 ppm). Increases in other greenhouse gases could increase
the overall warming by an additional 50—100_percent. Current

estimates of fossil fuel usage suggest that we could reach



atmospheric levels of 600 ppm by 2075 (NAS, 1983).

This rate of temperature change would be unprecendented.
For example, a temperature increase of 2.0°C (3.8° F) by
2050 would be roughly comparable to the highest temperature
of the last 100,000 years., At the height of the last Ice Age,
approximately 15,000 years ago, the earth was only about 5°C
(9.0° F) colder.

Rising temperatures would produce many other climatic
changes. As the difference in temperature between the equator
and the poles shifts -- the poles will warm at a faster rate
because melting ice changes their albedo -- weather patterns

may be radically altered, resulting in changes in precipitation.

Potential Changes in the Hydrologic Cycle

This study first looks at aggregate measures of changes in
the hydrologic cycle such as annual average precipitation and
evaporation for the entire North American continent. These
changes provide a broad sense of whether we are likely to
experience more or less rainfall.

However, most decisions based on assumptions about hydro-
logic conditions require more specific data. Annual averages
across a large geographic scale are not detailed enough
in two respects. They may mask critically important changes
in the seasonality of precipitation. For example, moderate rain-

fall just before spring planting is far more important to
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agricultural productivity than the same rainfall in the fall.
Similarly, rainfall concentrated in a single season would
require different design standards for many public works than
the same amount dispersed throughout the year.

To be useful to decisionmakers, projections of hydrologic
changes must also be tied to specific locations. Precipitation
can vary dramatically within a hundred miles depending on the
location of mountains, lakes, and oceans, and on prevailing wind
patterns. Other important factors such as soil moisture and
run-off also are linked to conditions at a specific location.

This study seeks to address these issues by examining
possible changes in specific hydrologic characteristics including
ground moisture, lenghth of growing season, frequency and severity
of droughts, run-off, and ground moisture. Changes in these
factors may be particularly relevant to decisionmakers concerned
with long-term projects (25 years or more) that are sensitive

to assumptions concerning hydrologic conditions.

Caveats to This Analysis

The GISS resﬁlts suggest substantial changes throughout
the hydrologic cycle. 1If changes of this magnitude were to occur
in the future, the assumption that future hydrologic conditions
would repeat the past would fall far'widerof its mark.
However, the results of this modeling effort should be consi-
dered only the first step in the process of planning for future

changes, Because of current limitations, the model does not
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resolve many important issues. Model input and resolution
must be enhanced in several important respects.

To minimize computer time, the GCM developed by GISS simu-
lates the weather for rather large grid areas. The whole
earth was divided into grids, each consisting of approximately
17,000 sqgq. miles. The grid size used in GCMs covers a
large area of land that may include diverse topography. Not
only does this prevent a completely reliable representation
of the physical processes that determine weather, but it also
makes interpretation of the output somewhat difficult., Conditions
at a specific location within a grid may vary considerably
from the average for the grid.

The GISS model produces a warming of 4.1°C, a temperature
increase at the higher end of the current NAS temperature range
(1.5-4.5°C) for a doubling of atmospheric COp;. As we learn
more about the processes producing climate, it is possible
that this number will shift, though it probably will remain
within the NAS range. Narrowing this range will require more
extensive data from observed characteristics of the oceans
and clouds as they effect our climate system and improvements
in the representation of the processes in models. Changes
also will be needed in detailing ground hydrology, vegetation
response, and the changes in these systems over time as climatic
conditions shift., More accurate model results will become

available only as quickly as support is given to efforts to
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observe the climate system adequately to enhance and validate
the GCM models,

As they now stand, GCMs are able to accurately recreate
existing climatic conditions only at a very aggregate level.
Thus, when run with existing concentrations of greenhouse gases,
they will produce current global temperature, rainfall, and
seasonal changes in reasonably accurate fashion. Today's models
cannot, however, recreate existing conditions in-each grid --
essential information for decisionmakers. For example, in the
control run for this study, efforts to recreate existing hydrolgic
conditions produced results that were generally consistent for the
entire North American continent, but showed 50-100 percent exces-
sive rainfall 'in the western part of the continent and half the
observed rainfall around Tennessee. Clearly, improvements to the
model will be required to increase the reliability of its output,
particularly where information from individual grids is being
used.

Finally, the model run examined in this report looks only
at changes that will occur once CO, levels have doubled and
temperatures have reached eguilibrium. Steady state conditions
are useful to simplify the analysis, but focus attention on
changes that probably will not occur Sefore 2075. 1In the interim

significant hydrologic changes are likely to accompany increases



in CO, and other greenhouse gases. Nor is there a basis for
simply stating that the transitional period will be a linear
interpolation based on the results from a doubling of CO5y.
In fact, a region shown to be drier after a doubling of Co,
has occurred could, in fact, first become wetter before
beginning to dry.

As mentioned above, Section III of this report discusses
efforts currently underway to improve the ability of GCM's to
reliably predict climatic changes associated with annual increases
in levels of greenhouse gases. Appendix A details some of the
assumptions that will be made in a first effort to simulate the
yearly evolution of climate. These results should be available
by the end of 1984 and provide a better basis for assessing the
short and long-term vulnerability of decisions to climatic change.

Potential Response by Decisionmakers

Given the uncertainties surrounding the results of this
study, water planners, engineers and agronomists face a difficult
situation. Based on the output presented here and elsewhere,
it is clear that future hydrologic conditions should diverge
from past conditions and that decisions involving long-term
Projects may be vulnerable to such changes. Nonetheless, we
are currently limited in our ability to project future hydrologic
conditions at the required geographic scale. WE CAN SAY WITH
SOME CERTAINTY THAT CHANGES WILL OCCUR, BUT WE CANNOT YET ASSIGN

A VALUE TO THOSE CHANGES.



In light of these uncertainties, decisionmakers need to begin
assessing the vulnerability of their decisions (e.g., design,
sizing, and location of long-term projects) to a range of
potential changes in hydrologic conditions. In many cases, low
cost changes can be made that will reduce future risks. This
analysis can also show the value of reducing existing uncertain-
ties in projections -- whether the costs to narrow these
uncertainties are justified by the potential value of
reducing the accompanying risks. Finally, decisionmakers must
develop an ongoing dialogue with climate modelers to effectively
communicate their priorities and to make certain that useful

and timely information is made available to them.



INTRODUCTION

The increase of CO» in the atmosphere resulting from fossil fuel combustion
is expected to have a profound climatic effect, due to the ability of carbon
dioxide to absorb radiation emitted from the earth atmosphere system. It is
expected that increasing CO» will warm the atmosphere. The magnitude of this
warming, and the consequences for the other aspects of the climate system -e.y.
precipitation patterns, clouds, winds, etc. -are currently being investigated by
a variety of scientific researchers,

Two recent reviews of the evidence by the National Academy of Sciences
(1979, 1981) concluded that a doubling of carbon dioxide would probably lead to
an increase in mean global surface temperature of between 1.5°C and 4.5°C. This
range was determined primarily from reviewing results of several mathematical
models of the earth's climate, the most sophisticated models of which, the
General Circulation Models, incorporate representations of many physical pro-
cesses in a three dimensional framework. These models are also capable of indi-
cating changes in the other climate variables, and, in particular, can assess
expected alterations in components of the hydrological cycle.

This report concentrates on analyzing the hydrologic changes over the North
American continent that were produced by doubling the carbon dioxide in the
Goddard Institute for Space Studies (GISS) general circulation model. The first
section of this report describes the model and provides a comparison between the
model output and the actual current climate. The changes that the model pro-
duces with a doubling of the atmospheric carbon dioxide are then presented. The
second section atfempts to put the results in perspective by examining histori-
cal variations in precipitation,

The results presented in this report, while giving plausible estimates of

potential hydrological changes at the regional level, should be used and inter-



preted with great care. Many aspects of the GCM lead to uncertainty in the
reliability of the results. The computation of changes at a relatively coarse
geographic scale necessarily introduces uncertainty as to the magnitude of the
change on a smaller scale. Other uncertainties are introduced because some
relevant processes -- ocean transports and cloud process, for example-are mod-
eled very crudely. Consequently the certainty that can be attached to various
results is problematical. In some grid boxes and regions there may be large
errors. Thus even though it is possible to conclude that climatic normals,
whether they be thirty year or one hundred year averages, cannot be reliably
used as predictors of future means or variation in climate it is as yet impossi-
ble to project future conditions accurately.

RESEARCHERS USING THE RESULTS OF THIS GCM EXPERIMENT IN THEIR STUDIES MUST
RECOGNIZE THAT THE OUTPUTS OF THE GCM CANNOT BE CONSIDERED AS ACCURATELY
DEFINING FUTURE CONDITIONS. More reliable estimate of hydrological change will
become available only as further research, scientific effort, and data collec-
tion allow the scientific community to improve the GCM's representations of the
actual climate processes. The speed at which this is done will directly depend
on the overall level of effort the whole scientific community is able to devote
to this problem. THIS REPORT, IN EFFECT, PRESENTS A METHODOLOGY FOR ESTIMATING
THE HYDROLOGIC IMPACT OF INCREASED ATMOSPHERIC CO2, AND SHOULD BE LOOKED UPON AS
A FIRST APPROACH TO A COMPLEX PROBLEM.

The results presented herein apply only to a doubled CO2 climate, once the
system comes to equilibrium. CO2 amounts are not expected to double until
approx-imately the middle of the next century, and it will take additional deca-
des before the equibrium is attained. Furthermore the doubling simulation does
not consider the increases taking place in other greenhouse gases, -- methane,

chloro-flurocarbons, and nitrous oxide -- which will significantly enhance the



expected warming. In order to consider the transient response of the climate
system between now and then and to consider the increases in trace gases, GISS
is conducting an experiment in which COp and these other greenhouse gases are
increased gradually in the model atmosphere, starting from 1958 values. This
later experiment will not only provide a more realistic estimate of expected
decadel changes, but will also provide insight into the expected response of the
climate system in a world of doubled COp in which the climate system is in dise-

quilibrium. 1In the third section we describe details of this experiment.

I. CLIMATIC MODEL ASSESSMENT OF THE HYDROLOGICAL CHANGES ASSOCIATED WITH
DOUBLED ATMOSPHERIC CO2

Model Description

The general circulation model used for this work has been developed at
Goddard Institute for Space Studies (GISS) over the last several years. Global
in extent, the model has realistic topography, 8° x 10° resolution in the hori-
zontal, and nine layers in the vertical. Climate is simulated by solving the
fundamental equations for conservation of mass, momentum, energy and water,
using numerical schemes developed by Arakawa (1972). Parameterizations for the
source terms in these equations represent the physical processes of radiation,
turbulent transfers at the ground-atmosphere boundary, cloud formation, and con-
densation of rain. A complete description of the model appears in Monthly
Weather Review (Hansen et al., April, 1983).

The only difference between the version of the model used for the experiment
and the one documenéed in the literature is in the determination of sea surface
temperatures and sea ice. In the documented version these values are specified
climatologically based on monthly-mean values with linear interpolation once per
day. If a calculation is made in that run of the net heat gain or loss from each

ocean grid box, it is then possible to specify what heat gain or loss from each



ocean grid box, it is then possible to specify what heat convergence or divergence
in the ocean would be necessary to reproduce the observed ocean temperatures.
Assuming that these heat fluxes represent horizontal transports, one can calcu-
late the implied meridional ocean heat transport, and compare these values with
observations. As shown in Hansen et al. (Fig. 15) the close agreement of model
II, used in these experiments, with the observations indicates that the ocean
heat exchange with the atmosphere on an annual and zonal average is realistic in
the model. An expanded discussion of this technique and its results, including

a detailed geographical presentation, can be found in Miller et al. (1983).

In the control run, and the climate change experiments, it was necessary to
allow the sea surface temperatures to change. A simple thermal response which
jgnores ocean heat transport would result in the low latitude ocean (and atmo-
sphere) being excessively warm, while high latitudes would be too cold, unless
the atmospheric transport increased substantially. Either alternative would be
unrealistic, in comparison with the current climate. It was thus decided to
include the ocean transports which were calculated from the specified sea sur-
face temperature model as necessary to reproduce the observed temperatures,
given the fluxes in or out of the ocean which preQailed in that model. Thus to
first order, the sea surface temperatures would be allowed to vary as radiative,
sensible or latent heat fluxes varied, but would be kept realistic in the cur-
rent climate simulation by the specified fixed transports. To the extent that
the control run experienced fluxes which differed from the specified SST‘model,
the sea surface temperatures would vary from the climatological average, but not
to the extreme that would occur if no transport were included. The specified
transport, with varying sea surface temperatures, was thus a standard part of
the control run and experiment. Sea ice was also allowed to vary, forming when

the ocean temperature drops below -1.6°C, and melting when it rises above 0°C.



For the purpose of this report we will compare observations and model simu-
lations of the hydrologic cycle. This comparison must be labeled preliminary;
more thorough comparison is expected in a later report.

Three situations will be described:

(1) Observed climate, which represents averages for forty years or more
(depending on location). For the longest averages (80 years) they
cover a time period during which a climatic change of 0.3°C occurred,
for global mean temperature.

(2) The control run, the model's simulation of the current climate, a
period of 10 modeled years with CO2 at 315 ppm, with no climate trend
(the only exception to this is shown and explained below, for Figure 1).

(3) The doubled COp or "experiment" run, in which the world is treated as

if the CO2 had doubled and it had time to reach equilibrium,

Comparisons of Model Control Run and Observed Climate

Fig. 1 presents the annually averaged precipitation produced by a five year
run of the model with specified climatological sea surface temperatures along
with observations of actual precipitation (left hand side). (Year to year stan-
dard deviations of 25% occur in the model in certain regions, so while five years
are sufficient to show the general patterns of rainfall, the exact values miyht
vary somewhat for a longer time average). The distributions are similar, with
both showing relatively little precipitation in desert areas (Sahara, Gobi,
Australian deserts) and off the west coasts of continents (South America, North
America and the southern portion of Africa). Regions of large rainfall occur in
the tropics in the Amazon and African rainforests and in the central Pacific.

The model produces too much rain over the Bay of Bengal and New Guinea, and some-
what more than observed over certain portions of North America. A more detailed

comparison with observations over North America will be presented below.
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In addition to the annuai mean precipitation, Fig. 1 also indicates the
relative variability of precipitation from year to year in the model and in
observations (right hand side). This is an important aspect of the model simu-
lations because it indicates whether the model's natural variability is repre-
sentative of the real variability, and implies something about the sensitivity
of the model to internal climate forcings relative to that of the real world.
As can be seen in the figure, the model's relative variability is similar to
that which is observed both in magnitude and pattern, except for underestimating
the variations that occur in the tropical Pacific and Atlantic. This deviation
is presumably related to the use of specified sea surface temperatures in that
area; in reality there is strong interannual variability in the sea surface tem-
peratures in this region associated with the E1 Nino phenomenon, which occurs
together with large fluctuations in rainfall. Over land, the model appears to
have the proper degree of natural variability.

The control run was extended for 35 years allowing the ocean temperatures
to change in response to thermal forcing, while incorporating inputs or outpufs
of heat into each ocean grid box representative of the influence of ocean cur-
rents. This procedure kept the ocean temperatures at reasonable values, while
allowing them to respond to radiative and other thermal variations. A complete
description of this technique is available in Miller and Russell (1982). The
following comparisons with observations are from the last ten years of this run
unless otherwise stated. Fig. 2 shows the model grid, numbered for reference.

Fig. 3a and 3b show the annual rainfall in the model grids over North
America and the observed rainfall on a much finer scale. This comparison is
meant to emphasize the subgrid-scale variation which exists in the observed
rainfall pattern, which the model cannot directly reproduce. Fig. 3c shows as

estimate of the observation on the model grid scale. Given the inhomogeniety
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Fig. 3a. Observed annual precipitation
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Fig. 3b. Model produced annual precipitation (mm) from years 26-35 of the

control run.
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evident in Fig. 3a the value for a given grid box is probably only accurate to
about 20%. Comparison between these presentations shows that the model produces
realistic rainfall except for the following deficiencies: rainfall is exceesive
in general, by about 50%-100% in the longitude belt centered around 100°W and
110°W stretching from Canada southward to Mexico. In contrast, the grid box
centered in Tennessee (grid box 18) has only one-half the observed rainfall.
Detailed discussion of the reasons for these deficiencies are beyond the scope
of this report; it is believed they are principally related to the larger than
actual water holding capacities of the ground specified in the model.

This emphasizes the necessity to treat the results given below for indivi-
dual grid boxes with extreme caution. As shown in Fig. 1 the model simulation
of precipitation on global and regional scales is quite realistic. The compari-
son in Fig. 3 indicates that in certain regions, and especially in certain grid
boxes, the model does not produce precipitation values in accord with observa-
tions. This introduces a degree of uncertainty into the validity of the changes
produced for any single grid box in climate change experiments. The results for
a given grid box should not be considered to be the expected change for that
particular physical location. The greater the Qeographic scale of the expected
climatic change, the more confidence can be attached to the result.

Fig. 4a and 4b show the annual evaporation in the model over land along with
the "observed" evaporation. It is important to realize that the observations

are deduced from a mathematical formula, which differs somewhat from the formula

used to calculate evaporation in the model; thus the comparison is not as meaning-

ful as was the case for precipitation. Nevertheless, the large-scale patterns

agree with those determined for precipitation, with somewhat excessive evapora-

tion west of the Mississippi River (by about 30%) and a deficit around Tennessee.
Fig. 5 shows the runoff calculated in the model, and observed river runoff.

Again the question of the similarity of the two diagnostics arises and will be

12
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4a. Observed annual evaporation (mm) over North America (Korzoun et al 1977)
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commented upon further in a later report. As shown here the model runoff is
excessive (by a factor of two or more) in the same grid boxes that precipitation
was excessive, while being deficient in the Tennessee area, so the pattern is
qualitatively consistent.

The comparisons presented indicate the extent to which the model repro-

duces the annual average hydrologic cycle. THESE DEFICIENCIES DIRECTLY AFFECT

THE ACCURACY OF ESTIMATES FOR INDIVIDUAL GRIDS AND MUST BE REMEMBERED WHEN EVA-

LUATING THE RESULTS OF THE DOUBLED CO» EXPERIMENT.

Experiment Results

The amount of atmospheric CO2 in the model was doubled and the run was inte-
grated for 35 years, enough time to produce an equilibrium climate. The results
discussed in this section are for a comparison of the last ten years of the ex-
periment with the last ten years of the control run unless otherwise stated.

The doubled CO; world has an annual average surface temperature increase of
4.16°C in this experiment. Over the United States the temperatures rise by 4.2°C
in the eastern part of the country, and 4.9°C in the central and western parts.
There is some seasonal variation to this rise, with the increase in winter being
about 40% larger than the increase in summer. One way to appreciate the magni-
tude of this increase is to consider the maximum temperatures observed on an
average daily basis, and for the month as a whole, for different cities in the
United States during July with the model-predicted doubled COp climate. Fig. 6a
shows the average daily temperature maximum to be expected in degrees Fahrenheit
obtained by adding the model calculated temperature change due to doubled CO2 to
the currently observed value, These values average 5-7°F higher than is current-
ly observed. Fig. 6b shows the monthly maximum temperature which would be

expected; again, the difference is 5-7°F above current expectations,

17
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In the following discussion we will concentrate on the effects of doubling
the CO, on factors related to the hydrologic cycle over North America. A more

complete discussion of the results of this experiment will be published elsewhere.

1. Annual Results: Basic Diagnostics

Fig. 7 shows the change in annually averaged precipitation for grid boxes
over North America. Positive numbers indicate precipitation increase in the
doubled CO, climate compared to the control run. The general pattern shows that
precipitation increased in the north and northwestern portions of the domain,
with variations of alternating sign elsewhere. The numbers in parenthesis at
the bottom of each grid box indicate the percentage change of the annual preci-
pitation relative to the ten years of the control run. Fifteen to twenty per-
cent increases are common in the north and west. An increase in precipitation
on the annual average is characteristic of the doubled CO2 worid, as warmer tem-
peratures lead to greater evaporation of moisture from the ocean. The global
average precipitation increases by 11% when CO2 is doubled.

The change in evaporation, along with the percentage change from the control
are shown in Fig. 8. The change refers to the‘difference in evaporation over the
1and portions of the grid box, while the percentage change relative to the con-
trol run uses evaporation from the grid box as a whole, but it should be repre-
sentative, for those grid boxes which are mostly land. The pattern noted for
precipitation is repeated for evaporation with increases of 15-20% (or more)
occurring over the northern and western portions of the map. On a global basis
evaporation increased by 11% similar, to the rainfall.

Fig. 9 shows the change in runoff over land, a]ong with the percentage change
from the control run. Assuming no change in water storége over the last ten years
this would be equal to the difference between the precipitation and evaporation

changes (Fig. 7 and 8). The vélues shown in Fig. 9 are close to this difference,
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although not exactly equal, indicative of the ground moisture changing somewhat

on the annual average during the period (or perhaps a numerical resolution effect),
The general pattern is one of increased runoff over the northwestern and extreme
southwestern portions of the continent of 20-60%. Some grid boxes in the central
and eastern regions have decreases of 15-20%.

Fig. 10 gives the ground wetness for each grid box, the percentage of soil
moisture in the first layer in the ground relative to the total water holding
capacity of the earth. The control run values (the lower number) were generally
less than 25% of what could potentially be held in the southwest, rising to over
50% in the northeast. In the doubled CO2 experiment, small changes (upper number)
in this quantity occur, with a small reduction over most of the area except for
the extreme northeast.

Fig. 11 shows»the total earth water (and ice) for the ground extending down
to a depth of 4 meters. The change is the top number, and the percentage change
relative to the control run is shown as the bottom number is pérenthesis. The
values in the control run are greatest in the northwest and northeast, and least
in the southwest. The northern and western portions of the continent generally
increase their total water content, by 20-60%, while the southern and eastern
sections generally eXperience some drying. The results shown in Fig. 11 repre-
sent a concise summary of the direct hydrologic changes experienced in the

doubled COz climate for the annual average.

2. Annual Results: Interpretative Diagnostics

To evaluate the increase or decrease of extended dry episodes, a drought
index was formulated. This index is similar to the Palmer drought index except
that it relates current water availability to climatologically expected water

availability, rather than to water use. If P-E is the difference between preci-

pitation and evaporation for a month, P-E the mean difference for the same ten
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Fig. 10. Change in ground wetness between the last ten years of the doubled

CO2 run and the last ten years of the control run, for the annual average. The
top number gives the actual change ( in %), the bottom number in parenthesis
gives the ground wetness (in %) for the control run.
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Fig. 11. Change in total earth water between the last ten years of the doubled

CO2 run and the last ten years of the control run, for the annual average.
The top number indicates the actual change (mm), the bottom number in parenthesis

gives the change in % relative to the control run.
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calendar months in the control run, and S.D. the standard deviation of this dif-

ference from the control run, then the index is:

(P-E) )

P-E) -
(AR

Icurrent = +8%7Iprevious month +

The relationship between the current index and that for the previous month is
the same as that used for the Palmer drought index. Positive values of the
index indicate greater precipitation relative to evaporation than was experi-
enced in the control run, with a deviation of one standard deviation two months
in a row augmenting the index by 1.897. The index is normalized for each grid
box so that the control run has a distribution for each category similar to that
for the Palmer index. Table 1 shows the categories for the Palmer Index, and
the distribution for each category for the control run with the drought index as
defined above. This drought index differs from the Palmer index in that it uses
actual evaporation rather than expected demand as the water loss process.

The difference in the drought index due to doubling C02 is shown in Fig.
12. The results show a tendency for droughts to persist longer, on the annual
average, in the south and east, with sequences of wetter than normal months more
likely in the northwest. Since by definition all grid boxes have distributions
corresponding approximately to that shown in Table 1, a change in the drought in-
.dex of -2 would in the mean shift all categories two divisions to the left, and
increase extreme dryness from 2% to 10% in occurrence. Similarly an increase in
the index of +2 would increase the occurrences of extreme wet periods in the same
fashion. However, tﬁere is no way of telling from the numerical change alone in
what situations the index changed, and thus it is necessary to look at the change
in distribution for any particular grid box. This will be done for specific grid
boxes in the next section., The changes shown in this figure are consistent with

the pattern of effects that has become visible during the course of our review of
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Fig. 12.

CO, run and the last ten years of the control run, for the annual average. A

negative value implies increasing drought frequency; see the text for an
exact definition.



the previous diagnostics.

A diagnostic directly related to the influence of climate on agriculture is

the plant water stress, which is defined by the formula

= TGmax - TGmin
PUS = 1 18 ( tomax = Tsmin L )

where TG is the temperature of the top layer of the ground (10 cm), TS is the
surface air temperature, and max and min refer to the maximum and minimum values

of these two temperatures recorded during the day. The plant water stress is

Table 1
DROUGHT INDEX DROUGHT % OCCURRENCE 1IN
CONTROL RUN

DI < -4.0 ' Extremely Dry 2
-4.0 < DI < -3.0 Severely Dry 6
-3.0 < DI < -2.0 Moderately Dry 10
~2.0 < DI < -1.0 Mildly Dry 15
-1.0 < DI < 1.0 Near Normal 33
1.0 < DI < 2.0 Mildly Wet 15
2.0 < DI < '3.0 Moderately Wet 10
3.0< DI < 4.0 Severely Wet 6
4,0 < DI Extremely Wet 3

thus accumulated daily; if the ground temperature variation is twice that of the
surface air temperature, then 18° accumulate per day. With the ground temperature
exceeding the surface air temperature there can be expected to be a flux of heat
and moisture out of the ground which is assumed to "stress" local vegetation.

In general, plant water stress decreases somewhat from south to north. (It should

be noted that the legitimacy of using this index in a higher C02 world, is ques-

29
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tionable. Higher COp will change stomal behavior in plants, and plant transpira-
tion. Consequently the degree to which plants are stressed will change. The
results given here do not include these effects).

Fig. 13 shows the change of plant water stress and the percentage change in
the experiment relative to the control run, In the experiment the stress in-
creased in both the southern-and northern portions of the region., This of course
is the yearly average result; the changes for different seasons will be discussed
in the next section,

Another element of the climate system which ié of importance to agriculture
is the length of the growing season. This is defined in the model as the dura-
tion between days that the surface air temperature drops below 0°C during August-
January (in the Northern Hemisphere). The change in the growing season, and the
percentage change relative to the control run are shown in Fig. 14. The changes
are quite dramatic and unambiguous -.the growing season increases throughout, by
values approaching 50% in the norfhern grid boxes. This occhs because of the
general warming experienced due to increasing COp, which is apparently much more
pronounced statistically than the precipitation changes, at least on the yearly
average.

One additional factor which might be expected to influence plant growth is
the cloud cover, or equivalently, the amount of sunlight reaching the surface.
The change in this proved to be insignificant. Cloud cover changed by only a
few percent from the range of 30-70% for different grid boxes in the control run.

To summarize the results from this section: the annually averaged hydrolo-
gic cycle increased in intensity over the northwestern portions of the continent,
with greater precipitation, evaporation and runoff. Specific aspects of the hydro-
logic cycle increased also in the northern regions (precipitation, total earth

water, evaporation) and western portions (precipitation, evaporation, runoff).
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The southern and eastern portions of the continent had either mixed changes,
or a tendency towards drying.

The warming associated with doubled COp occurred throughout the continent
and produced a longer growing season everywhere and increased plant water stress

in the northern and southern sections.

3. Monthly vVariation

while the annually averaged results present a picture of the variations on
the continental scale for the climate in general, for many applications it is
necessary to know variations on a monthly basis. In this section we will look
at how various parameters changed monthly in four specific grid boxes: the grid
boxes labeled 9, 16, 17, and 14 in Fig. 2. Grid box 9, which encompasses all or
parts of such states as Idaho, Washington and Oregon experienced the precipitation
increase noted for the northwestern section of the continent in Fig. 7. Grid box
16 includes the major portion of the Colorado River. Grid box 17, which includes
the states of Kansas and Oklahoma, takes in the wheat growing region of the
southern plains. Finally, grid box 14 covers the heavily populated regions of
the northeast, New York and New England.

It is importaht to again emphasize the uncertain nature of climate change
results for an individual grid box. The seasonal variation of changes for pre-
cipitation are shown for the entire country in the next section; the changes which
occur on regional or larger scales are of more certainty than those which vary
from grid box to grid box. The individual grid boxes chosen provide an indication
of the range and character of changes that are likely to occur due to doubled CO2,
and, once again, should not be thought of as necessarily applying to that parti-

cular location.
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Changes in a grid box with increased wetness

Grid box 9, which the control run had about 50% wetter than the observed
values, experienced an overall increase in the hydrologic cycle, as indicated in
the previous section, Fig. 15 shows the monthly variation of precipitation, eva-
poration and runoff as the change from the control run values for each month; an
increase of all three parameters occurs in all months except September and April.
The rainfall and runoff changes are small from July through September when both
parameters are at their minimum in the control run. Thus to some extent the
largest increases occur when the hydrologic cycleAin the control run is largest,
which indicates that the climate change is amplifying an already existing pattern.

Fig. 16 presents the monthly variation of other parameters, related both to
the hydrologic cycle and to vegetation. The total earth water, which is affec-
ted by the difference between evaporation and precipitation, increases except
for the time period August through October, mirrorring with a one month phase
lag the effects noted in Fig. 15. The drought index, def1ned in the previous
section, shows that months with precipitation greater than evaporation, relative
to the control run, occurred more consecutively throughout the year.

The change in the percent occurrence of extreme dry and wet periods for
this grid box, as defiﬁed in Table 1, can be seen in Table 2. In the control
run severe and extreme droughts occurred 12% of the time, while severe and ex-
treme wet periods occurred 8% of the time. In the doubled COp climate, extreme
and severe dryness occurred only 6% of the time, while extreme and,severe wet
periods now occurred 37% of the time. As can be seen from the figure the in-
crease occurred throughout the year, although somewhat less often in summer.

The plant water stress increased throughout the summer months (as did eva-
poration as in Fig. 15) due to the general warming of the ground. The snow

cover decreased by up to 20% in winter or 80% relative to the control run, indi-
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between the doubled CO2 run and the control run as a function of month
for grid box 9.
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Table 2

Extremely Severely Moderately Mildly Near Mildly Moderately Severely Extremely

Dry Dry Dry Dry Normal Wet Wet Wet Wet
Grid Box 9
Control 4 8 13 13 38 8 8 7 1
2'd COp 2 4 9 11 16 9 11 10 27
Grid Box 16
Control 4 4 13 13 26 19 8 8 5
2'd CO02 1 8 12 17 23 19 10 12 0
Grid Box 17
Control 0 0 3 21 37 18 7 11 3
2'd €02 0 2 16 18 40 12 5 5 2
Grid Box 14
Control 0 3 13 10 33 18 6 10 7

2'd C0p 22 13 12 12 20 18 0 2 1
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cating that the warmer temperatures offset the increased wintertime precipita-
tion in their influence on snow cover. These diagnostics emphasize the warmer
and better quality of the climate in this area, with the hydrologic cycle least

affected in late summer and early fall.

Changes in a grid box with autumn dryness

Fig. 17 shows the changes in the hydrologic cycle in grid box 16. In the
control run this grid was much wetter than observed, by about a factor of three,
The seasonal cycle in rainfall change noted for the northwest region continues
here, in amplified form. The small change in April seen in Fig. 15 has expanded
into little change throughout the spring; the slight decrease in September has
expanded into decreases from August through October. This grid box is normally
wettest in the months of November through June, so the decrease in spring rela-
tive to winter and summer change the seasonal cycle somewhat; the dryness in fall
accentuates the prevalent pattern. In fact, the rainfall in September decreases
to only 20% its normal value. Also shown is the evaporation which has a similar,
although not identical, monthly variation. The runoff change therefore tends to
be small, with a slight increase in winter, ahd a slight decrease in fall.

Fig. 18 gives the monthly variation for the changes in diagnostics related
to the hydrologic cycle or vegetation. The earth water increases during the first
half of the year, and decreases during the second half. The first half increases
amount to 10% of the values in the control run, but the decreases exceed 50% in
some months (Sept. and Oct.) and thus, like the rainfall, indicate a substantial
drying of the climate in the fall. The drought index showed there was a tendency
for consecutive dry months to occur in the fall. Reference to Table 2 shows that
dry periods tended to occur 8% of the time in the control run, with very wet periods

13%; in the doubled CO, climate there is little change in these percentages.
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The plant water stress increases throughout all the warm months, associated
with the greater temperatures; and the snow cover decreased in winter, with the
deficit reaching 17% of the grid box area in January which is an 85% decrease
relative to the control run. For the winter as a whole this grid box is covered

with snow only 5% of the time, compared to 15% in the control run.

Changes in a grid box with increased autumn wetness

The changes in the hydrologic cycle that occurred in grid box 17 are shown
in Fig. 19. 1In the control run this grid box had about 50% more rainfall than
observed. The results for this grid are quite different from those discussed
previously, especially for autumn. Large decreases in precipitation occur during
the spring and the first half of summer, with strong increases in late summer and
early fall., The precipitation decreases are on the order of 20% of the control
run values, while the increases are as much as 30%. (Remember that this grid
received about 50% more rainfall on the yearly average in the control run than
is observed). The runoff changes follow a similar pattern, although the percent-
age reduction relative to the control run reaches 50%. The evaporation changes
in a less predictable fashion,

The change of the total earth water is shown in Fig. 20, and emphasizes the
reduction of water except in the fall. The value in late spring has been reduced
by a factor of 33% compared to the control run. The drought index indicates the
tendency for consecutive dry months to occur from March through July. As shown
in Table 2 droughts did not occur at all in the control run in this grid box,
while wet periods occurred 14% of the time. In the doubled CO2 climate droughts
now occur 2% of the time, with wet periods 7%. (These changes are likely within
the noise limit of precipitation variability.)

The plant water stress increases around the equinoxes and decreases in June

and July (along with evaporation, as in Fig. 19). The snow cover area decreases



Pig. 19. As in Fig. 15 for grid box 17.
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by up to 14% in January; for the winter as a whole, this amounted to a 75% reduc-

tion in snow coverage relative to the control run.

Changes in a grid box with increased dryness

The final grid box to be looked at with a monthly resolution is grid box 14.
In the control run its precipitation was close to the observed amounts. The hydro-
logic cycle changes are shown in Fig. 21. In general precipitation decreases
during the last half of the year, with the decrease being most noticeable in early
summer and fall., The decreases in June, October and November amount to 20-30% of
the normal rainfall in the control run for these months. Runoff follows a similar
change; however the reduction in these months reaches 90%, indicating that runoff
has virtually disappeared due to the large precipitation decreases.

Fig. 22 shows the changes in related diagnostics. The earth water is seen
to decrease throughout the year, the result of the annually averaged drying; the
reduction is on the order of 25% of the control run values. The drought index
shows a consistent tendency towards a dryer climate throughout the year. Table
2 shows the change in distribution of dry and wet periods. In the control run
very dry periods occurred 3% of the time,;with very wet periods occurring 17%;
in the doubled CO2 climate dry periods now occur 35% of the time, with wet periods
only 3%. This indicates the dramatic change toward increased dryness experienced
in this grid box. As shown in the accompanying figure this change maximized in
the fall. In a different doubled CO2 experiment run, that used a different repre-
sentation of sea ice (a key factor in climate models), analysis of this region
hydrologically using the Palmer drought index produced similar results, with the
largest effect in the spring. This difference demonstrates that the specific
results for any particular grid box and month are to some extent dependent upon
the unique parameterization representation of a climatic process in the model.
At best, the monthly results can be taken as indicati#e_of overall tendencies for

change, not as reliable predictors.



- Fig. 21. Same as Fig. 15 for grid box 14.
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Fig. 22. Same as Fig. 16 for grid box 14.




The plant water stress increases during the warm season, although the change
in summer is small relative to that seen at the other grid boxes discussed above.
The area covered by snow cover decreases by a small percentage during the winter,

although the change amounts to up to a 50% decrease relative to the control run.

Summary of Changes Over The Year

To summarize the results of this section: a review of the change in the
hydrologic cycle and related diagnostics for four grid boxes for each month in-
dicates that the variation differs from one location to another. Grid box 9
shows a general increase in the hydrologic cycle, with minimum change during late
summer and early fall. Grid box 16 had increased precipitation only near the
solstices, with a drying in fall. Grid box 14 had a generally drier climate,
with maximum precipitation decrease during fall. In contrast, grid box 17 expe-
rienced the southern considerable drying during spring and early summer, with
increased precipitation during late summer and early fall. Thus no general con-
clusion can be drawn about variations in monthly effects on the hydrologic cycle
of doubled COp; each grid must be reviewed separately.

If one combines the extremely and severely dry percentages for the various
grid boxes one can display the results, as in Fig. 22a, of the number of months
in a 30 year period in which there is potential for drought. The results are
shown for the four grid boxes, both for the control run and the doubled CO2 run.
As can be seen, there is potential for substantial increase in a particular grid
box; again, these results should be viewed as indicating the types of changes
possible in the hydrologic cycle, rather than as applying to any particular grid
box. Fig. 22b shows the number of months of severely and extremely wet periods
- there is much variation from grid box to grid box, and the potential for strong

changes from the current climate.
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Several other diagnostics did show common changes, due largely to the increase

in temperature experienced throughout the year. The plant water stress generally
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increased during the warmer months (although even this has to be qualified for
the southern plains region), and snow cover decreased during the winter, by

large percentages relative to the control run.

4. Seasonal Variation

With so much variation occurring from grid box to grid box the question
arises as to what the seasonal pattern of changes looks like for the region as a
whole. We will review this briefly, with reference to the precipitation changes,
which, from the last section, seem to be indicative of the changes seen in other
areas of the hydrologic cycle, especially the earth water. We will show the re-
sults for the four seasons, defined as December through February (winter), March
through May (spring), June through August (summer), and September through November
(fall). This approach does not provide as much detailed information as looking
at the monthly variation, but it does allow patterns to be understood more easily;
it also indicates which grid box changes have larger regional applicability, and
thus more inherent confidence, The presentation will be insensitive to changes
when there are strong differences between early and late parté of a season, (for
example, the rainfa]] variation in grid box 16 during early fall and late fall).
Nevertheless, the structuring provided is worthwhile.

The rainfall changes in percent relative to the control run for the four
seasons are shown in Figs. 23-26. Fig. 23 and 24 show that most grid boxes
showed precipitation increases, or no change, during the winter and spring; a
notable exception is the southern plains region in spring, as discussed above.
The precipitation increases were greatest in the northern and western portions
as was true for the annual average. The southern regions showed little overall
change, although Florida was considerably drier during winter,

in summer (Fig. 25) the north and northwest continued to experience greater
rainfall, and the southeastern region also had much more rainfall. Little change

was experienced in the center of the country. In fall (Fig. 26) substantial de-
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creases in rainfall occur over much of the country, with the northwest being a
major exception. The more detailed review showed that even the Colorado River
grid received less rainfall through part of the fall. The areas which avoided
this loss of precipitation, parts of Canada, Mexico and the northwestern United
States thus experienced increased rainfall throughout the year. It should be
remembered that in all grid cells evaporation increases; therefore it would be
incorrect to assume that increases in precipitation mean greater water availabi-
lity, although decreases can be assumed to mean reduced water availability.

It is beyond the scope of this report to expfore in great detailrthe reasons
for the changes noted above. In general the increased precipitation to the north
is associated with the warmer temperatures; more water can be held by a warmer
atmosphere, and with increased evaporation from the ocean, vapor is transported
northward and condenses at higher latitudes. This same influence is apparently
felt in the northwestern sections, where increased evaporation off the ocean is
advected onto land by the prevai]ing west winds. The precipitation change at any
grid box and in any season, however, results from a complex interaction between
temperature changes in that season, changes in moisture availability due to changes
in atmospheric dynamics and ground water changes (which are affected by what has
happened in preceding ménths), and changes in the atmospheric stability and jet
stream position which are associated with global scale circulation effects (e.g.
Hadley cell reaction, etc.).

Manabe et al. (1981) concluded in an experiment with 4 times the current
CO2 level, that a substantial drying would occur in spring and summer in mid to
upper mid latitudes. The results shown in Figs. 24 and 25 do not indicate this
effect. Although the increase in CO» amount is greater in the Manabe et al.
experiments, the global warming was similar to that reported here. This again
serves to illustrate the uncertain nature of the results for specific areas and

seasons at this stage of global climate modeling.
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II. DIFFERENCE OF PRECIPITATION BETWEEN WARM AND COLD PERIODS IN THIS CENTURY

Purpose

In the previous sections we investigated the changes in the hydrologic
cycle indicated by the model for the doubled CO, climate, and then discussed
some consequences of these changes. The hydrologic cycle was significantly
altered by the global warming (of 4°C) associated with a doubling of COp; the
question addressed here is whether any evidence exists in the historical record
that the hydrological cycle changes as global temperature changes?

This section investigates whether changes in precipitation patterns can be
observed in the United States between periods of prolonged global warming and
cooling. The results of this analysis are useful for two related purposes:

e for testing the hypothesis that global warming will yield significant
changes in the patterns of hydrology

e as a potential benchmark for the pattern of change associated with a small
temperature increase, which will be useful in evaluating the planned tran-

sient experiment discussed in section III.

The results cannot be used to validate or invalidate the doubled CO results
from the GCM experiment reported in Section I, however. That experiment represented
a climate in equilibrium, after a much larger warming, not the transitional changes
in patterns that would lead to the new equilibrium. It is possible, for example,
that a region which would eventually get drier for doubled COp may at first get
wetter as the "typical path" of storms tends to shift eastward as the world warms.
This could lead to the region becoming more in the center of the storm track for
a small CO» change, while later with a larger CO2 change it could be on the

periphery.



Past Research That Is Relevant

The possible influence of global warming on regional precipitation patterns
has been investigated recently by Wigley, et al. (1980), Williams (1980), Pittock
and Salinger (1982), and Jager and Kellogg (1983). Their approach was to compare
the precipitation in the warmest years with the average precipitation (Williams,

and Jager and Kellogg) or with the precipitation of the coldest years (Wigley,
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et al. and Pittock and Salinger). However, as pointed out by Pittock and Salinger,

the use of individual years to represent warm and cold climatological periods is
open to serious question, since a one year transiént response may have quite dif-
ferent characteristic than a warm period of several decades. This suggests that
investigating the changes in precipitation patterns between periods of prolonged
global warming and cooling would be worthwhile.

One other study should be noted. An analysis of long-term averaged data of
temperature and precipitation over tﬁe United States has recently been done by
Diaz and Quayle (1980). Their main interest was in the possible relationship be-
tween changes of temperature and precipitation and the changes in the corre-

sponding variances.

Summary of Results

We find that there is a significant increase in the precipitation during the
warm epoch (defined below) in the eastern half of the United States, particular-
1y in the Southeast. The changes in precipitation in this region have a signi-
ficant correlation with the changes in the global temperature, There are also
precipitation changes in Western Canada and over the basin of the Colorado river.
However the changes -in the latter region have low statistical significance and
thus the relationship between these changes and the global temperature is less

certain.
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Methodology

We had to perform the following tasks:

e determine appropriate cold and warm periods for study based on global
temperature data,

e establish the areal extent over which the temperature and precipitation
trends of a given station can be taken as representative

e combine trends at individual stations to obtain regional trends.

This section reports on the procedures used to accomplish these tasks:

Cold and warm periods. Examination of the global temperature (see Fig. 27)

shows that the coldest period in the past century was 1880 to 1920, while 1940
and 1960 was a warm period. Because of data limitations in station coverage we
choose the period 1900 to 1920 as the cold period, thus yielding comparable sta-
tion coverage in the cold and warm periods. The global temperature difference
between the two periods was about 0.3°C. The number of stations within each
grid box of our medium resolution general circulation model over the U.S.A. are
shown on the Figs. 28 and 29 for the periods 1900-1920 and 1940-1960.

Establishing stations reliability. The difference between the number of

stations in each grid box during these two time intervals is generally small and
the distribution of stations is reasonably uniform. The average number of con-
tinental stations is 4.4 per grid box during the cold period 1900-1920 and 5.3
station per grid box during the warm period 1940-1960.

Correlation of trends at different stations. In order to gain an indica-

tion of how well these station distributions permit analysis of regional preci-
pitation trends, it is necessary to establish the area for which a given station
provides a representative precipitation trend. For this purpose we used the

correlation coefficient between the two sets of time series data, calculating,
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the correlation coefficients between all pairs of stations in a given region.
This was done for the time series of both temperature and precipitation; the
results are shown in Figs. 30 and 31. To simplify the graphical representation,
it is restricted to four grid boxes of our GCM model which include the Colorado
river basin and to stations with separation of 500 km cr less.

The correlation coefficients were calculated for the period 1880-1980 for
temperatures and for the period 1880-1979 for precipitation, with only those pairs
of stations having more than 20 years of overlap included. The dashed lines 1in
the figures connect stations between which the correlation is calculated, with the
symbol in the middle of the line indicating the value of the correlation coefficient,
For example, [] means that the correlation coefficient is between 0.6 and 1. Thus,
[] indicates that we can state with a 99% or better confidence that there is a
linear association between the temperature (or precipitation) trends at the two
stations, with the linear association accounting for between‘36 percent and 100
percent of the variation. The symbol a indicates that the probability for this
association is better than 0.9. In the case of the symbol o the probability of
this association is only better than 0.6, which means that there is a possible
linear relationship between the measurements at two stations, but such can not be
stated with high confidence and the relationship can not account for most of the
variation.

As can be seen in Fig. 30, correlation between the temperature trends of
nearby stations located in the Great Plains is excellent, and even in the Rocky
Mountains this correlation is good. In contrast, as can be seen in Fig. 31,
correlation between the precipitation time series measured at different station
is fair to poor, and this conclusion is the same over plains and over mountains.
The averaging method, described below, takes the poorer correlation for precipi-
tation trends into account by decreasing the area for which a station is assumed

to provide representative coverage.
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Combining station data to obtain regional trends. A method was developed to

use data from stations to extract a mean change of temperature and precipitation
for an arbitrary region. This procedure involves: (1) dividing the region into
a large number of cells, and (2) computing the temperature or precipitation in
each cell as a weighted average of all nearby stations, i.e., stations within a
circle of radius R, defined below. If there are no stations inside this circle
the temperature in the cell is undefined. The weight is taken to be a linear

function of the station distance, i.e.

1-d/R d<R

0 d>R

The radius R defines a region inside of which the temperature or precipitation

js likely to have a trend similar to that measured at the station. The weight
function is similar to the structure function of Gandin (See P. Morel (1973)).
This linear dependence of weightvon station distance was chosen because of its
simplicity and because large scatter of correlation coefficients shown on Fig. 32
does not warrant a more complicated function,

We use correlation coefficients between the time series measured at dif-
ferent stations to estimate the distance R which we assume to be equal to the
distance at which the correlation between these time series is statistically not
significant. The appropriate value for R can be estimated from Fig. 32, which
shows the correlation coefficient for 1000 pairs of stations. The solid line is

an empirical analytic fit to the correlation,

r=1 dV2 —4
-t 718.3 + 0.7 di72

where d is in kilometers. There is significant positive correlation out to

distances of ~500 km for precipitation.
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This is illustrated in another way in Fig. 33, which is based on all the
stations located in the United States. This figure was obtained by dividing
station separations into groups at intervals of 500 km. The resulting histograms
serve as an estimate to the probability density of the correlation coefficients.
These distributions are approximately symmetric. The average value for the
correlation coefficient is indicated by the arrow.

For stations separated by 500 km or less the average correlation is 0.42,
the standard deviation is 0.18, and more than 99% of all the correlation coef-
ficients are positive, For separations between 500 and 1000 km the average corre-
lation is 0.23, the standard deviation is 0.16 and 95% of the stations are posi-
tively correlated. The correlation becomes progressively poorer for the stations
separated by a larger distance.

We choose the radius R = 500 km, on the basis of the above results. This
yields an area coverage of 76% of the cémplete region shown on Fig. 28 for the
cold period (1900-1920) and an area coverage of 80% for the warm period (1940-
1960), i.e., these percentages of the region have at least one station within
the correlation radius R. The coverage of land area is significantly higher, as
illustrated in Figs. 34 and 35 in which circles of the radius R=500 km are drawn
around each station. This choice of the radius is also consistent with the

resolution of our GCM, which has grid box diameters of about 1000 km.

Results
We used the above averaging procedure to compute precipitation trends in
all the grid boxes shown in Fig. 28. The time series in each box was then aver-
aged over the cold and warm periods. The difference between the average values
for warm and'cold periods is plotted in Fig. 36, the units being mm/year.
| Two distinct regions of precipitation change are apparent in Fig. 36. There

js a region of very large increase in precipitation located over the eastern part

67
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of the U.S.A. and over Canada, with two apparent maxima: one over Bermuda and a
second over the southern tip of Hudson Bay, in Canada.

The remaining large region has very little change in precipitation between
the warm and cold periods. Located west of the Mississippi valley, it covers
the region of the Great Plains and Rocky Mountains. Two additional, less signi-
ficant regions of change appear in Fig. 36. One of these, located in the
northeast, shows an increase in precipitation. It could be an extension of the
region of precipitation increase located in the eastern part of the U.S.A. and
connected to it through northern Canada. The second is a region of decreased
precipitation, which is of a particular interest because it includes the

Colorado river basin.

Comparison to results of other researchers

In order to compare our results with those of Diaz and Quayle we computed the
precipitation change between the time periods (1955 - 1977) and (1895 - 1970), which
are their time periods C and A. The results of this computation are shown on Fig. 37,
Their results for precipitation change have a broad similarity with ours. Thus both
results show a precipitation increase in the Southeast and Northwest, and a pre-
cipitation decrease over the remaining part of the western coast. We also show a
precipitation decrease over the Midwest, although our decrease appears to be smaller.
There are however some significant differences between the two results in the
Northeastern part of the United States. Some of these difference are partially
due to the fact that their resolution of 5°x5° is smaller than our resolution of
8°x10°. For instance, instead of their precipitation decrease over the northern
part of Maine and precipitation increase over the New York state, we have a broad
region where the precipitation increase is small and almost constant. The dif-
ference between our results and theirs js further accentuated by differences in

date bases and averaging procedures used by us and by Diaz and Quayle. While we
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use the measurements from individual stations which we then average over the grids

shown on Fig. 28, they use average precipitation for each of the 48 United States

which they then interpolate over their 5°x5° grid.

Statistical significance of our results

To study the statistical significance of the precipitation changes as a
function of global temperature we first isolated the region of significant pre-
cipitation change by applying statistical significance tests to the precipita-
tion changes in individual grid boxes. First, in order to determine the appro-
priate test for the precipitation change between the warm and the cold periods,
we used the F test to find out if the variances of the precipitation time series
in each grid box were the same during the cold and the warm periods. This hypoth-
esis had to be rejected only in three grid boxes at the 90% confidence level.
Therefore we assumed that variances were the same during the warm and cold periods
and applied the appropriate one sided t test to the precipitation time series to
isolate regions of statistically significant precipitation change. The criterion
was set at the 90% confidence level. The four regions with significant precipi-
tation change are shown on Fig. 38.

Next we examined the time series of the precipitation for these four regions,
The time series of precipitation over the eastern United States is particularly
jnteresting. The eleven year running mean (solid line in Fig. 39a) is very sim-
ilar to the global temperature trend as computed by Hansen et al. (1981), i.e.,
jt increases during the period 1910 and 1940, flattens out during the period be-
tween 1940 and 1960 and has maxima in 1940 and 1960. The correlation coefficient
between the eleven year running means of temperature and precipitation is 0.85,
and even if we assume that the time series have only eight data points (i.e. one
point per decade), then the correlation between the precipitation in the eastern
United States and the global temperature is significant at a 99% confidence level.

The precipitation time series in the region of little precipitation change (Fig.
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39b) has negligible correlation with the global temperature trend (correlation
coefficient ~0.1). The precipitation time series of the Northwestern region is
very noisy (Fig. 40a). However it does shows an increase during the period be-
tween 1910 and 1960; the correlation coefficient between the 11 year running means
of global temperature and regional precipitation is 0.6, which is marginal since
this represents a correlation at the 88% confidence level. Finally the precipi-
tation curve over the Colorado basin (Fig. 40b) shows a decreasing long range trend.
It is negatively correlated with the global temperature trend, with correlation
coefficient -0.5. The sense of the correlation is consistent with the slight ten-
dency toward drying in this region with the increased temperatures in the doubled
C02 experiment discussed in the previous section of this report, however, the
correlation is too weak to permit firm comparison.

By comparing our results with those by Wigley et al. (1980) we can see that the
change in the Eastern United States is broader and includes the region of the preci-
pitation increase computed by Wigley et al. on the basis-of individual warm years.
It also appears that their precipitation increase along the West coast of the United
States is a warm year transitory phenomenon not reflected in the climatological mean.

Finally, we note that the precipitation change found in the eastern United
States is quite large. Corresponding to the change of 0.27°C in the global tem-
perature, the precipitation change is 11 cm/yr which represents 10% of the total
precipitation in the region. If the global temperature trend and rainfall changes
are indeed causally connected, the implication may be substantial: note that the
temperature difference between these two periods is small compared to the pro-
Jected warming during the next several decades as a result of CO2 and trace gas
warming. Closer examination of these relationships as the current warming trend
progresses is obviously warranted, as well as comparison of 3-D global climate
model simulations with the observed patterns of precipitation change. The pre-

paration for one such modeling experiment is described -in the next section.
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III. Future Refinements to Climate Models

In the previous two sections we discussed the difference between the
climate in the doubled COo atmosphere and the present climate, and the observed
differences between warm and cold climates in the past century. The results in
some instances seem contradictory. For example, in the slightly warmer histori-
cal climate, the east coast received more rainfall, while in the much warmer
doubled CO, climate, the east coast was drier. As mentioned earlier, however,
these results are not necessarily contradictory -- the doubled CO» experiment
results do not describe the transitional phases of climate, they focus only on
equilibrium conditions after COp has doubled. In order to adequately anticipate
transitional climates and decide upon the appropriate responses it will be
necessary to know how the system will react as the climate warms, with magnitu-
des of warming intermediate between the historical rise and the projected
doubled CO2 equilibrium effect. This requires that GCMs be used for experiments
in which carbon dioxide (and other greenhouse gases) is allowed to increase gra-
dually with time, and the response of the system determined as a function of
time,

The Goddard Institute for Space Studies is in the process of doing its
first “transient" run, in which we start with the climate of 1958 and alter the
atmospheric composition in a continuous manner, It is important to emphasize,
however, that one run with one model will not provide a statistically reliable
solution to this question., Many such rhns with different models will be
required. Furthermore, uncertainties associated with global climate modeling,
particularly of physical processes such as ocean atmosphere coupling (whose
importance is illustrated by E1 Nino events), cloud dynamics, sea ice represen-
tation, and accurate hydrological/biological interactions, all need to be exa-

mined. In addition, as is evident in the presentation so far, model resolution
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would need to be increased if answers are to be provided on a finer spatial
scale. Nevertheless, this first transient run will allow us to begin examining
the evolution of the warming. Simulations with increasingly realistic models
will be possible in the future, if appropriate model development and related
observational studies are carried out.

Use of GCMs holds much promise as a tool for projecting future climatic
change from increases in greenhouse gases. These models, however, are still in
their development stage and require considerable refinement if they are to
achieve their full potential. This chapter highlights critical physical pro-
cesses that need to be better represented if we are to reduce current uncertain-
ties in estimating the responsiveness of the climate system to increases in
greenhouse gases. It also discusses other possible refinements to the models
aimed at providing annual or "transient" changes in climate as greeenhouse gases
increase over time and at improving estimates for individual grids.

Three kinds of uncertainties affect the reliability of output from general
circulation models: how responsive will the climate system be to increases in
greenhouse gases (eg. how much will the temperature rise for a particular
increase in CO2); how will regional climates change; and how will changes occur

over time given specified increases in various greenhouse gases.

Sensitivity of Climate System

The range of estimates from GCM's is quite large. For a doubling of
atmospheric CO; levels, Manabe et al. estimate a 2°C rise, Washington et al.
estimate a 4.2°C rise, and Hansen et al., a rise of 4,1°C. Differences between
the high and low estimates can be attributed to how the GCMs simulate clouds,
and secondarily to initial sea ice conditions.

Cloud behavior is particulariy difficult to model. Existing databases and

theory do not provide an adequate basis for defining their appropriate treat-
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ment. Thus, additional research will be needed to develop a more comprehensive
database and to improve scientific capability to model clouds more reliably.
Until this analysis is completed, large uncertainties will persist in calcu-
lating thermal responsiveness of the climate system to increases in greenhouse
gases.

Improvements will also be needed in knowledge about sea ice and ocean dyna-
mics that could affect such ice. Since sea ice reflects large amounts of
sunlight, changes in it could be important to the total radiation absorbed by

earth, and thus the climate system's responsiveness to perturbation.

Uncertainties Concerning Regional Climates

Regional climates are sensitive to patterns of general circulation. In
particular, sea surface temperature is a key factor influencing the movement of
weather systems. For example, the 1982-3 Nino involved a very large change in
sea surface temperature that caused weather in many parts of the world to follow
highly unusual patterns. The cold weather (for continental U.S.) of 1976 and
1977 was possibly influenced by unusually warm water off the Bering Staights
that may have influenced the polar jet streams to first go north, then dip south.

Global warming on the scale anticipated from increases in greenhouse gases
is likely to alter ocean circulation and thus sea surface temperatures. Current
GCMs generally have very simple oceans, which only passively respond to changes
in heat. Ocean circulation is not ordinarily modeled as a dynamic process.
Thus, GCMs underestimate variations in'sea surface temperature that could alter
weather patterns, failing to adequately predict this vital aspect of the climate
system. Until changes in ocean circulation are modeled so that they respond to
temperature, the regional projections produced by GCMs will be less reliable
than desired. Research must be expanded in this area to collect data that can

be used to incorporate more realistic treatment of the oceans.
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Of less importance, but still of significance, will be improvements in
modeling ground hydrology and the response of plant life to alterations in cli-
mate and to the photosynthetic effects of rising C0p. Both the water holding
capacity of land and the efficiency of water use by plants will be altered by
rising CO» and climate change. Since these are important determinants of
regional climate, this feedback loop needs to be modeled in GCMs. In the long
term GCMs will need representations of these processes or they will not be able

to forecast regional climate change accurately.

Timetrend of Temperature Change

Finally from the perspective of users the most important aspect of climate
change will be the transitions through time, not the "ultimate" climate after
C0p has doubled. Appendix A discusses key parameters used in an initial tran-

sient run underway at the Goddard Institute for Space Studies.



APPENDIX A

ESTIMATING ANNUAL CHANGES IN TEMPERATURES

The Goddard Institute for Space Studies is now in the process of performing
a transient run with its GCM in which the year by year changes in climate are

simulated for past and expected changes in greenhouse gases and aerosols.

Trace Gas and Aerosol Perturbation

In this section we describe the parameterizations developed for the time
evolution of trace gases for the period 1958 to 2030 which will be used in our
transient global climate model experiment. First we consider the parameteriza-
tion for CO» and other trace gases such as Fluorocarbon 11 (F1l1), Fluorocarbon
12 (F12), Methane (CH4) and Nitrous Oxide (N20). Since increase in these gases
is slow compared with their mixing time over the globe, we can take these gases
as being uniformly mixed.

For the CO2 concentration between 1958 and 1980 we use the annually averaged
amount of (02 at Mauna Loa as measured by Keeling et al. (1982). Projection of
the CO2 concentration into the future js extremely uncertain, depending espe-
cially on the postulated growth of energy demand and the availability of dif-
ferent fuels. For these reasons it is worthwhile to consider a range of scenar-

jos, for example, as discussed by Hansen et al. (1981). Table 3 shows the CO2

trends obtained with their ‘fast growth' (~3 percent/year), slow growth (~1172
percent/year) and no growth energy scenarios, as well as the CO2 trend which we
will use in our 3-D transient experiment. The latter was supplied to us by EPA,
being constructed on the basis of a moderate growth of energy use with changes
of the airborne fraction of CO; accounted for on the basis of a simple carbon
cycle model (loc. cit.). This EPA scenario is quite similar to the slow growth

scenario of Hansen et al. (1981).
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Table 3. Different CO» Scenarios

Year EPA Growth Rate
Scenario
Fast Slow NO

1980 339 339 339 339
1990 352 356 354 352
2000 373 384 373 366
2010 396 429 395 378
2020 420 504 422 394
2025 433.75 554 438 401
2030 448 614 453 408
2040 478 753 490 424
2050 513 893 532 440

Minor gases included in our transient run are Fll1, F12, CHg and N»0.
Concentrations of fluorocarbons were obtained using estimates for their release
for the period 1950 to 1980 by the Chemical Manufacturer Association (1981).
The annual release of fluorocarbons during the years 1980-2030 is assumed to be
constant and equal to the average value of their release during the decade
1971-1980, i.e. 283.5 millions of kilograms of F11 per year and 367.5 millions
of kilograms of F12 per year.

The annual release of fluorocarbons for the period prior to 1950 was esti-
mated by assqming this release to be a linear function of time.

Annual release = Ay(years - YR)

Here k=11,12 and stands for fluorocarbon F11 and F12. The proportionality

constants Ay and the years YE , at which the annual release is equal to zero,
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were determined in such a way that the annual release in 1950 and the total
amount released up to 1950 calculated using the expression above were equal to
the values reported in the CMA report. The residence times of fluorocarbons are
not well known, the main sink being the stratosphere. Here we estimate these
residence times ty to be 75 years for F11 and 150 years for F12. Thus, for the
year m the concentration Cg(m) as a function of the annual release Ry(m) is
given by:

m -(m-e)/tg

C(m) = f ] € Rk(e) . (A)

e=1940 '

According to our estimate the annual release for both fluorocarbons during
the year 1940 was zero. The constant fy relates the mixing ratios Cg in ppbv of
fluorocarbons to their annual release Ry (in millions kg/year). These constants
of proportionality were determined by comparing the computed concentrations with
observed globally averaged values of F11 and F12 for the years 1977-1979 as
reported by NOAA (1979) and (1980) in Geophysical Monitoring for Climatic Change
No. 7 and No. 8. Global average concentrations were computed from the results
of measurements of concentrations at five stations. Locations of these stations

and the measured values are summarized in Tables 4 and 5. We assumed the con-
centrations to be zonally uniform and fitted expresssions
5

Cklrse) =] ae sin®} (¢)
e=1

to the data in Table 4. Here ¢ denotes latitude and A longitude. The global
averages are shown in the last column of Table 4. The constants of propor-

tionality fy were obtained by fitting expressions (A) to the data, yielding f)

= 4.6395.10-5 and fy, = 5.3279.10-% ppb/(millions kg/year).
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Table 4. Concentrations of Fluorocarbons (ppbv)

Year Station

BRW NWR MLO SMO SPO _ GLOBAL

Fluorocarbon 11 (CC13F)

1977 0.159 0.155 0.148 0.140 0.139 0.145
1978 0.172 0.168 0.162 0.153 0.154 0.159
1979 0.182 0.175 0.174 0.164 0.175 0.171

Fluorocarbon 12 (CC1,F5)

1977 0.292 0.275 0.270 0.256 0.248 0.262
1978 0.302 0.296 0.291 0.273 0.271 0.282
1979 0.301 0.301 0.296 0.276 0.306 0.290

Table 5. Locations of the Stations

Name Abrev, Longitude | Lattitude
Point Barrow BRW 130.60°W | 70.32°N
Niwot Ridge NWR 105.63°W | 40.05°N
Mauna Loa MLO 155.58°W | 19.53°N
American Samoa SMO 170.56°W | 14.25°S
South Pole SPO 24.80°W | 89,98°S

The corresponding fluorocarbon scenarios are shown in Fig. 41. Scenarios
for Methane and Nitrous Oxide were constructed using estimates of Lacis et al.
(1981). Concentrations for CHa and N0, in 1958, are respectively 1.4 and 0.295
ppmv. Between 1958 and 1970 the concentration of Ny0 remains unchanged while that
for CHg increases by 0.6%/yr. During the decade between 1970 and 1980 concentrations
for CHq and N20 change respectively by 0.96% and 0.2%. Finally, after 1980, we
estimated thé CHg increase to be 1.5% and NoO increase to be 0.3%. The time
variations of CHgq and N20 are shown in Figs. 42 and 43.

Atmospheric aerosols produced by volcanic explosions are shortlived, lasting

no more than a few years. Also the spread of volcanic dust in space is highly
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nonuniform. For instance: dust from volcanoes that erupt in the polar regions
tends to be confined to these regions; also volcano Agung erupted near the
equator, but most of its dust went into the Southern Hemisphere; more recently
the stratospheric aerosols from the volcano El Chichon remained confined for a
long time to a latitudinal belt between the equator and 30°N. Therefore, the
specification of the volcanic aerosol distribution has to be done at least on a
monthly basis and the optical depth has to be a function of position over the
globe. A list of volcanos since 1956 that are thought to have produced substan-

tial aerosol amounts is summarized in Table 6.

Table 6. List of Climatologically Significant Volcanoes

Name Date Latitude Longitude Lambs DVI  Scaling
Factors
X108
Bezymjannaja 3/30/1956 56 .0°N 160.5°E 30 0
Volcanos in Chile 5/20/1960 39-45°S 72.5°W 100 ?
Gunung Agung 3/17/1963 8.5°S 115.5°€ 800 846
Awu 8/12/1966 3.5°N 125.5°E 150 162
Fernandina 6/12/1968 0.5°S 92.0°W 75 123
Fuego 10/18/1974 14.3°N 90.5°W 83
Soufriere 4/17/1979 13.3°N 61.2°W 0
St. Helens 5/18/1980 46 .2°N 122.2°W 0
Alaid 4/27/1981 50.8°N 155.5°E 0
E1 Chichon 4/2/1982 17.3°N 92.8°W ?
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We used our medium resolution 9-layer general circulation model ( Hansen et
al. (1983) ) and our tracer model ( Russell and Lerner (1981) ) to determine the
dispersion of the volcanic dust over the globe for each of these volcanoes.
First, winds for the entire globe and for several years were generated by the
General Circulation Model. Then the same amount of dust from every volcano
shown in Table 6 was injected into the stratosphere of the model at the location
and time indicated in the table, and the tracer model was used to study the dif-
fusion of the volcanic cloud over the globe. Dust entering the troposphere was
assumed to be instantly removed. Therefore the exchange of air parcels between
the stratosphere and troposphere served as a sink for the stratospheric dust.

The main scattering and absorbtion of solar radiation is by sulfuric acid
aerosols, which are produced from gas-to-particle conversion of the gases S02,
H2S, and CSO injected by volcanos. The conversion time in the stratosphere be-
tween these gases and sulfuric acid is estimated to be of the order of six
months. Therefore, in order to take into account thié conversion time, we

multiplied the computed density of the volcanic dust by a function

t/t  t<t

AL I T

where t is the ﬁime elapsed since the eruption and t is assumed to be equal to
six months.

In order to determine the optical depth due to the aerosol injected by each
volcano we used the solar irradiance transmission measured at Mauna Loa for the
period 1958 to 1979 (NOAA 1979). The 1 so obtained contains scattering, due to
Rayleigh aerosol as well as absorption by different atmospheric gases. In order
to isolate the optical depth due to the volcanoes, we used the fact that no
major eruption affecting the atmospheric transmission at Mauna Loa occurred in

the several years prior to Agung. Thus by subtracting the average value for the
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optical depth between the years 1958 and 1963 the effect of scattering due to
all other components of the atmosphere but the volcanic aerosol was removed.
This residual optical depth is plotted in Fig. 44. Eruption dates of the volca-
nos listed in the table are indicated by arrows on the figure. Volcanos in
Chile are located too far to the south of the equator to have a significant
impact at Mauna Loa. However, Agung, Awu, and Fuego are clearly visible.
Although any signal from Fernandina is barely discernable in the noise, it was
introduced in order to represent the slow decrease in optical depth after the
explosion of Awu. The scaling factors between the computed density and the
optical depth to be used in the model run were obtained by imposing the con-
dition that the computed and observed optical depths at Mauna Loa should be
equal.

The tracer model was integrated for 36 months after the Agung eruption at
which point the volcano Awu exp]odéd. The computed optical depth due to Agung
was subtracted from the observation and the computed density due to Awu as well
as the residual observed optical depth were integrated for 22 months, when the
volcano Fernandina exploded. The scale factor for Fernandina was obtained in
the same way as the scale factor for Awu. The optical depth due to the volcano
Fuego was not contaminated by previous eruptions, and thus the scale factor was
simply obtained by integrating the computed and observed ¢ over a period of 32
months. The computed optical depth at Mauna Loa is plotted as a solid line in
Fig. 44. The agreement between observed and computed optical depths for Awu and
Fuego is very good, and the signal from Fernandina is buried in the noise.
However, in ihe case of Agung the observed maximum in the optical depth is
delayed by about a year from the computed maximum. The imprecision in repre-
senting the time dependence of aerosol opacity after Agung may be due to

unrealistic transport by the tracer model; however, the model did result in 20%
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of the aerosol going into the Northern Hemisphere in agreement with obser-
vations. Perhaps the assumed 6-month decay time is inaccurate for an eruption
as large and which penetrated as high as Agung did.

According to M.P. McCormick et al., {(1981) the effect of the exp]osibn of
Soufriere on climate should be negligible, and as estimated by Jager et al.
(1982) the same is true for the two volcanos Mt. St. Helen and Alaid. Thus, the

only volcano to be included since 1974 is El1 Chichon, for which the data just

now are becoming available,

Increasing Qur Confidence in the Result

As noted in the first part of this section, this run will provide only one
estimate of the climate change due to the gradual increase in carbon dioxide and
other trace gases. Much work needs to be done to increase our confidence in the
result. The elements of the climate system that are currently poorly modeled,
or not modeled at all, must be investigated closely, both theoretically and
observationally. The highest priority must be given to understanding the ocean
circulation, and how it may respond to the climate change. This will require a
large increase in observations of the ocean, from both ships and satellites, for
it is impossible to confidently model a system when it is uncertain whether the
model is producing realistic simulations. Programs are already under way to
produce a cloud climatology data set for the same reasons. Understanding of
these and other parts of the geophysical system will depend on increased obser-
vational capability of both the particular aspect and of its interaction with
the atmosphere.

We may expect that firm results about the climate's sensitivity will yield
only to long-term analysis. The results obtained in the above sections, and
those to be produced in the transient experiment, are only a beginning of

attempts to understand and model how climate will change in the years to come.
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