
/-©ml
OAK RIDGE

NATIONAL

LABORATORY

Mj*m-i/si Mj\i*tErrj\

OPERATED BY

MARTIN MARIETTA ENERGY SYSTEMS. INC

FOR THE UNITED STATES

DEPARTMENT OF ENERGY

MARTIN MARIETTA ENERGY SYSTEMS LIBRARIES

3 i4MSb 057b34i4 5

ORNL-6399

NUCLEAR WINTER;

IMPLICATIONSFORCIVIL DEFENSE

C. V. Chester

A. M. Perry
B. F. Hobbs

OAK RIDGE NATIONAL LABORATORY

CENTRAL RESEARCH LIBRARY

CIRCULATION SECTION

4500N ROOM 175

LIBRARY LOAN COPY
DO NOT TRANSFER TO ANOTHER PERSON

If you wish someone else to see this
report, send in name with report and
the library will arrange a loan.

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED



Printed in the United States of America. Available from

National Technical Information Service

U.S. Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161

NTIS price codes—Printed Copy: A09 Microfiche A01

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the U nited StatesGovernment nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency
thereof.



SECURITY CLASSIFICATION OF THIS PAGE
3 4i45b D2?b344 5

REPORT DOCUMENTATION PAGE

la. REPORT SECURITY CLASSIFICATION

Unclassified
2a. SECURITY CLASSIFICATION AUTHORITY

2b. DECLASSIFICATION/DOWNGRADING SCHEDULE

MA.
4. PERFORMING ORGANIZATION REPORT NUMBER(S)

ORNL-6399

6a. NAME OF PERFORMING ORGANIZATION

Oak Ridge National Lab0
6c. ADDRESS {City, State, and ZIPCode)

P. 0. BOX 2008

Oak Ridge, TN 37831-6190

8a. NAME OF FUNDING/SPONSORING
ORGANIZATION

Federal Emergency Mgmt. Agncy
8c. ADDRESS(City, State, and ZIPCode)

500 C Street, SW
Washington, DC 20472

6b OFFICE SYMBOL

(If applicable)

8b. OFFICE SYMBOL
(If applicable)

11 TITLE (Include Security Classification)

Nuclear Winter: Implications forCivil Defense

12. PERSONAL AUTHOR(S)

ChPYtPrj C. V.j Hmhhy

1b. RESTRICTIVE MARKINGS

None
3 DISTRIBUTION/AVAILABILITY OF REPORT

Unlimited

5. MONITORING ORGANIZATION REPORT NUMSER(S)

N/A

7a. NAME OF MONITORING ORGANIZATION

7b ADDRESS (City, State, and ZIP Code)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

Interagency Agreement No. EMW-89-E-1737
10 SOURCE OF FUNDING NUMBERS

PROGRAM
ELEMENT NO.

1737

(4)

PROJECT

NO

TASK
NO.

WORK UNIT
ACCESSION NO

3511D

13a. TYPE OF REPORT

Final

B. F., Perry, A. Mu
13b. TIME COVERED

FROM TO

14. DATE OF REPORT (Year, Month, Day)
May 1988

15. PAGE COUNT

16. SUPPLEMENTARY NOTATION

17.

FIELD

COSATI CODES

GROUP SUB-GROUP

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

Civil Defense, Nuclear Winter, Emergency Planning,
Water Supply, Climatological Disturbance

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

"Nuclear Winter" is the term given to the cooling hypothesized
Hemisphere following a nuclear war as the result of the injecti
cities into the atmosphere. The voluminous literature on this
paper was published in 1983 by Turco, Toon, Ackerman, Pollack,
reviewed. Three-dimensional global circulation models have res
cooling--15 to 25 deg. C. for a summer war and a few degrees fo
may be the possibility of suppression of convective precipitati
profiles in the atmosphere. However, very large uncertainties
the models, and the results of calculations.

to occur in the Northern
on of smoke from burning
subject produced since the
and Sagen (TTAPS) has been
ulted in reduced estimates of
r a winter war. More serious

on by the altered temperature
remain in input parameters,

We believe the state of knowledge about nuclear winter is sufficiently developed to conclude

(contd)

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT

• UNCLASSIFIED/UNLIMITED • SAME AS RPT. D DTIC USERS
22a. NAME OF RESPONSIBLE INDIVIDUAL

21. ABSTRACT SECURITY CLASSIFICATION

22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL

DD FORM 1473,84 MAR 83 APRedition may be used until exhausted.
All other editions are obsolete.

SECURITY CLASSIFICATION OF THIS PAGE



SECURITY CLASSIFICATION OF THIS PAGE

(contd)
19. Abstract

o Neither cold nor drought is likely to be a direct threat to human survival for
populations with the wherewithal to survive normal January temperatures.

o The principal threat from nuclear winter is to food production, and this could
present problems to third parties who are without food reserves.

o Loss of a crop year is neither a new nor an unexpected threat from nuclear war to
the United States and the Soviet Union. Both have at least a year's food reserve
at all times. Both face formidable organizational problems in distributing their
reserves in a war-damaged environment.

The consequences of nuclear winter could be expected to fall more heavily on tire Soviet
Union than the United States due to its higher latitude and less productive agriculture.
This may be especially true if disturbances of rainfall amounts and distribution persist for
more than a year.

SECURITY CLASSIFICATION OF THIS PAGE



Energy Division

ORNL-6399

Dist. Category UC-41

NUCLEAR WINTER: IMPLICATIONS FOR CIVIL DEFENSE

C. V. Chester

A. M. Perry
B. F. Hobbs*

* Case Western Reserve University

Date Published - May 1988

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

Prepared for the
FEDERAL EMERGENCY MANAGEMENT AGENCY

Washington, DC 20472
Interagency Agreement; FEMA No. EMW-84-E-1737
(Work Unit No. 3511D) and DOE No. 1457-1457-Al

Prepared by the
OAK RIDGE NATIONAL LABORATORY

Oak Ridge, Tennessee 37831
operated by

MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the

U.S. DEPARTMENT OF ENERGY

under contract No. DE-AC05-840R21400





CONTENTS

Page

LIST OF FIGURES v

LIST OF TABLES vii

EXECUTIVE SUMMARY ix

ABSTRACT xiii

ACKNOWLEDGMENTS xv

1. INTRODUCTION 1
1.1 Background 1
1.2 Geological Precedents for Biologically

Significant CIimatological Disturbances 2

2. THE CLIMATIC EFFECTS OF NUCLEAR WINTER 5
2.1 Overview 5
2.2 Smoke from Urban Fires 11
2.3 Impacts on Surface Climate 22

2.3.1 Surface Temperature 22
2.3.2 Effects of Reduced Smoke Loadings 26

2.4 Dust Revisited 29
2.5 Precipitation 35
2.6 Hydrologic Effects 39

2.6.1 Introduction 39
2.6.2 Evapotranspiration 41
2.6.3 Groundwater 43
2.6.4 Streamflows 47

3. IMPLICATIONS FOR CIVIL DEFENSE 53

3.1 Shelter 53
3.2 Water 55

3.2.1 Introduction 55
3.2.2 Groundwater 57
3.2.3 Surface Water Supply Scenarios 71
3.2.4 Surface Waters: Vulnerability Assessment .... 81

3.3 Food 102
3.3.1 Effects on Current Crops 102
3.3.2 Food Reserves 102
3.3.3 Seed Production 103
3.3.4 Long-Term Effects 106

iii



CONTENTS (Cont'd)

Page

3.4 Clothing 107
3.5 Energy Requirements 112

4. CONCLUSIONS 115

4.1 Temperature 115
4.2 Precipitation 116
4.3 Uncertainties 117

4.4 Implications 117

5. RECOMMENDATIONS 121

REFERENCES 123

APPENDICES 129
Appendix I Regression Equations for Annual Streamflow .... 131
Appendix II Summary of Aquifer Data Base Used in Water

Supply Analysis 139

TV



LIST OF FIGURES

Figure Page

1 Temperature effects of nuclear war cases 7

2 Zonal average land surface temperature for three
adjacent latitude zones (180 Tg smoke, July War). . . 23

3 Zonal means (land only) of total precipitation for
control July simulation and for days 1-10, 11-20
and 21-30 following a 50 Tg injection of smoke. ... 28

4 Zonal means (land only of total precipitation
for control July simulation and for days 1-10,
11-20 and 21-30 following a 50 Tg injection of
smoke 36

5 Schematic diagram of the hydrologica system of a
drainage basin 40

6 Water Resources Council regions and aggregated
subregions 46

7 Forced ventilation requirements for U.S. shelter
locations 54

8 Aggregated subregions and flow among them 58

9 States in which more than 50% of domestic central
system withdrawals are supplied by groundwater 62

10 States in which groundwater supplies more than 50%
of irrigation water supplies 63

11 States in which more than 50% of total water
withdrawals are supplied by groundwater 64

12 ASRs in which the year 2000 withdrawals by domestic
central systems exceed surface water supply scenarios . 89

13 ASRs in which year 2000 domestic central and
irrigation surface demands exeed the supply scenario. . 90

14 ASRs in which year 2000 surface demands exceed
the surface supply scenario 91



15 Quarterly changes in U.S. grain stocks 1981-85.
Days of food for the U.S. population 104

16 Yield response surfaces for corn in the U.S. and
Argentina 108

17 Yield response surfaces for soybeans in the United
States and Brazil 109

18 Yield response surfaces for spring wheat in the
United States and Canada 110

19 Yield response surfaces for winter wheat in the
United States and the Soviet Union Ill

VI



LIST OF TABLES

Table Page

1 Stocks of combustibles in the developed world
and estimated quantities burned in a nuclear war 14

2 Fuel burned and smoke produced in non-urban fires
a comparison of estimates 20

3 Dust mass and optical effects for various dust
scenarios 33

4 Runoff as a function of temperature and
precipitation 51

5 Groundwater statistics by state 60

6 Potentially vulnerable aquifers 72

7 Surface supply scenario under 50% normal rainfall 79

8 Domestic central, irrigation and total water demands 82

9 Comparison of surface water scenarios and demand
by ASR 92

10 Scenarios of surface water deficits by ASR 96

A-l Estimated equations for annual steam flow 131

A-2 Annual streamflow scenarios resulting from
regression analysis 137

A-3 Summary of aquifer data base used in water supply
analysis 139

vn





EXECUTIVE SUMMARY

In 1983, a study was published on the climatological effects of
injection into the atmosphere of hundreds of million of tons of smoke and
dust by a large nuclear war. This study, entitled "Nuclear Winter:
Global Consequences of Multiple Nuclear Explosions" (nicknamed TTAPS from
the initials of its authors; Turco, Toon, Ackerman, Pollack, and Sagan),
predicted temperature depressions of 40 to 60° for some plausible values
of the input parameters. Some cited these results as proof that nuclear
war is not survivable and, hence, that civil defense is unfeasible.

A lively debate and vigorous research program followed with
participation by atmospheric scientists and climatologists from several
large U.S. laboratories.

A consensus on nuclear winter seems to be emerging. It is generally
believed possible, for some range of heavy attacks directed against
cities, that significant but not lethal climate alteration will ensue for
at least a few weeks. While the TTAPS study has been subjected to severe
criticism, with the aid of hindsight, the study did remarkably well,
considering its limitations as a one-dimensional model of a dry planet.
It identified a real possibility for climate upset for values of the
input parameters subsequently judged to be reasonable. It produced
results within a small factor (2 or 3) of those currently being produced
by three-dimensional global circulation models.

Much of the criticism of the TTAPS study has been justly directed at
the sensational way it was presented to the public and the way selected
results were used in an attempt to achieve political ends. The authors
of this study recognized the limitations of the study and clearly stated
them. Political partisans subsequently ignored these limitations and
caveats and presented results of pessimistic excursions of the
calculations as inexorable reality.

Three-dimensional general circulation models being developed and
used at Los Alamos, the National Center for Atmospheric Research, and
Livermore National Laboratory for a reasonable attack size seem to be
converging on a temperature depression of the order of 15° C averaged
over the temperate regions of the Northern Hemisphere (Schneider &
Thompson 1986). Temperature depressions as large as 25° C are predicted
in the interiors of continents, should the attacks occur in the
summertime. Wintertime wars would produce temperature depressions of
only a few degrees, a critically important result. All the models
suggest the possibility of episodes of freezing temperatures in the
interiors of continents in the mid-to-high latitudes for attacks
occurring in July and April, as well as January. Summertime and
springtime attacks do not produce temperatures colder than those seen in
normal January conditions at the latitude of interest.
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Work at Livermore and Los Alamos has raised the possibility of a
substantial reduction of convective precipitation due to suppression of
convection in the troposphere by heating of smoke in the upper tropo
sphere. This increases the possibility of drought as a major consequence
of climatological disturbance form nuclear war. Ghan et al. (1985)
indicate that suppression of convective precipitation occurs at much
lower levels of smoke loading in the atmosphere than is required for
significant temperature depression. The reduced scavenging of smoke due
to its lofting from solar heating (Malone et al. 1986) suggests that
significant levels of smoke could persist for many months after the
attack. This persistence of smoke increases the possibility that
rainfall disruption, at least disruption of the rainfall patterns, could
occur in the second year after a war.

We have estimated the potential availability of water in the
continental United States during a year-long 50% decrease in precipi
tation, using state and river-basin-level information. We have compared
the availability to annual demands for water from central domestic
systems, irrigated agriculture, and industry to determine whether
sufficient water would be available, first, for potable needs and raising
food and, second, for other economic purposes.

The analysis indicated that water availability for potable require
ments would be more than adequate, in part, because these comprise only a
few percent of total domestic central system use.

Agriculture which is unirrigated (dryland) or irrigated with surface
water would be severely impacted by a drought of the magnitude postulated
here.

Areas that obtain irrigation water from aquifers would be relatively
invulnerable, providing electric power could be maintained or restored.
Should drought conditions persist into a second growing season, cropping
practices might have to be changed in areas with continuing supplies of
groundwater to accommodate high-priority irrigated food crops for human
consumption. If irrigated farmlands were entirely devoted to the raising
of wheat, groundwater supplies alone could be adequate to supply more
than half of the wheat needed to provide a minimum diet for the American
population.

There are still very large uncertainties in the climatological
consequences of nuclear war. Some of these are due to the limits on
resolution of the models used. There is insufficient information ont he
production and optical properties of smoke from combustion of urban
environments.

The irreducible uncertainty is the nature and severity of a nuclear
war. There is no way to predict in advance the size of an attack, the
fraction landing on cities, or the fraction airburst or groundburst.
Even where battle plans are known, the reliability and survival of the
enemies' weapons as well as one's own are not predictable.



We have drawn some implications for civil defense of the possibility
of nuclear winter:

1. Nuclear cold nor drought is likely to be a direct threat to human
survival.

After an attack, a population which has the wherewithal to survive
its local January climate will not be endangered by the cold from a
nuclear winter. For that portion of the population not equipped with
sufficient cold-weather clothing for the local climate, crowding into
shelters and the improvisation of cold-weather clothing are expedient
means of coping.

Supplies of potable water are estimated to be adequate in almost all
areas of the United States even under drought conditions if electric
power can be restored to water pumps.

2. The principal threat from nuclear winter is to agriculture.

There is a high likelihood (in case of a sufficiently severe war) of
heavy losses of agricultural productivity for the crop year in which a
spring or summer nuclear attack occurs. There will likely be episodes of
freezing temperatures in the mid-to-high latitudes in the interiors of
continents during the summer growing season. In addition, there is a
likelihood that rainfall will be disrupted—either suppressed
significantly or substantially altered in pattern.

3. Nuclear winter does not present an entirely new threat from nuclear
war to the United States or the Soviet Union.

Both countries could reasonably expect to lose agricultural
productivity in a springtime or summertime war due to fallout either
killing the early crops by radiation or keeping the farmers out of the
fields when they should be conducting time-sensitive operations. Both
countries are believed to have at least a year's supply of grain in
storage at all times. In the United States, grain stored on farms and
grain held in distribution centers make up this reserve. The Soviet
Union has long provided for heavily protected state grain reserves.

The possibility exists for reduced agricultural production in the
second year (i.e. 12 to 14 months after a July attack) due to the
disturbance of rainfall patterns. Severe loss of production in a second
crop year i.e., to much less than 70 million tons of grain (from a prewar
production of 350 million tons) would present a problem not presently
considered in any civil defense studies that we have seen. We consider
this unlikely, and in any case this probably poses less threat to the
United States than to the Soviet Union even with a damaged agricultural
economy, given the larger normal production and better rainfall
distribution in the United States.
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4. The consequences of nuclear winter would fall more heavily on the
Soviet Union.

The Soviet Union is at a higher latitude than the United States and
occupies a larger continent. It could be expected to see more severe
temperature reductions. Under normal peacetime conditions the Soviet
Union has difficulty in meeting its agricultural production targets due
to marginal climate and managerial deficiencies.

Recommendations

We offer the following recommendations to deal directly with the
potential effects of a nuclear winter. Note that these measures are
needed in any case to deal with the potential effects of nuclear war even
without climatological effects.

1. In a severe nuclear crisis, potential evacuees should be
reminded to take their winter clothing with them when they go to nearby
shelters or evacuate the area. Nuclear winter (or autumn) may or may not
come, but January surely will. With unheated houses and no automobiles,
people with no warm clothing will be forced to huddle in shelters,
severely limiting their ability to carry out critical survival and
recovery tasks.

2. Encourage families who can afford it to maintain a 30-day to a
1-year supply of stored food. Not everyone will have the resources to do
it, but those who can will reduce the load on governmental emergency food
organization.

3. Support agricultural policies that result in large amounts of
grain in storage. Encouragement of large export activities in grain and
especially grain-fed meat is one way to accomplish this. A large
domestic production of grain-fed meat for the domestic market is also
helpful.

4. Assure EMP-protected backup electric power for water supplies.
Highest priority should be for underground potable water supplies in host
areas. Plans should be developed for restoring power to drought-
resistant irrigation-water supplies.
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NUCLEAR WINTER: IMPLICATIONS FOR CIVIL DEFENSE

C. V. Chester

A. M. Perry
B. F. Hobbs*

ABSTRACT

"Nuclear Winter" is the term given to the cooling hypothesized to
occur in the Northern Hemisphere following a nuclear war as the result of
the injection of smoke from burning cities into the atmosphere. The
voluminous literature on this subject produced since the paper was
published in 1983 by Turco, Toon, Ackerman, Pollack, and Sagen (TTAPS)
has been reviewed. Three-dimensional global circulation models have
resulted in reduced estimates of cooling--15 to 25°C for a summer war and
a few degrees for a winter war. More serious may be the possibility of
suppression of convective precipitation by the altered temperature
profiles in the atmosphere. However, very large uncertainties remain in
input parameters, the models, and the results of calculations.

We believe the state of knowledge about nuclear winter is suf
ficiently developed to conclude:

o Neither cold nor drought is likely to be a direct threat to human
survival for populations with the wherewithal to survive normal
January temperatures.

o The principal threat from nuclear winter is to food production, and
this could present problems to third parties who are without food
reserves.

o Loss of a crop year is neither a new nor an unexpected threat from
nuclear war to the United States and the Soviet Union. Both have at
least a year's food reserve at all times. Both face formidable
organizational problems in distributing their reserves in a war
-damaged environment.

The consequences of nuclear winter could be expected to fall more
heavily on the Soviet Union than the United States due to its higher
latitude and less productive agriculture. This may be especially true if
disturbances of rainfall amounts and distribution persist for more than a
year.

Case Western Reserve University.
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1. INTRODUCTION

The purpose of this study was to determine if present U.S. civil

defense plans are consistent with the best estimates of the possibility

of a climatological upset induced by nuclear war (Nuclear Winter). The

study was prompted by the paper by Turco, Toon, Ackerman, Pollack, and

Sagan, (TTAPS) published in Science in 1983 (Turco et al, 1983b; also

referred to as the "TTAPS" paper). That paper, and its predictions of

very low temperatures following a nuclear war, received wide publicity.

Temperatures as low as -50°C, which were calculated for some pessimistic

combinations of input assumptions called into question even the possibil

ity of any effective civil defense measures.

1.1 BACKGROUND

The TTAPS paper stimulated a great deal of development of numerical

modeling of the behavior of the atmosphere under the perturbations

expected to follow a nuclear war. The three-dimensional global

circulation models that were developed since the TTAPS paper took into

account ameliorating effects such as the heat capacity of the oceans and

the effects of the seasons and indicated much smaller temperature

depressions. These models also identified effects that may complicate

recovery, such as the suppression of convective precipitation and the

persistence of the effects caused by lofting of smoke into the

stratosphere by solar heating.

We think a case can be made for the position that, given present

understanding of the atmospheric effects of nuclear war, these effects

present no qualitatively new or unsurmountable obstacles to survival by

the combatants, who have ample difficulties from the prompt effects and

fallout from nuclear weapons. What is new about nuclear winter, and

supported by improved calculations, is the impact, at least in the

Northern Hemisphere, of climatological effects, especially on



agriculture, on nations not directly involved in nuclear combat. Those

without food reserves could face the possibility of famine. The

recommendations made for U.S. civil defense could be helpful to any

nation once it has a food reserve.

1.2 GEOLOGICAL PRECEDENTS FOR BIOLOGICALLY SIGNIFICANT CLIMATOLOGICAL
DISTURBANCES

Present human experience is so accustomed to a stable, though

annually cyclic, climate that the concept of a climate catastrophe is

counterintuitive, and regarded with great skepticism by most people. We

have found it helpful to review what is now known about past climate

catastrophes to get a feel for the magnitudes and causes of these events.

In the last several years geophysicists and paleontologists have

discovered evidence of catastrophic atmospheric events which

significantly impacted plants and animals on earth. Lamarche and

Hirschboeck (1984) have found evidence of a correlation between major

volcanic eruptions and late spring and early fall frosts leaving annual

ring damage on bristlecone pines extending backward in time for over four

millennia. It is believed by many that the extremely cold summer in New

England in 1816 was caused by the eruption of the volcano Tambora in

Indonesia (Stommel and Stommel, 1979). It is believed that this eruption

introduced enough fine dust particles and aerosol of sulphuric acid into

the stratosphere to reduce sufficiently the sunlight reaching the surface

of the earth to produce the observed cooling. Stothers (1984) reports on

the densest and most persistent dry fog on record in AD 536 and relates

it to the explosion of Rabaul, a volcano on the island of New Britain off

New Guinea. It is believed to have caused major crop failures in

Mesopotamia that year. From information in the historical record,

Stothers was able to estimate an atmospheric turbidity optical depth of

2.2 for that fog. This would result in the reduction by a factor of 10

of unscattered solar energy at the surface.



Perhaps the most spectacular climate catastrophe which is believed

to have taken place was that at the end of the cretaceous era, about 65

million years ago. In this occurrence, it is estimated that approxi

mately 85% of the species extant on earth at that time disappeared. This

included all land animals with a body mass greater than 15 kilograms,

which included most of the dinosaurs. Based on the discovery of the

layer of clay with an abnormally high iridium content in the geological

strata corresponding to that date, it has been postulated by Luis Alvarez

et al. (1980) that the species extinction and the abnormal clay

composition were due to the same event--the impact of a stony meteorite

approximately 10 kilometers in diameter. In a separate paper four of the

TTAPS authors have applied their computational model to the asteroid

impact (Pollack et al., 1983). They estimated temperature depressions

comparable to those they calculated for a large-scale nuclear war. They

also calculate recovery of temperature to nearly normal levels by the end

of the year.

The asteroid would have kinetic energy approximately 10,000 times

the total energy released in a 5000 megaton nuclear war. It is

estimated that the asteroid actually produced worldwide dust with about

5000 times the mass postulated for the smoke production in a nuclear war.

The cretaceous-tertiary (KT) event is important in that it provides

evidence that cataclysms with some similarities to nuclear war can cause

severe environmental effects destructive to life but not so severe that

all life is destroyed. This latter point is important because the KT

event was approximately four orders of magnitude more severe than a large

nuclear war.

It must be noted that the KT species extinction even if related to

the asteroid impact does not confirm the cooling effect calculated for

nuclear winter. The observed species extinction could have been caused

by the interruption of photosynthesis at any temperature.





2. THE CLIMATIC EFFECTS OF NUCLEAR WAR

2.1 OVERVIEW

Ideas and perceptions concerning the possible climatic effects of

nuclear war have undergone an interesting evolution over the past dozen

years. Early interest focused on the effects of large quantities of dust

that would be injected into the atmosphere by surface or near-surface

explosions (NRC, 1975). Then Crutzen and Birks (1982) postulated that

very large quantities of smoke could arise from fires ignited by nuclear

explosions and that this smoke could have significant short-term effects

on climate. They concentrated mainly on forest fires, estimating that

something like 10^ km^ of forested area could be ignited, producing some
200-400 Tg of smoke which they estimated could reduce the intensity of

sunlight reaching the earth's surface at noon by a factor as little as 2

or as large as 150. Crutzen and Birks (1982) also considered smoke from

urban and industrial fires, but they lacked quantitative information on

which to base estimates of the amount of smoke to be expected.

Nevertheless, it was clear that the quantities of smoke, even if spread

over a major part of the Northern Hemisphere, could be sufficient to

prevent much of the incident sunlight from reaching the surface.

Turco et al. (1983a, 1983b) were the first to attempt a quantitative

estimate of the temperature effects of the smoke and dust arising from a

major nuclear exchange. They included estimates of the amounts of smoke

that might be expected from urban and industrial fires, primarily arising

from air bursts over or near cities. Turco et al. (1983b) obtained much

lower estimates than Crutzen and Birks (1982) for the amount of smoke

from forest fires, but this was offset by the smoke from urban fires

which, in addition, is expected to be much blacker than smoke from forest

fires and hence to absorb sunlight more effectively. Turco et al.

(1983b) also estimated that dust would probably contribute much less to

surface cooling than the smoke would. Although the relative importance

of smoke and dust depends on the details of the assumed nuclear war



scenarios (e.g., counterforce vs countervalue attacks), subsequent

studies have confirmed the dominance of smoke in determining the climatic

effects during the first few months after a nuclear war (NRC, 1985;

Pittock et al., 1986). Thus, most recent analyses have focused on the

climatic effects of smoke and neglected those of dust (e.g., Ghan et al.,

1985; Malone et al., 1986). However, we shall return to the question of

the potential role of dust in a later section.

While the results presented by Turco et al. (1983b) are well known,

it is worthwhile to review them briefly because, along with Sagan's

article in Foreign Affairs (Sagan, 1983) and some related activities,

they stimulated a strong response and triggered intensive studies by

several atmospheric modeling groups and others. The central finding of

Turco et al. (1983) was of course the substantial reduction in surface

temperatures that was calculated to result from the pall of smoke and

dust (Fig. 1). For their baseline case, Turco et al. (1983b) found a

temperature reduction of 36°C which, starting at an annual average

temperature of 13°C, produced a minimum temperature of -23°C (250 K,

-9°F). Below-freezing temperatures persisted for approximately 100 days

and the surface temperature remained significantly below normal for more

than a year. While the short-term effects, including the temperature

minimum, are governed mainly by the smoke, the longer-term recovery

period, up to a year or more, is dominated by the dust. According to

this model, the smoke, assumed to be confined primarily to the

troposphere, is removed from the atmosphere much more rapidly than the

dust, most of which is assumed to be injected directly into the

stratosphere where it would normally have a residence time in excess of a

year. However, as will be discussed below, this model cannot take into

account atmospheric perturbations induced by the aerosols, which will

cause much more rapid exchanges of air between the troposphere and the

lower stratosphere than is normally the case. Thus, the assumptions

regarding the removal of dust from the "stratosphere" are at least open

to question.
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The potential climatic impact of a very large nuclear exchange was

especially dramatized by several "severe" or "worst-case" scenarios, in

which deliberately extreme assumptions were made regarding the number of

detonations and the resulting quantities of smoke and dust, as well as

their optical properties. These showed temperature reductions of as much

as 60°C, with minimum temperatures close to -50°C and with subfreezing

temperatures persisting for a year. While the baseline case was domi

nated by smoke, at least for the first few months, the extreme cases (as
will be discussed below) were strongly influenced by dust.

There were several important difficulties with these calculations,

st of which were pointed out by the authors themselves (Turco et al.,
1983b). First of all, the calculations were performed with a one-

dimensional radiation-convection model which cannot allow for the effects

of large-scale atmospheric circulation. In particular, the moderating
effect of the oceans (which cool very slowly, because of their enormous

heat capacity and internal mixing) is not reflected in the figures given
above. Turco et al. (1983b) estimated that those figures should be

reduced by one-third for continental interiors and by two-thirds or more
for areas closer to an ocean. Nevertheless, it was the unadjusted
figures which attracted so much attention and which dominated most

discussions of these results. That the magnitude of the cooling is
greatly reduced by heat transport from the oceans has been amply
confirmed by a number of subsequent simulations using three-dimensional
general circulation models (GCMs) (to be discussed below). On the other
hand, the GCM simulations have also made it clear that average

temperatures, whether averaged over a time period of several days near
the temperature minimum or over very large land masses (e.g., all land
areas between 30° and 70° north latitude) or both, do not adequately
disclose the full potential impact of smoke from a nuclear war. Much

larger than average temperature reductions can occur for a few days at a
time over large areas of the mid-latitude continents, especially in the
continental interiors.

mosi



Another frequent objection to the calculations of Turco et al.
(1983b) was that removal of smoke from the atmosphere was not well
represented. Two points are at issue. The first relates to prompt
removal of smoke from fire plumes by precipitation induced by the strong

convective currents caused by the fires themselves. The second relates

to the longer-term removal of smoke and dust from the atmosphere. With
regard to the first point (prompt removal), the matter still remains
quite unclear, despite a number of very detailed discussions of the topic
(see for example, Chapter 3 of Pittock et al., 1986). Most authors have
concluded that probably not more than half of the smoke initially present
in the plume would be removed before being dispersed into the background
atmosphere. Turco et al. (1983b) assumed that 50% would be removed and
in this respect their work has not been seriously challenged.

With respect to longer-term smoke removal, the one-dimensional
radiation-convection model could not allow for the very large

perturbations in the atmosphere that would be caused by the aerosols.
Again, two points are at issue. The first is the suppression of
precipitation which is primarily responsible for the removal of fine
aerosols from the normal atmosphere. The second relates to the lofting

of smoke due to intense heating of the aerosols and the air masses in

which they reside. With regard to the first point, Turco et al. (1983b)
assumed scavenging rates for the aerosols as a function of altitude that
were appropriate for the normal atmosphere. With surface cooling under
the smoke layer and with the development of a temperature inversion up to
some altitude (determined by the amount and vertical distribution of the
smoke), convective activity in the lower atmosphere largely ceases and
precipitation may be greatly reduced (see Ghan et al., 1985; Malone et
al., 1986). Thus, the residence time of the aerosols in the atmosphere
may be substantially increased. With respect to the lofting of smoke
(recognized by Turco et al., 1983a, but not included in their model) some
recent GCM simulations have incorporated the interactive transport of

smoke (i.e., the aerosols are carried by air masses whose motions are
themselves strongly influenced by the presence of the aerosols).
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(Thompson, 1985; Ghan et al., 1985; Malone et al., 1986; Thompson and

Schneider, 1986; Thompson et al., 1987). These simulations confirm that

smoke, even if injected at low altitudes, may be lofted to altitudes well

above the remaining precipitation and may remain in the atmosphere much

longer than would otherwise be the case. It should be noted, however,

that in those simulations with interactive parameterizations of

precipitation and of aerosol removal processes (Ghan et al., 1985; Malone

et al., 1986; Thompson and Schneider, 1986; Thompson et al., 1987), a

significant fraction of the aerosol is removed during the first few days

of the simulations, and the longer residence times due to lofting and
reduced precipitation apply to the remaining fraction. The early removal
rates (during the first few days) are more nearly those of the normal

atmosphere. Therefore, although the smaller aerosol removal rates

applicable at later times in the simulation may delay the recovery to
normal temperature, they should have less effect on the minimum

temperatures reached, which typically occur about a week after the

nuclear exchange. It may be noted in this regard that the surface

temperatures calculated by Turco et al. (1983b) dropped much more slowly
than this, because in their model the surface temperature is tied to that

of the lowest layer of the atmosphere, where the heat capacity of this
layer delays the cooling. In most of the other simulations, the
temperature of the surface, which is assumed to have zero heat capacity,
is calculated separately from that of the lowest atmospheric layer and
can therefore decrease much more quickly following interruption of the
incident solar flux--much more like the rapid cooling that can occur at
night after sundown.

Another consequence of the use of the one-dimensional radiation-

convection model by Turco et al. (1983b) was the inability to deal with
irregularities, or "patchiness," of the aerosol distributions. The

assumption of instantaneous spread of the smoke and dust uniformly over
the entire Northern Hemisphere is clearly a rough approximation of what
would actually occur, especially during the first several days after
their injection into the atmosphere from several thousand discrete
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sources. However, recent simulations with three-dimensional GCMs,

modified to include interactive transport of the aerosols, have shed some

light on the subject. For example, Malone et al. (1986) found a more

uniform distribution a few days after injection for the interactive smoke

than for a passive tracer.

In the passive tracer case, the geographical variability and

episodic nature of precipitation continued to produce open areas in the

tracer distribution. An appreciable part of the interactive smoke,

however, was soon lofted to higher altitudes where it was both above the

precipitation and rapidly distributed by strong zonal winds in the middle

atmosphere. The result is a roughly zonally-symmetric smoke distribution

with much stronger gradients in the north-south direction than in the

east-west direction and relatively free of holes. This occurs within the

first two or three weeks following injection, notwithstanding the fact

that the initial smoke sources were concentrated in selected portions of

the North American and Eurasian land masses. These results would suggest

that the distinction between a hypothetical uniform distribution and a

more irregular distribution, perhaps with some completely open areas

(which of course would move about), is probably not a very urgent issue.

There remains of course the difficult question of mesoscale

circulations (on a horizontal scale of a few tens of kilometers) which

cannot be resolved by most current GCMs.

2.2 SMOKE FROM URBAN FIRES

Estimates of the amount of material that might be burned in urban

fires following a nuclear exchange are still very unreliable. Two

different approaches have been used to obtain such estimates. The first

proceeds from the total yield of weapons assumed to be detonated over

cities and has no explicit upper bound on the total amount of fuel

available. The second proceeds from an inventory of the total amount of
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fuel at risk and has no explicit dependence on the total yield of weapons

that might be required to ignite the fuel.

In the first approach, used by Turco et al. (1983a,b) and by the

National Academy of Sciences (NRC, 1985), the amount of fuel burned is

estimated with the formula

M = 10"3 YAmf , (1)
where Y is the total yield of nuclear weapons exploded over cities (MT,

megatons), A is the area burned per unit of weapon yield (km2/MT), m is
the average areal density of combustible material ("fuel," kg/m2), and f
is the fraction of the fuel in area A that is actually burned. M is the

total mass of burned fuel in Tg (1 Tg = 1012g). The factor 10"3 converts
kg/m2 to Tg/km2. The area A is calculated from the expression A=A-jgS,
where A-j is an initial ignition area, S is a factor greater than one to

allow for fire spread, and g is a factor less than one to allow for

overlap of areas affectedby multiple bursts. Turco et al. (1983a,b) and

NRC (1985) both assume that the area A^ is the area in which the thermal

pulse from the fireball exceeds about 20 cal/cm2, which they both take to
be 250 km2/MT, roughly independent of weapon yield. They take g =S= 1;
that is, both spreading and overlap, which would tend to cancel each

other, are neglected.* Turco et al. (1983b) estimate that m = 33.5 kg/m2
(an average of 100 kg/m2 over 5% of the urban area and 30 kg/ m2 over 95%
of the area). They assume f = 0.567, thus obtaining M/Y = 4.75 Tg of
fuel burned per megaton of weapon yield. Assuming 1000 MT detonated over

cities, they arrive at 4750 Tg of fuel consumed in urban fires.

NRC (1985), in the baseline case, also assumes A = 250 km2/MT. They
estimate that m=40 kg/m2, as a suitable average, and f= 0.75, leading
to a value M/Y = 7.5 Tg of fuel burned per megaton. Thus, NRC (1985)

* NRC (1985) actually assumed that g = 2/3 and applied this factor to a
total weapon yield of 1500 MT (in their baseline scenario), obtaining an
effective yield of 1000 Mt for airbursts over cities (i.e., the same as
Turco et al. 1983).
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estimates that 7500 Tg of combustible materials would be consumed in

urban fires. This total is assumed to comprise 5000 Tg of wood and wood

products, 1500 Tg of liquid fuels, and 1000 Tg of polymers (plastic,
paints, resins, fibers). This breakdown is important because the last
two categories of fuels produce much more smoke and much blacker smoke

per unit of fuel burned.

The two principal difficulties with this approach are (1) the

problem of determining appropriate average values for the factors in Eq.
1, and (2) the related problem that for large total yield, Y, the

estimated amount of fuel burned may exceed the total amount available.

Penner (1986) argues that the average areal loadings used by Turco et al.
(1983b) and by NRC (1985) (30-40 kg/m2) are in fact much too large to be
representative for the large areas assumed to be burned. Penner's
conclusions are based in part on a study by Reitter et al. (1985) in

which models for fire ignition and spreading, developed for U.S. Civil

Defense programs, were used to calculate fire-affected areas and

quantities of fuel burned for two cities (Detroit and San Jose) for which
fairly detailed descriptions of quantities and distributions of fuel were

available.

Results were obtained for 1-MT and 0.5-MT bursts located at various

points over the two cities. Notwithstanding the presence of small areas
of very high fuel densities (e.g., downtown areas up to 200 kg/m2 and
industrial areas up to 100 kg/m2), the average fuel densities over the
areas burned were significantly lower than the 30-40 kg/m2 assumed by
Turco et al. (1983) and NRC (1985). However, the areas burned were

larger than 250 km2/MT, both because of fire spread and because of
initial ignition outside the 20 cal/cm2 contour. Thus, at least in the
case of Detroit, the total fuel burned, as estimated by Reitter et al.

(1985), was in some cases substantially larger than the 5-7 Tg/MT
obtained by Turco et al. and by NRC. For San Jose, however, with a very

different fuel distribution and with less total fuel at risk, the

quantities burned per megaton were much less (i.e., around 1-2 Tg/MT).
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The study did not include cases with smaller weapons (e.g., 100 kT)

which could increase the ratio for Tg burned/MT.

It is not possible to extrapolate from these two case studies to

obtain reliable averages for the 1000 or more largest cities in the

NATO/Warsaw Pact countries. Even for those two cases, large

uncertainties remain, owing to uncertainties in the data for each city,

simplifications present in even the best fire models, and the models'

sensitivity to conditions (e.g., wind velocity) that cannot be predicted

in advance.

It is appropriate, therefore, to try to check results obtained with

the first approach (Eq. 1) by trying to estimate the total inventory of

combustible materials in areas at risk and then to estimate the fraction

of this fuel that might actually be consumed in a nuclear war (Penner,

1986). Crutzen et al. (1984), whose estimates are presented in greater

detail in Pittock et al. (1986), adopted this approach. Accumulated

stocks were estimated by multiplying annual production rates by estimated

average lifetimes for various classes of materials. Separate conside

ration was given to wood and wood products, pulp and paper products,

plastics, paints and resins, synthetic fibers, asphalt and related

roofing materials, and liquid fuels. Estimated inventories of com

bustible materials, grouped according to smoke characteristics, are
presented in Table 1.

Table 1. Stocks of combustibles in the developed world
and estimated quantities burned in a nuclear war

Total stocks Quantity Burned
(Tg) Tg Fraction

Wood & Crutzen
wood et al. (1984) 12500 2000 1/6
products Pittock

et al. (1986) 15000 2000 1/8

Petroleum

& derived Crutzen et al. ~3000 700 1/4
products Pittock et al. 2500-3000 700 1/4- 1/3
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Bing (1985), as cited in Penner (1986), estimated stocks of com

bustibles in another way (i.e., by extrapolating from detailed surveys

for several U.S. cities). As presented by Penner (1986), Bing estimates

total stocks in NATO and Warsaw Pact countries to be 6444 Tg for wood and

wood products and 1333 Tg of petroleum and derived products, of which 480

Tg are primary oil stocks, 100 Tg are secondary oil stocks (held by

distributors and consumers), and 753 Tg are polymeric materials.

Assuming, as Penner (1986) does, that 25% of this material might

burn (in active, flaming combustion), the quantities burned would be

about 1600 Tg of wood and wood products and about 330 Tg of oil and oil

products. The latter quantity is much less than the 700 Tg estimated by

Crutzen et al. (1984), although if a much larger fraction of the oil

stocks were burned, the total for oil and oil-derived products would

approach that figure. In either case, as will be shown below, the oil

and oil products will probably dominate the total production of smoke in

urban fires because of their much greater yield of elemental carbon in

smoke per unit of fuel consumed.

As Penner (1986) points out, the 25% fraction of total fuel

inventory assumed to be burned might come about by assuming that some

two-thirds of that total could be in cities that might come under attack

and that 80% of this fuel at risk would burn, half of it in active,

flaming combustion and half in smoldering combustion which produces very

little soot. This 25% is within the range found by Reitter et al. (1985)

for Detroit and for San Jose, using Civil Defense fire-spread models.

But it implies that a large part of all the larger cities in the NATO and

Warsaw Pact countries would be attacked and would burn. It may be noted

that two-thirds of the population of the United States live in some 240

metropolitan areas having populations of 100,000 or greater. (Rand

McNally, 1986). However, these metropolitan areas, in addition to their

core cities, typically include many smaller satellite communities and

intermingled rural areas; that is, one cannot conclude that two-thirds of
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the total inventory of combustible materials is concentrated in

continuous, high density, urban areas that would be vulnerable to fire

spread. In short, even 25%, though not excluded as a possibility, seems

like an improbably high fraction of the whole stock of combustibles to be

burned in a nuclear war. If the inventory estimates cited above are

roughly correct, it appears that 5000-7500 Tg must be regarded as a high

estimate of urban fuels burned.

This does not necessarily mean, however, that previous estimates

of total smoke production, or, more specifically, of the elemental carbon

content of smoke produced by urban fires, were much too high. Since oil

and oil-derived products produce more and blacker smoke than do wood and

wood products, these increasingly important materials may largely

determine the absorption optical depth of smoke from urban fires

following a nuclear attack.

Crutzen et al. (1984) (see also Pittock et al., 1986) reviewed

data from nearly two dozen sources regarding smoke and elemental carbon

emissions from fires. They concluded that for cellulosic materials a

smoke emission factor of 0.015 g smoke/g of fuel and an elemental carbon

(EC) fraction of 33% may be appropriate, giving 5 g of EC per kg of fuel

burned. For liquid fuels and synthetic polymers, they selected a

representative value of 0.07 for the smoke emission factor, with an EC

content of 70% giving 50 g of EC per kg of fuel burned. On the other

hand, NRC (1985) worked with data from some of the same sources and

estimated an average smoke emission factor of 0.04 (0.03 for wood and

wood products, with a weighting of 2/3, and 0.06 for oil and oil

products, with a weighting of 1/3). NRC adopted an average EC fraction

of 20%, giving an average of 8 g of EC per kg of urban fuel burned.

Thus, for the NRC baseline case, EC emissions are 60 Tg of elemental

carbon (7500 Tg of fuel burned * 0.008), of which NRC (1985) assumed one-

half is removed promptly by fire-induced precipitation scavenging,

leaving 30 Tg of EC to be dispersed in the atmosphere. Crutzen et al.

(1984), with a much smaller total amount of fuel burned, nevertheless
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calculate 45 Tg of EC (2000 Tg of wood and wood products * 0.005 + 700 Tg

of oil and oil products *0.05), of which Crutzen et al. assume one-third

will be removed promptly, leaving 30 Tg to be dispersed in the atmosphere

- the same as NRC's figure. This quantity of EC, if distributed over an

area equal to half that of the Northern Hemisphere (127 x 1012m2), would
give an average areal density of 0.24 g/m2. Taken together with an
estimated absorption coefficient of 10 m2/g for elemental carbon, this
yields an average absorption optical depth of 2.4 for both Crutzen et al.

(1984) and NRC (1985). (The extinction optical depths are not the same,

however; using a scattering coefficient of 3.5 m2/g of aerosol in both
cases, we obtain "tTe = 6.5 for the NRC smoke quantities and Te = 3.8 for
the smoke quantities of Crutzen et al., 1984).

It is worth noting at this point that combustion of liquid fuels

alone could produce enough sooty smoke to have a significant climatic

impact. Annual world consumption of petroleum is approximately 2.8

billion tons. If primary oil stocks amount to about one-fourth of annual

production (Crutzen et al, 1984) and secondary stocks (of oil products)

also about one-fourth, then world stocks of liquid fuels are roughly 1400

Tg of oil and oil products. [Crutzen et al., 1984, estimate 1300 Tg;

Pittock et al., 1986, 1000-1500 Tg; Bing (quoted in Penner, 1986), 600 Tg

in NATO and Warsaw Pact countries or about 1000 Tg worldwide.] Using the

estimates of Crutzen, et al. (1984) for smoke emission in flaming

combustion (7% of fuel burned) and elemental carbon content (70% of

smoke), the combustion of 1400 Tg of liquid fuels would produce about 70

Tg of elemental carbon. If spread uniformly over the whole globe (500*

10^2m2) and with an absorption coefficient of 10 m2/g for EC, this
quantity of EC would yield an absorption optical depth of about 1.4. Of

course, not all of the liquid fuel stocks would burn, but neither would

the resulting smoke be uniformly dispersed over the whole globe. Crutzen

et al. (1984) also point out that a substantial additional amount of

smoke could come from oil-field fires (not included in the foregoing

estimates) which could burn for many days.
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The agreement in absorption optical depth between NRC (1985) and

Crutzen et al. (1984) (and Pittock et al., 1986) is largely fortuitous,

and in any case, all of the factors involved in estimating these

quantities are still subject to very large uncertainties. Penner (1986)

considered ranges of uncertainty for the amounts of urban fuel at risk,

for the smoke emission factors, for the fraction of prompt smoke removal

by fire-induced precipitation, and for the optical properties of the

aerosol dispersed into the atmosphere (but not for the fraction of the

urban fuel inventory that might actually burn, which she fixed for

comparison purposes at 25%).

Defining these uncertainty ranges only by the ranges of preferred

values of these parameters adopted in a few recent studies and neglecting

possibly large uncertainties in the fraction of fuel burned, which would

depend in part on the assumed nuclear-war scenario, Penner still

concluded that reasonable estimates of the absorption or the extinction

optical depths could differ by more than an order of magnitude. Values

for the absorption optical depth ranged from 0.2 to 4 without smoke from

the burning of primary oil stocks (approximately 480 Tg) and from 0.4 to

6 including all the primary oil stocks. Values for the extinction

optical depth ranged from 0.5 to 8 without the primary oil stocks and

from 1 to 11 with them, all based on an assumed uniform distribution of

the smoke over half the Northern Hemisphere. These ranges reflect more

than a factor of 2 between high and low estimates for the amount of fuel

burned, a factor of 2 in the fraction of soot removed by prompt

scavenging, up to a factor of 2 in smoke emission factors, up to a factor

of 4 in absorption coefficient (including a factor of 2 or more

associated with uncertainty in the extent of particle coagulation that

might take place and its effect on optical properties of the aerosol).

Combined, these factors produce a 10- to 20-fold spread in optical

depths. Yet they do not define the full range of possible values, even

for this case of 25% consumption of all the stocks of combustible

materials. Thus, as Penner (1986) observes, the possible climatic
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effects might range from negligible (7^ = 0.2) to very severe (Ta = 6)
within the scope of remaining uncertainties.

Thus far, we have considered only smoke from urban fires.

Additional amounts of smoke may come from other sources, including forest
fires, brush fires, and grassland or cropland fires ignited near military
targets in rural areas. Indeed, Crutzen and Birks (1982) considered

primarily forest fires in their original analysis of the potential
climatic impacts of nuclear war. They estimated that up to 106 km2 of
forest land might be burned, with an average fuel loading of 22 kg/m2, of
which 25% was assumed to be burned. With an estimated smoke emission

factor of 7.5%, they obtained 400 Tg for the amount of smoke produced in
forest fires ignited in a nuclear war.

Turco et al. (1983b) found that smoke production in a nuclear war

could be dominated by urban fires, as discussed above, and most recent

analyses have found the contribution of urban fires to be larger than
that of forest fires, at least in terms of elemental carbon content and

absorption of sunlight. Turco et al. (1983b), Crutzen et al. (1984), NRC
(1985) and Pittock et al. (1986) estimate (or imply) elemental carbon
emissions of about 30 Tg from urban fires (for war scenarios involving
widespread attacks on cities). For EC emissions from forest fires,
Crutzen et al. (1984) estimate 4 to 16 Tg of EC (the latter for fires
covering 106 km2 of forests which is probably much too high); NRC (1985)
estimates 3 Tg of EC from forest fires, and Pittock et al. (1986)
estimate 1 to 2 Tg of EC, which represents a substantial downward

revision of the estimate of Crutzen et al (1984).

Small and Bush (1985), using much more detailed input data,
obtained a much smaller estimate of the amount of smoke from wildfires.

Most important, they took into account the fact that most strategic
military targets are located in cropland or grassland areas which have

much lower fuel loading than the forest environment assumed by Crutzen
and Birks. Small and Bush identified 3500 military facilities as
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potential ICBM targets (mainly in the United States and the Soviet Union)
and assumed that each one was targeted by two warheads, for an aggregate

yield of approximately 4100 megatons compared with the baseline scenarios
of Crutzen et al. and Turco et al. which used 4000 MT against wildland

targets. Small and Bush found that only 14% of the targets were located
in forest and over 80% were located in grassland or cropland. A

comparison of Small and Bush's results with Crutzen and Birks, Turco and
the National Academy of Science Study is shown in Table 2. Small and

Bush's results show 100 to 1000 times less smoke produced by wildland

fires than Crutzen and Birks, and 26 to 260 times less smoke from

wildland fires than estimated by Turco, et al. (1983b). However,

Ackermann et al. (1985), in a similarly detailed analysis, estimate

considerably higher smoke emissions than do Small and Bush.

Table 2. Fuel burned and smoke produced in
non-urban fires - A comparison of estimates

Study
Yield

(MT)

Area

(103km2)

Fuel
burned

(g/cm2)

Emission

factor

(g/g)

Smoke

(1012g)

Crutzen &

Birks (1982)
3800 1000 0.3-

0.55

0.067-0.073 200-400

Turco et al.

(1983b)
4000 500 0.5 0.032 80

Crutzen et al.

(1984)
3800 250

1000

0.4 0.06 60-240

NRC (1985) 5000 250 0.4 0.03 30

Small & Bush

(1985)
4100 30-190 0.01-

0.20

0.03 0.3-3.0

Source: Small and Bush (1985)
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From all of the foregoing considerations, we conclude the following:

1. It appears that the accumulated stocks of urban fuels that could be

at risk in a nuclear war may be on the order of 10^g and that up to
a few *10^g (5000 Tg, for example) could conceivably be burned in a
war involving an all-out attack against cities.

However, such quantities constitute a major fraction of all the fuel

potentially at risk; they must lie at the upper end of the range of

possibilities and would be unlikely to be realized in most attack

scenarios, even those involving major attacks against cities.

2. Considering the composition of urban fuel stocks, and including

stocks of liquid fuels, it appears that smoke emissions from urban

fires could reach 100 to 200 Tg and that emissions of elemental

carbon could total as much as several tens of Tg. However, we

believe that these numbers are at the high end of the range of

possibilities. In addition, some fraction of the smoke emissions -

possibly as much as one-half - may be removed promptly by precipi

tation scavenging induced by the fire itself. As noted above, if

smoke containing 30 Tg of EC were spread over one-half of the

Northern Hemisphere (i.e., 127 * 1012m2), the average absorption
optical depth would be about 2.4, while the extinction optical depth

would be around 4 to 7, depending on the proportion of non-absorbing

particles in the smoke.

3. EC emissions from wildfires (forests, brush, grasslands) can hardly

exceed a few Tg. The contribution from wild fires is masked by the

large uncertainty in that from urban fires. The contribution from

wild fires could be relatively important in a war that avoided

attacks on cities and fuel storage facilities, but in that event

total smoke emissions and consequent climatic effects would be much

smaller than those described, for example, by Turco et al. (1983b).
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2.3 IMPACTS ON SURFACE CLIMATE

2.3.1 Surface Temperature

The best currently-available indications of the magnitude of cooling

to be expected after a nuclear war appear to be provided by the

calculations of Malone et al. (1986), Thompson and Schneider (1986) (Fig.

2; also reported in somewhat more detail by Thompson et al., 1987), and

Ghan et al. (1987).

Both the Los Alamos group (Malone et al.) and the NCAR group

(Thompson et al.) now use GCMs that provide for fully interactive

transport of smoke. The simulations of Thompson and Schneider also

include scattering of sunlight and absorption of infrared radiation by

smoke, which Malone et al. (1986) were not then able to do. Although the

effects of infrared absorption by smoke were formerly thought to be minor

(Ramaswamy and Kiehl, 1985), they are shown by Thompson et al. (1987) to

be significant in comparison with the smaller temperature reductions

being found in current simulations.

We consider first some roughly comparable cases in which about 180 Tg

of smoke is injected into the atmosphere in July. Summer conditions are

chosen because it has previously been shown (Covey et al., 1985) that the

calculated temperature excursions are much larger for a July war, with

strong solar forcing, than for a January war, with much weaker solar

forcing. April simulations are intermediate between those for January

and July. Of course, the initial temperatures (normal highs and lows)

are higher in July than in April or January, so it is not obvious that a

July war would have a more serious impact on agriculture than an April

war. We shall return to this point later. Malone et al. (1986) assumed

injection of 170 Tg of smoke (close to NRC's baseline case of 180 Tg,

after allowance for 50% prompt removal from the fire plumes, NRC (1985),

assigned an absorption coefficient of 2 m2/g to the smoke (NRC, 1985),
and used NRC's altitude profile for initial injection (uniform density
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from 0 to 9 km). The source regions were selected areas of the North

American and Eurasian continents. For reference, this smoke if distri

buted uniformly over one-half of the Northern Hemisphere would have an

average absorption optical depth of 2.7, which is close to the initial

optical depth of smoke in the baseline case of Turco et al. (1983b). The
simulations of Malone et al. included no dust.

During the first week or two after injection, Malone et al. found

temperature reductions of more than 15° C over most of North America

between 30° and 60° north latitude and most of the Soviet Union north of

50° N. Smaller regions in continental interiors showed temperature
reductions up to 25° C. In much of the Soviet Union, it appeared that
temperatures would remain 20 to 25° C below normal through the third week
and 5 to 15° C below normal to the end of the simulation at 40 days. Of
particular importance, episodic subfreezing temperatures were experienced
widely. Considerable smoke was found to spread into the Southern

Hemisphere - far more with interactive smoke transport considered than

was found in a test case with a passive tracer. Significant cooling was
indicated in these simulations for Australia and Southern South America
(5 to 10° C).

Although Thompson et al. (1987) found that inclusion of infrared

absorption by smoke reduces the magnitude of the smoke-induced cooling in
mid-latitudes by 4 to 6° C on the average, it is not clear how these

adjustments would be applied to time- and space-dependent temperatures
calculated by Malone et al. (1986) or whether (or to what extent) such
adjustments would limit the occurrence of subfreezing temperatures.
Nevertheless, it seems clear that some moderation of the minimum

temperatures calculated by Malone et al. should be expected if IR
absorption by smoke were included in their model.

Thompson and Schneider (1986) and Thompson et al. (1987), using the
NCAR Community Climate Model (CCM), a 9-level GCM, also considered (among
others) a case with 180 Tg of smoke, chosen to conform to NRC's baseline
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case, although Thompson and Schneider now believe that this amount of
smoke is close to the upper end of the range of plausible values (see

Sec. 2.2). Although very little is said about it, this case also includ
ed dust, the amount and distribution of which were taken from the NRC
baseline case (i.e., 450 Tg of dust) of which 36 Tg was in particles with
radii less than lynm. The dust apparently has only aminor effect on
climate impact. The simulation also includes the scattering of sunlight
by smoke (single scattering albedo,<^0 = 0.6, absorption coefficient =
2.2 m2/g) and absorption of infra-red radiation by smoke. The model
provides for full interactive transport of aerosols. The smoke was
initially distributed vertically with a uniform mixing ratio from 0 to 7
km altitude, and the source region was distributed uniformly over the

United States, part of Southern Canada, Europe, and most of the Soviet

Union.

Results are expressed in terms of average surface temperatures over
o

all land areas within certain latitude bands (e.g., 30 to 50° N, 50° to

70" N), and occasionally also over some time interval such as 5 to 15
days after injection starts. The maximum temperature excursion, relative
to a control run for normal July conditions, was about 12 to 13°C
(averaged over all land areas from 30° to 50° N), starting from a normal
average July temperature of 23° C. Thompson and Schneider (1986) also
found similar results for smaller smoke loadings of 60 Tg and 20 Tg

(maximum cooling of about 11° C and 8° C respectively), indicating, as
expected, that the cooling effect of increasing quantities of smoke is
already approaching saturation for loadings as high as 180 Tg (see

below).

It is difficult to make a direct comparison between the results

presented by Malone et al. (1986) and by Thompson and Schneider (1986),
partly because of the model differences mentioned above (e.g., inclusion
of absorption of infrared radiation and scattering of visible light by
smoke in Thompson and Schneider's calculations but not in those of Malone
et al.). The comparison is difficult also because Thompson and Schneider
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present zonal average land-surface temperatures as a function of time,

while Malone et al. present spatial distributions of 5-day-average
temperature depressions (relative to a control case with no smoke) at

selected time intervals after the start of smoke injection. What is

important, however, is that both groups find (from results not explicitly
displayed in their papers) that episodes of subfreezing temperatures are
likely to occur in the continental interiors for a war occurring in July.
Thus, extensive damage to crops may be expected even though the average
temperature reductions are much less than those reported by Turco et al.
(1983a,b) and by Sagan (1983).

2.3.2 Effect of Reduced Smoke Loadings

The Los Alamos and NCAR groups have both investigated the climatic
impacts of smaller quantities of smoke and have found that the effects

are not very sensitive to smoke loading in the vicinity of 180 Tg. This
indicates, as expected, that absorption optical depths as large as 3 are
sufficient to intercept most of the sunlight that would otherwise reach
the surface and that the surface cooling effect is approaching
saturation. Some further enhancement of cooling with increasing amounts
of smoke is found, because the sunlight is absorbed at higher and higher
levels in the atmosphere and because the smoke is more strongly lofted by
the more intense solar heating and more smoke is elevated above the
atmospheric layers in which precipitation can occur. The lifetime of the
remaining smoke thus increases, and a strong absorbing smoke layer
persists for a longer time.

Malone et al. (1986) considered amounts of smoke both smaller and
larger than 170 Tg (i.e., 5, 20, 60, 170 and 500 Tg). For the 60-Tg case
(summer conditions), they found temperatures 5° to 10°C below normal over
widespread areas of the Northern Hemisphere, with localized reductions up
to 15° C. Maximum cooling found in the Southern Hemisphere was about
5°C. Recovery in this case was more rapid than for the 170-Tg case, with
conditions approaching normal after about a month.
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For the 20-Tg case, Malone et al. (1986) found maximum temperature

reductions (five-day averages) of 4° to 6° C over large areas of the
Northern Hemisphere, during the first two weeks, but by the third week,
temperature fluctuations could hardly be distinguished from normal. No

cooling was observed in the Southern Hemisphere.

For the 500-Tg case, which is probably outside the range of

plausibility, the impacts were both more severe and more persistent than
those for 170 Tg. Five-day average temperatures 25°C below normal were

widespread in the Northern Hemisphere, while over smaller areas

temperatures dropped below normal by 35 to 40° C. In the tropics,
temperatures fell by 5° to 10° C in the second week and had recovered
only slightly by the end of the simulation (40 days). Again, it is not

clear how much these results would be modified by the inclusion of

infrared absorption by smoke. However, one would expect the effect to be

larger for large smoke loadings, since the infrared absorption optical

depth of the smoke could approach unity for the 500-Tg loading (if

assumed to be spread over an area equal to one hemisphere (i.e., 255 *

1012 m2) but would be very small for the lighter smoke loadings

considered.

Thompson and Schneider (1986) also considered the impacts for reduced

smoke loadings of 60 Tg and 20 Tg. Whereas, the maximum cooling observed

for the 180-Tg case was 12 to 13 C (for a July war), the corresponding

figures for 60 Tg and 20 Tg were 11° C and 8° C, respectively (Fig. 3).
However, as noted above, these are averages over all land areas between

30° and 50° north latitude. Much larger temperature fluctuations can

occur locally, and Thompson and Schneider found temperatures falling

intermittently below freezing over large areas of the North American and

Eurasian continents for both the 170 Tg case and the 60 Tg case.
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2.4 DUST REVISITED

As noted in Sec. 2.1, recent evaluations of the climatic effects of

nuclear war (Turco et al., 1983b; NRC, 1985; Pittock et al., 1986) have

found

that dust is relatively unimportant and that the climatic response is

dominated by smoke, at least for the first several weeks or until the

smoke is mostly purged from the atmosphere. For longer periods (six

months to a year), the residual effects are small but are mainly

determined by dust. This transition from an early response dominated by

smoke to a longer-term response controlled by dust is the result of

different assumptions regarding the removal of these two aerosols from

the atmosphere. It was believed that most of the smoke would be intro

duced into the troposphere where it would be subject to removal by

precipitation. However, a significant portion of the dust (determined by

the distribution of yields of weapons used for surface bursts against

hard targets) would be injected directly into the stratosphere, where it

would have a residence time of one or two years. Recently, Thompson

(1985) and Malone et al. (1986) have demonstrated the importance of smoke

lofting in prolonging the atmospheric lifetime of smoke (with significant

quantities of smoke carried up to altitudes of 20 to 30 km). These

studies show, even more clearly than did the altered atmospheric

temperature profiles apparent in the earlier one-dimensional simulations,

that the region that was the lower stratosphere can no longer be

considered to be isolated from the lower atmosphere during the early,

most active phase of the postattack period.

There is evidently a much greater exchange of air masses between the

(normal) stratosphere and the (normal) troposphere than is usually the

case. Unfortunately, the GCM simulations do not reveal the possible

importance of sub-grid-scale circulations (e.g., at horizontal scales

less than a few hundred kilometers), nor do they indicate the fates of

dust and smoke at times longer than '.hirty or forty days, since that is
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as far as the simulations have been carried out. Thus, it is not clear

that the easy distinction between dust lifetimes (long) and smoke

lifetimes (short) remains valid. Smoke lifetimes are longer than

previously thought, because of lofting, and, for a complementary reason,

dust lifetimes may be shorter.

Nevertheless, it may be premature to dismiss dust as a negligible

part of the problem. It is worth recalling that the most extreme cases

that helped to attract attention to the issue of "Nuclear Winter," (see

Fig. 1) with very deep cooling (e.g., by as much as 60°C), lasting for a
very long time (e.g., up to a year of subfreezing temperatures) were very

strongly influenced by or dominated by dust. In these extreme cases,

there was much more dust than in the baseline case, and the selection of

parameters to characterize the dust made the dust appear more effective

optically. The differences are illustrated in Table 3, in which it is

shown that the optical effect of the dust in the extreme case (Case 17 of

Sagan, 1983) is about forty times greater than in the NRC baseline case.

It may also be noted that dust in the NRC baseline case (NRC, 1985) is

only half as effective as the dust in the baseline case of Turco et al.

(1983b), the difference being due mainly to different choices regarding

the nuclear war scenario (i.e., a smaller total yield of weapons used
against hard targets).

In the calculations summarized in Table 3, the particle size

distribution in the initial, stabilized dust cloud was assumed to be

given by

N(r) ~r_1 exp [-«.ln2(r/rm)] for 0$ r^ r0
and by

N(r) =n(r0). (ro/rft for r0 <r<max
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where

r = particle radius (assuming spherical particles)

rm = mode radius, typically around 0.25um

r0 = rm exp [ (p-l) In2 0]
oc= (2 ln2^)"1
(T= dispersion parameter of the log-normal portion of the

distribution.

This composite distribution has been found to represent reasonably

well the observed particle size distributions from the stabilized dust

cloud from surface bursts, sampled at times from a half-hour to two hours

after the detonation (Nathans et al, 1970). The maximum particle size in

this initial distribution, rmax, is not well determined. NRC (1985)

extended their integrations over the particle size distribution to rmax =

10^um(l cm). However, one would expect such large particles to have
fallen out of the cloud prior to sampling and hence not to be included in

the measurements of dust mass in the stabilized cloud (Gutmacher et al,

1983), on which estimates of the lofting efficiency (Tg dust per MT of

weapon yield) are partly based (NRC, 1985). In our calculations, a

maximum radius of 103JUm was employed.

In Table 3, attention is focused on the submicron fraction of the

dust particles for two reasons. First, most of the optical effect is

contributed by the smaller particles (those with radii comparable to the

wave-length of visible light). Second, only particles with radii less

than a few micrometers can remain in the dust cloud for many weeks or

months after the attack. In this size range, settling velocities are

approximately proportional to the square of the radius. A lOum (radius)

particle, for example, would fall from the altitude of 18 km in about a

week, a 3/^m particle in about 3 months, and a 1urn particle in about 2

years (neglecting, of course, effects of atmospheric circulation). Thus,

for long-term optical effects of the dust, we need the submicron mass

fraction of the original, stabilized cloud,
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/•lTim j TlO^m
Mrc = / n(r).rJdr/ I n(r).rJdr

and the average extinction coefficient (m2/g), over the interval 0 to 1

<^> =_3_ /Q(r).n(r).r2dr//n(r).r3dr,
4P -4 o

where p is the particle density, which we have assumed to be 2.5 g/cm3,
and Q(r) is the extinction efficiency (a function of the index of

refraction and the size parameter, 2irr/X, X = wavelength of light) which

we have taken from Figure 1 of Ramaswamy and Kiehl (1985). It is the

extinction coefficient defined in this way that is shown in Table 3,

except for the value on the first line, which was taken from NRC (1985).

It may be noted that an optical depth of unity for dust is not

equivalent to the same optical depth for smoke, since the dust mostly

scatters visible light, whereas the smoke (especially smoke from burning

oil and plastics) strongly absorbs the light. Nevertheless, an

extinction optical depth much greater than unity would be expected to

have an appreciable effect on the earth's albedo (reflectance for

incident sunlight).

In the extreme case shown in Table 3, the choice of 1.0 Tg/MT for the

dust lofting efficiency of a surface burst and the choice of 0.1 m for

the mode radius (geometric mean radius) of the particle size distribution

are probably both unreasonable. The first is perhaps a factor of 2 too

large, (NRC, 1985; Gutmacher et al, 1983) and the second perhaps a factor

of 2 too small (Nathans et al, 1970). However, other parameters of the

size distribution, not varied by either Turco et al. (1983b) or by NRC

(1985) are also subject to significant uncertainties and can have a large

effect on the optical effectiveness of the dust. These are notably the

standard deviation of the log normal size distribution used to

characterize small particles (e.g., less than 1-jjm radius) and the

exponent of the inverse power law distribution used to characterize the



Table 3. Dust mass and optical effects for various dust scenarios

Case Total yield Lofting Mass of dust Parameters of Fraction of Mass of dust Areal Density Extinction Extinction Relative Fraction of Ref

of surface

& near surface

bursts

(MT)

efficiency in initial dust particles dust mass

stabilized size with r <

cloud distribution 1 m (b)

(Tg dust/ (Tg) (r lOifi)
m

(submicron

MT yield) fraction)

with r < 1 ym of submicron

dust (c)

2
(g/m )

coefficient optical

(d) depth

2
(m /g)

optical dust mass

depth in the

stratosphere

:C base case 1500

!C base case 1500

APS base case 2850

igan worst case 6300

(#17)

(a) 6000

6000

6000

(Tg)

0.3 450 0.25/2/4 0.08* 36 0.28 2.8* 0.8 1.3

0.3 450 0.25/2/4 0.106 48 0.38 1.58 0.6 1.0

0.33 940 0.25/2/4 0.084* 79 0.62 1.58 1.0 1.7

1.0 6300 0.1/2/4 0.20 1260 9.9 2.45 24 41

0.6

0.6

0.6

3600

3600

3600

0.25/2/4 0.106

0.1/2/4 0.20

0.2/1.8/4.3 0.34

380 3.0 1.58 4.8 8

720 5.7 2.45 13.9 23

1220 9.6 2.08 20 34

0.41

0.8

(e)

(f)

(g)

i) Hypothetical cases with four times the yield and twice the lofting efficiency of the NRC base case and showing the effect of different assumptions regarding parame

ters of the particle size distribution.

)) Calculated by us with maximum particle radius of I mm, versus 1 cm used by NRC; exceptions, marked with asterisks, were taken from the references.

:) Calculated by assuming a uniform distribution over en area equal to one-half of the Northern Hemisphere, 127 * 10 m .

i) Calculated by us with values of extinction efficiency, Q(r), obtained from Figure 1 of Ramaswamy and Kiehl (1985), except for the first number, taken from NRC (1985).

s) NRC (1985).

:) Turco et al. (1983b).

1) Sagan (1983).

CO
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larger particles. For the first of these, a value 2 was chosen and, for

the second, the value 4. However, it is clear from the report of the

original measurements made on dust samples from the stabilized clouds

from weapons tests in the 1950s and 1960s (Nathans et al, 1970) that

these parameters are not precisely determined (Gutmacher et al., 1983;

Heft, 1968; Nathans, 1970; Nathans et al., 1970a,b). In particular, a

value of 1.8 for the standard deviation and a value of 4.3 for the

exponent of the power-law distribution of larger particles are well

within the experimental uncertainties. These values are incorporated in

the hypothetical scenario H3, along with an assumed mode radius of 0.2jjm.
Adopting these values could compensate for a retreat from the extreme

values of lofting efficiency and mode radius noted above, (1.0 Tg/MT and

O.lyUm, respectively), leaving the question of the number and yield of
surface bursts as the main issue in discussing the validity of the

extreme cases shown in Table 3.

It is often assumed that only that portion of the stabilized dust

cloud that is injected above the tropopause will have a long residence

time in the atmosphere, e.g. up to a year or more. Table 2 shows a

factor of two difference between the estimates of NRC (1985) and Turco et

al (1983b) regarding the fraction of dust mass in the stabilized cloud

that would be injected above the tropopause. This difference arises in

part from somewhat different relations for the cloud heights (top and

bottom) as functions of weapons yield for surface bursts and in part from

different assumptions regarding the distribution of weapon yields that

would be used against hardened targets.

In this discussion, we have deliberately played down the question of

the distribution of the initial dust injection between the normal

troposphere and the normal stratosphere, on the grounds that substantial

mixing between these regions would in fact take place if sufficient smoke

were present. Nevertheless, it is clear that the optical depths given in

Table 3 should each be multiplied by a factor substantially less than one
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to indicate the potential effects weeks or months after the postulated

attacks *

2.5 PRECIPITATION

The simulation by Ghan et al. (1985) was performed with an adaptation

of the Oregon State University (OSU) two-level Atmospheric General

Circulation Model. A most important aspect of the results of these

calculations is the finding that precipitation in mid-latitudes of the

Northern Hemisphere may be very substantially reduced by the presence of

an absorbing smoke layer even for amounts of smoke too small to produce

long-term cooling at the surface (Fig. 4).

Cess et al. (1985), also using the OSU-GCM (but with fixed smoke

loadings) as well as an analogous one-dimensional radiation-convection

model, showed that smoke with an absorption optical depth less than about

0.4 would warm the surface rather than cooling it. Smoke with absorption

optical depth (a) greater than about 0.4 would cool the surface. The

transition from warming to cooling comes when the suppression of convec

tive activity is sufficient to remove most sensible and latent heat

transfer between the surface and the atmosphere, leaving the surface

essentially in radiative equilibrium (which normally it is not). For all

smoke loadings, there is an increase in solar heating of the surface-

atmosphere system (i.e., the planetary albedo is decreased). This, by

itself, would produce surface warming so long as the surface and the

troposphere remain convectively coupled (i.e., for a < 0.4). For larger

loadings, with convective coupling largely eliminated, the surface cools

(for lack of incident solar flux) while the atmosphere warms; the warming

occurs at higher and higher levels as the smoke loading is increased.

(These calculations were done with a uniform mixing ratio of smoke from

the surface to 11 km.) For all smoke loadings, the calculations show a

It is not our purpose in this report to argue details of nuclear war
scenarios. We think it prudent to consider the possibility that rather
large cumulative weapons yield could be used against hard targets.
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rapid initial cooling of the surface after the sunlight is "switched off"

(analogous to the diurnal temperature cycle), after which the surface

temperature only gradually approaches the equilibrium warming (for small

smoke loadings) or cooling (for larger smoke loadings). It is important

to note that an absorption optical depth of 0.4 corresponds to a rather

small quantity of smoke, even if the smoke is spread out over an area

equal to one-half of the entire Northern Hemisphere (127 * 106km2). For
moderately black smoke (single scattering albedo,(J0, equal to 0.5), the

smoke mass, so defined, is about 15 Tg (absorption coefficient a 3.5

m2/g). For a less absorbing smoke (U)0 = 0.7, (1^=1.5 m2/g), the smoke
mass is only about 34 Tg. Both of these quantities are much less than

those that might be anticipated from urban fires in a nuclear war (see

Sect. 2.2).

With the above considerations in mind, it is not surprising that one

would find, as Ghan et al. (1985) have done, that even small smoke

loadings can greatly reduce the amount of precipitation in regions where

convective precipitation normally dominates (i.e., in low latitudes and

summer mid-latitudes). Although an increase in large-scale (stratiform)

precipitation in the Northern Hemisphere for a nuclear war occurring in

summer; the decrease is by as much as a factor of 2 to 4 at northern mid-

latitudes (see Fig. 4).

What precipitation there is over land masses is due to large-scale

weather patterns, rather than local convective rainfall. For this

reason, precipitation disruptions in summer would be far more serious

than in winter. Ghan et al.'s (1985) simulations further suggest that,

as a result, rainfall after a smoke injection is more uniform or less

"noisy" over space than it is normally. Ghan et al. (1985) tentatively

conclude, therefore, that normally dry areas are proportionally less

affected than normally wet areas. However, Thompson (1985) stated that

their runs thus far do not indicate any definite pattern of precipitation

disruption (e.g., inland vs coasts).
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However, such conclusions can only be preliminary at this point

because of the need for more simulation. As such simulations are, in

essence, a sample of possible outcomes, the resulting statistics are

subject to sample error. This sample error is relatively small when the

results are averaged over all longitudes. But such errors make it

impossible to make conclusions for a local area with any confidence. Far

more extensive simulations are required to produce statistically

significant results for an area the size of, say, a river basin.

The significance of the finding that even relatively small

quantities of smoke can cause a large reduction in precipitation over

mid-latitude land areas lies in the question of the persistence of

important climatic effects long after the war is over. In this

connection, we must note that none of the GCM simulations extends for

more than 30 or 40 days after the war (assumed to occur essentially

instantaneously). Nevertheless, all of the simulations with interactive

smoke transport agree in finding a progressive lengthening of aerosol

residence time as smoke is lofted above the precipitation zone. For

example, Malone et al. (1986) find, for 170 Tg of smoke initially

injected into the atmosphere, that a third of the smoke still remains 40

days after the war and that the removal rate at that time has diminished

to only 0.006-0.007 (fraction) per day, implying a mean residence time

for the remaining smoke of 5 to 6 months (and presumably increasing as

time goes by). One might suppose, therefore, that significant departures

from normal rainfall could persist for as long as a year after the war

and that these anomalies would be predominantly on the down side (less

rainfall) over land, owing to a persistent reduction in convective

activity.

We should note that prediction of changes in precipitation, as a

result of various climatic forcings, is notoriously difficult for

present-day GCMs. Such predictions are generally considered to be quite

unreliable. Nevertheless, there does seem to be a straightforward

connection between the expected weakening of convective activity and the
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reduction in precipitation found by Ghan et al. (1985) even for
relatively small quantities of smoke. Thus, this finding remains as a
provocative indication that important climatic variables other than
temperature may continue to be anomalous, perhaps well outside normal
fluctuations, for many months after a nuclear war.

2.6 HYDROLOGIC EFFECTS

2.6.1 Introduction

Nuclear winter could have effects upon precipitation, temperature,

and vegetation. All three effects would, in turn, impact the hydrologic
cycle and the availability of water for human consumption. In this sec
tion, we discuss in general terms the possible nature of these impacts.

This will set the stage for the detailed analyses of Section 3.2.

The availability of water supplies for human use during nuclear

winter would depend primarily on the amount of runoff, the quantity of
water stored in reservoirs, and the level of groundwater tables. These

quantities are the outputs of a complicated system: the hydrologic cycle
(Fig. 5). Even if the exact effects of nuclear winter upon certain inputs
to that system (precipitation, temperature, vegetation) were known, the
impacts upon the outputs would be uncertain. The variety, variability,
and complexity of hydrologic processes make it difficult to calculate
these outputs without fairly specific information (on a basin-by-basin
basis) on the values of important physical parameters (Callaway and

Currie, 1985).

Making matters even more difficult is the fact that these outputs

depend not only on the mean inputs, but also on their variance and dis
tribution over space and time. But, as discussed above, only initial
estimates of the effects of nuclear winter upon mean precipitation and

temperature in the first month following a conflict have been reported.
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Hence, at best only the most general and tentative of conclusions about
hydrologic impacts of nuclear winter can be made.

In the rest of this section, we discuss the nature of nuclear

winter's impact upon specific hydrologic processes shown in Fig. 5.
Using the principle of mass balance, runoff and changes in groundwater
levels can be expressed as (Fig. 5):

Runoff = Precipitation - Evapotranspiration - Percolation

- Net recharge by surface waters of groundwater

- Net increase in snow storage

Net Decrease in Groundwater Storage = Pumpage

+ Net regional groundwater outflow - Percolation

- Net recharge by surface waters of groundwater

Nuclear winter would affect precipitation and temperature, which in turn

affect evaporation, snow accumulation, and vegetation. The last three
then influence transpiration, interception, and percolation. All of
these impact runoff, while runoff and percolation alter groundwater
storage. Effects upon soil storage would be relatively small, in
absolute terms; however soil moisture decreases could have drastic

effects on vegetation. Below, the general nature of evapotranspiration,
groundwater, and surface water effects are discussed.

2.6.2 Evapotranspiration

Evapotranspiration is a function of temperature, humidity, inter
ception by plant material, the area of surface water, and transpiration
by plants. Temperature is critical; in many regions of the United
States, Stockton and Boggess (1979) found that the net runoff effect of a
10% fall in annual mean precipitation would be offset by the effect of a

2°C temperature decrease. Stockton and Boggess (1979) argue that the
effect of temperature upon evapotranspiration would be larger in humid
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regions; however, Maristany's (1979) regressions (Table 4, below) and
ours in Appendix I contradict this.

As another example of effect of temperature on evaporation, the

following equation expresses evaporation Ea (in mm/day) from an open pan
as a function of air temperature Ta, dewpoint Tj (both in °C), and wind
speed vp 150 mm above the pan rim (in km/day) (Linsley et al., 1982):

Ea = 33.86[(0.00738Ta+0.8072)8-
0.00738Td+0.8072)8]°-88(0.42+0.0029vp) .

A decrease in Ta from 20 to 5°C, accompanied by a decrease in T<j
from 10 to 0 C would depress evaporation by 72% (3.8 mm/day) under a zero
wind speed. Thus, nuclear winter would be expected to lower open water
evaporation significantly. Decreased humidity, as represented by Tj,
would only partially offset this effect.

Vegetation is responsible for the evaporation of huge amounts of
water due to interception and transpiration. Since nuclear winter might
lower vegetative cover because of freezing, drought, and decreased
sunlight, interception and evapotranspiration by plants might decrease
significantly. In the northern United States, the occurrence of summer

frosts due to nuclear winter might lower evapotranspiration by plants by
over 50%. Lower plant cover is also associated with lower infiltration

rates; Callaway and Currie (1985) quote a finding by Johnson (1940) that,
when vegetation is removed, infiltration rates can fall by 50% or more in
the long run. But in the short run, the decrease in infiltration may be
less than this because of the presence of dead plant material. The
impact of nuclear winter upon plant cover is only speculative at this
point and cannot be translated into more precise estimates of impacts
upon evaporation without detailed ecologic and hydrologic modeling.
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Decreased evapotranspiration would increase runoff, all else being

equal. Lower temperatures, if they approach the freezing point, could

also decrease infiltration and, ultimately, percolation. On the other

hand, if temperatures decreased enough, then runoff would decrease

because precipitation would be retained as snowpack. However, based on

the conclusions in Section 2.3, above, it is not expected that summertime

temperature decreases due to nuclear winter would have any more effect on

runoff than those from a war in the late winter or early spring.

2.6.3 Groundwater

Groundwater levels would, on the whole, be negatively affected by

nuclear winter. Temperature effects would have a mixed impact upon

groundwater levels. Less evapotranspiration will mean less withdrawal of

groundwater by phreatophytes, but diminished infiltration would mean less

percolation. However, precipitation and runoff effects will dominate.

Decreased rainfall would result in far less percolation. Net recharge of

groundwater by surface waters would also diminish, because groundwater

discharge or "base flow" would also be the main source of streamflows for

many basins, just as it is during normal dry periods. The severity of

these effects would be aquifer-specific. As a partial offset of these

effects, net regional outflow of groundwater may decrease, particularly

in coastal aquifers where groundwater is discharged to the sea. But this

may also lead to saltwater contamination of wells near the coast.

Generally, shallow aquifers, such as those in glacier deposits or

buried valleys, would be most affected by nuclear winter. The reason is

that they are often tightly coupled to surface water systems or respond

quickly to changes in percolation. On the other hand, deep aquifers,

such as confined artesian aquifers, would react more slowly or not at

all. Where water tables are lowered, small domestic wells would be most

hard hit, because such wells rarely penetrate more than 10 ft below the

water table. Irrigation wells, by contrast, are usually much deeper,
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penetrating (on average across the nation) 140 ft below the water table

(K. McCray, National Water Well Association, personal communication).

Municipal wells are also dug to depths well below the water table. As a

result, such wells are unlikely to go dry, even in the most severe of

droughts, although their yield might be reduced. Groundwater impacts

experienced under historical droughts are discussed below, followed by a

summary of groundwater sensitivity by region of the United States.

Little specific information is available on the effect of the

drought of the 1930s upon groundwater levels. More recently, during the

southern drought of the 1950's, groundwater levels declined in many areas

by tens of feet and several hundred domestic supply wells became dry.

The drought of the 1960s in the Northeast resulted in similar ground

water level declines (Matthai, 1979).

The 1976-77 drought affected much of the nation to some extent, and

was especially severe in western states. Generally, only shallow wells

(less than 75 ft) were affected and the most severe declines in water

levels were about 30 ft. Although it generally takes about two years for

drought effects to become apparent in well data, in California some

shallow wells began to go dry as early as 1975, not so much because of

reduced recharge but because of increased pumping to make up for surface

water deficits. Water levels in California declined by an average of 13

to 20 ft from 1975-77. In the Midwest, the same period saw hundreds of

wells go dry, primarily in Minnesota and on Michigan's Upper Peninsula,

where wells are generally less than 200 ft deep and deeper supplies are

unavailable. The situation became serious enough to require hauling of

water for several Upper Peninsula municipalities (Matthai, 1979).

The 1980-81 drought seriously affected much of the southern portion

of the nation. In parts of Georgia and Alabama, declines were greatest

in areas affected by pumping for irrigation, where ground water was

heavily relied upon to supplement diminished surface supplies. In 1981,
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declines of as much as 15 ft in the Floridan aquifer occurred in one year

(Carter, 1983).

Stockton and Boggess (1979) analyzed, in general terms, the effect

of a 10% dryer and 2 warmer climate upon groundwater levels in each of

18 U.S. Water Resources Council (1978) regions. The regions, together

with the "aggregated subregions" used in the water supply analyses of

Section 3.2, are portrayed in Fig. 6. Of most interest here are their

conclusions about the effects of a possible increase in the variance of

streamflow, since those conclusions reflect the short-run effects of

severe drought upon aquifers. Their conclusions for each region follow:

o Region 1 (New England). Great effect because of thin aquifers
and their association with stream systems.

o Region 2 (Mid-Atlantic). Less water available from wells due to
shallow aquifers and the large contribution groundwater discharge
makes to the baseflow of streams.

o Region 3 (Southeast). No effect, because of the large amount of
groundwater reserves.

o Region 4 (Great Lakes) and (Ohio River). Yields of shallow
aquifers decrease as recharge decreases.

o Region 6 (Tennessee River). Decreased yield in shallow aquifers
tied to surface water.

o Region 7 (Upper Mississippi). Shallow aquifers may be severely
affected.

o Region 8 (Lower) Mississippi). Groundwater so vast that total
effect is probably small.

o Region 9 (Souris - Red). Groundwater levels will decline,
especially in shallow aquifers.

o Regions 10 (Upper Missouri) and 11 (Arkansas). Yields from
shallow aquifers decrease.

o Region 12 (Texas-Gulf). Little effect, except in stream
-connected aquifers.

o Regions 13 (Rio Grande), 14 (Upper Colorado), 15 (Lower
Colorado), 16 (Great Basin), and 18 (California). Little change.
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o Region 17 (Pacific Northwest). Groundwater yield
is affected because of close tie with surface water.

2.6.4 Streamflows

Precipitation decreases would more immediately impact surface water

than groundwater. Generally, given no change in temperature, changes in

runoff are more than proportional to changes in precipitation. However,

the exact effect on runoff depends not only on the change in total

precipitation, but also on changes in intensity and temporal and spatial

distribution. As Callaway and Currie (1985) put it:

"... the fact that enough is known about the physical principles of

hydrology to characterize the structure and behavior the hydrologic

system in an abstract manner does not necessarily make it easy to

characterize the sensitivity of a specific drainage basin to changes in

climate and vegetation. There are two reasons for this. First, more

information is generally needed to characterize the nature of the changes

in climate and vegetation than is generally available... Second, the

extreme variety, variability, and complexity of the processes influencing

hydrologic phenomena make it difficult to generalize about the indirect

effects of climate changes on different drainage basins" (p. 56).

In spite of these difficulties, several attempts have been made to

forecast the effects of climate change upon runoff in U.S. river basins

(see the overviews in Callaway and Currie, 1985; Kates et al., 1985;

Klemes, 1985; and Changnon, 1987). Generally, they conclude that a 1 to

2 C increase in annual temperature and a 10% decrease in annual

precipitation would lower streamflows by 20% to 50%. These studies have

used two types of methods:

1. empirical models, in which regression models relate runoff to
precipitation, temperature, and other variables using historical
data (e.g., Langbein et al., 1949; Revelle and Waggoner, 1983); and
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causal models, in which the dynamic physical mechanisms of the
hydrologic system are explicitly represented (e.g., Nemec and
Schaake, 1982). Such models are calibrated using historical data,
if available.

Most of these studies focus on the long-term effects of a rise in CO2

levels, and study the impacts of a mean temperature change of +2 C and a

precipitation change of +10%. These changes are, of course, smaller than

those that have been postulated for nuclear winter. Examination of the

historic record reveals that climatic changes as dramatic as those

predicted for a nuclear winter have not been experienced in the last

half-century. For example, the annual mean temperature for the state of

Utah has been confined to a range of 46.5 to 52 F during 1931-1982 (NOAA,

1983). Only a handful of states have had calendar-year precipitation

levels less than 50% of the historic average. Therefore, use of runoff

models that have been calibrated with historic data to project the

effects of nuclear winter can be no more than an exercise in speculative

extrapolation. There is no guarantee that the historical relationships

will hold outside the ranges of temperatures and precipitation previously

experienced. As an example, causal models rarely represent vegetation

explicitly; rather, coefficients for interception, evapotranspiration,

and infiltration are based implicitly on the historic plant cover. Since

nuclear winter could alter vegetative cover, these coefficients may no

longer be valid. For illustration purposes, however, three examples of

empirical models are given below, in order to offer some indication of

the severity of nuclear winter's impacts upon runoff.

Revelle and Waggoner (1983) analyzed annual flow records, adjusted

for upstream storage changes, for the Colorado River for 1931-1976 and

derived the following regression model:

Qt = 9274 + 52*Pt - 2400*Tt R2 = 0.73

where Qt is annual flow (in 106 m3/year; mean = 16,430), P^ is annual
average precipitation upstream (in mm/year; mean = 332),and T^ is annual
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average temperature (in °C; mean = 4.18°). The impact of a 2° increase

in temperature would be a decrease in flow of 29%, while a decrease in

precipitation of 10% would reduce flow by 11%. This demonstrates the

importance of temperature, and not just precipitation, in determining

runoff. If it were assumed that this relationship would hold under

nuclear winter, a decrease in mean temperature of 6° and a decrease in

precipitation of 75% would actually cause runoff to increase by about 10%

to 18,400 x 106 m3/yr. This is because the temperature effect would
dominate the rainfall effect. This volume is two-thirds of the rainfall

in the watershed, which is not credible. A reason for this result is the

linear form of the above equation; for small values of precipitation, a

nonlinear form yielding non-negative flows might be more appropriate. A

more realistic forecast might result if we disregard the temperature

effect as being speculative, and only include the effect of a

precipitation decrease. Then the streamflow would be projected to be

3500 x 106 m3/yr> one-third the lowest flow observed during period
1931-1976, and one-fifth of the normal value.

As a second example of the empirical approach, Langbein et al. (1949)

estimated the relationship of mean annual temperature (weighted by

monthly precipitation to account for evaporation effects) and mean annual

precipitation to mean annual runoff using cross-sectional data from 22

drainage basins in the western United States. Because this analysis is

based on differences between basins, the relationship is a long-run one,

in that it reflects adjustments of soils, vegetation, and landscape form

to climate. In contrast, the time-series based analysis in the previous

paragraph gives the short-term response for a single basin, with a given

pedology, ecology, and geomorphology. The following function is a fair

approximation to Langbein et al.'s results for rainfall of 400 mm or

less:

Qt - (0.1 + 0.0005Pt - 0.025Tt)Pt ,
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where Qt and P^ are in mm/yr and T^ is in °C. Stockton and Boggess
(1979) used the Langbein et al. (1949) relationship to analyze the

possible effects of climate change in each of the 18 water resources

regions covering the continental U.S. They found, for example, that a

10% decrease in mean precipitation and a 2 C decrease in mean temperature

would lower mean streamflows in New England by 6%.

As an example of how Langbein et al.'s relationship might be used to

estimate the magnitude of impact of nuclear winter, take a hypothetical

basin with a mean annual temperature of 4 C and average precipitation of

600 mm. The projected runoff would be 180 mm/yr. If nuclear winter

dropped the mean temperature to 0 and mean rainfall to 200 mm, the

projected runoff would fall by nearly 80%. If the above equation were

applied to the Colorado basin, a decrease of mean temperature from 4.18

to -1.82 C and a 75% decrease in mean rainfall would cause a 70% fall in

runoff (from 15,900 x 106 m3/yr to 4600 x 106 m3/yr). However, the
validity of this projection is doubtful because it is based on long-run,

not short-run, relationships between precipitation, temperature, and run

off. All that could be concluded is that the impact upon streamflow is

likely to be severe, and that apparently the precipitation effect is more

important than the temperature effect. (Note the conflict with the

result of the Revelle and Waggoner (1983) model, in which temperature

seems to be more important.)

A third set of relationships was developed by Maristany (1979). He

estimated a regression equation relating annual runoff to mean absolute

temperature T and precipitation P for each of 10 regions in the United

States. The equations were of the form Q = aT^Pc. Within each region,
time-series data from several stations were used to estimate the

parameters; hence, the resulting functions are short-run relationships.

Table 4 shows the results of inserting 30% and 50% of the annual

streamflow in these functions, together with no decrease and a 5°F

decrease in the annual temperature. In 8 out of 10 cases, a
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precipitation decrease of 70% with no change in temperature caused

streamflow to fall by at least 75%. In half of those cases, the fall was

more than 90%. (The result for Zone 4, which contains the Colorado

River, is consistent with that obtained using Revelle and Waggoners

regression function for the Colorado above.) A cooling of 5°F (2.8°C)

would only slightly ameliorate the fall in runoff, with the exception of

Zones 8 and 9. These projections can only be taken as indicative of the

changes that would actually occur, in part because the assumed levels of

annual temperature and precipitation are outside the range of observation.

As Callaway and Currie (1985) point out, conclusions from these

types of studies about the effects of hypothetical changes in climate

upon water supply are extremely limited. There are several reasons for

this.

Table 4. Runoff as a function of temperature and precipitation3

Streamflow as % of Flow

Under Normal P and T

Normal T 5° F Less

Zonec

Temperature Precipitation
Exponent Exponent

Rc
Mean Mean

T( K) P(in.) 30% P 50% P 30% P 50%P

1

2

3

4

5

6

7

8

9

10

U.S.

-24.8

-38.2

-36.6

-20.5

-34.9

-4.6

-40.7

-69.7

-45.3

-20.7

-38.5

1.5

2

2.4

1.3

2.2

1.4

1.9

0.35

0.64

1.2

1.5

67

76

63

78

88

0.74

0.74

0.5

0.73

0.73

0.68

300.1

303.3

287.6

279.5

284.3

295.5

295.0

279.9

282.3

283.5

289.1

64.6

64.1

56.8

47.4

58.9

44.2

51.6

42.7

43.8

45.6

52.0

16%

9%

6%

21%

7%

19%

10%

66%

46%

24%

16%

35%

25%

19%

41%

22%

38%

27%

78%

64%

44%

35%

13%

13%

8%

26%

10%

19%

15%

131%

72%

29%

24%

28%

36%

27%

50%

31%

40%

39%

157%

100%

53%

51%

a. Exponents from Maristany (1979).
b. Zones are defined by the following boundaries: 40°N and 85°W, 95°W,

105°W, and 115°W. Zones are numbered from east to west, with Zone
1 being the southeast U.S., and Zone 6 being the northeast U.S.

c. Correlation coefficient for fitted equation.
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1. The effects of nuclear winter upon temperature and precipitation are

likely to be region specific.

2. Ecological changes, and the resulting effects upon evapotranspiration,

are not considered.

3. Although global circulation models have shown that nuclear winter's

effects would be less severe during the northern hemisphere winter,

little beyond that is known about the month-by-month distribution of

rainfall changes and how they depend on when the nuclear war takes

place. Significant shifts in the annual distribution of precipitation

would, in general, invalidate statistical models based on historical

relationships. For a given level of precipitation, changes in timing

might increase or decrease the effective water supply, depending on

the temperatures, timing of agricultural water demands, and amount of

storage available.

4. Little is known about how nuclear winter would affect the probability

distribution of precipitation. The above analyses only consider

average conditions. Conceivably, nuclear winter might increase the

variance of streamflows, in addition to decreasing their mean, making

severe droughts even more likely. In planning for water supply under

climatological disturbance it is advisable to plan for extreme events,

not median conditions.

Callaway and Currie (1985) summarize the information needed to project the

hydrologic impacts of CO2 increases; the bulk of their recommendations

also apply here.
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3. IMPLICATIONS FOR CIVIL DEFENSE

3.1 SHELTER

As discussed previously under pessimistic scenarios, nuclear war

might result in decreases of temperature in the weeks following a large

attack on cities. These temperature decreases are now believed to be

15°C (Malone et al., 1986) or less (Thompson & Schneider, 1986) if the

war occurs in January and 20 to 25°C or less if the war occurs in the

late spring or early summer. There may be disruption of rainfall

patterns and possible marked decreases in rainfall over continental areas

for several weeks or months.

A decrease in temperature, particularly in the summertime,

simplifies the requirements for ventilation of populations crowded into

fallout or blast shelters. Figure 7 shows the ventilation rates required

in crowded shelters in the summertime in the United States to prevent

heat prostration of the shelter occupants. Reducing the exterior

temperatures by 25°C (45°F) eliminates heat prostration as a problem in

sheltering population. Instead of 10 to 50 ft3/min. required per shelter
occupant, ventilation requirements would drop to that required to control

carbon dioxide concentration in the shelters - approximately 3 ft3/min.

A substantial drop in external temperature would decrease not only

the temperature in the shelter but the humidity as well. This should

result in decreased perspiration by the shelter occupants with a

corresponding reduction in their requirements for water.

This does not mean that the standards for shelter ventilation

specifications can be relaxed. For one reason, the cooling will not take

effect for two or three days after the attack, time enough for signi

ficant temperature buildup in shelters in the southern part of the United

States. A second reason is that, if the attack were to avoid cities to

the extent that climatological cooling was not produced and a normal
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summer temperature followed, people who were in crowded shelters could be
in serious trouble if cooling from nuclear winter had been depended upon.

The temperature reduction in the event of awintertime attack is expected
to be manageable. Crowding into fallout shelters, especially if below
grade, is an excellent expedient method of keeping warm should the
population not have adequate cold weather clothing.

3.2 WATER

3.2.1 Introduction

In this section, the potential availability of water in the

continental United States during a postulated year-long decrease of
precipitation due to nuclear winter is estimated using state- and river-
basin-level information. The availability is then compared to annual

demands for water from domestic central systems, irrigated agriculture,

and industry. We seek to determine whether sufficient water might be
available, first, for potable uses and to raise food and, second for

other economic purposes.

Any national analysis of the hydrologic responses to the
unprecedented conditions of a nuclear winter must be interpreted
cautiously. Reasons for this include:

1. uncertainties concerning the insolation, temperature, and

precipitation changes that would be wrought by nuclear winter (see
Section 2);

2. uncertainties concerning the response of the hydrologic system to

these changes (see Section 2.6);

3. uncertainties concerning the needs for potable water, irrigation, and
industrial water supply after a nuclear conflict; and
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4. the coarse level of analysis, which looks only at entire river basins

or states. Because of an absence of water storage and transport

facilities (or perhaps the power that would be needed to operate

them), comparisons of aggregate supply and demand within a region
mask variations in local conditions. Water that cannot be brought to
where it is needed useless, even if the region, on average, has
plenty.

Therefore, this study should be viewed as a screening of regions in order
to determine which ones are likely to be most vulnerable to a drastic

decrease in precipitation. Our conclusions about the supply-demand
balance in particular regions should be viewed as tentative. Detailed

analyses which explicitly model the hydrologic processes and water

storage and conveyance facilities in each basin are needed. But even

then, the fundamental uncertainties listed above would still limit the

conclusiveness of such studies (see Callaway and Currie, 1985). What
this analysis attempts to do is to indicate the general magnitude and
locations of water supply problems due to nuclear winter, and where
further research is necessary.

We examine the availability of water from three sources:

1. groundwater;

2. streamflows, which, although reduced, would still be a
significant source of supply in some basins; and

3. reservoir storage.

Below, groundwater is treated separately from the other two water

sources. The vulnerability of groundwater supplies is discussed using
state-level data on aquifer characteristics and groundwater uses. The
ability of groundwater sources alone to sustain sufficient wheat
production to feed the U.S. population is examined. For surface waters,
a scenario of streamflows and storage is developed based, in part, upon
historical low flows and regression analyses of streamflows as a function
of temperatures and precipitation. We use the term "scenario" because
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the uncertainties just discussed mean that any particular estimate of

supply can only be an indicator of the actual amounts that would be
available. Surface water demands and supply scenarios are summarized by

the approximately 100 aggregated subregions (ASRs) defined by the U.S.
Water Resources Council (1978) (Fig. 8). Each ASR corresponds to a major

river basin or set of basins.

Subject to the above qualifications, few ASRs appear to have
insufficient supplies compared to the domestic water supply demands

served bv central water supply systems at this aggregate level of

analysis. This is especially true if demands can be reduced to the
minimal levels needed for survival. However, because (1) cities might be

located far from water sources in an ASR, (2) water is difficult to

transport, and (3) electric power is required to pump and treat water,
shortages could nevertheless occur. Rural populations not served by
central systems are likely to be seriously affected in many parts of the
country because they depend primarily on shallow wells.

On the other hand, if we consider all water uses (including self-

supplied industrial and irrigation), many ASRs, mostly in the arid west,
may have problems meeting all surface water demands during a prolonged

drought. These results are discussed in detail below.

3.2.2 Groundwater Supplies

Groundwater is the source of 38% of all water withdrawals in the

United States for purposes other than cooling of electric power plants

(U.S. Geological Survey, 1985). Thirty-five percent of all public water
supplies are provided by this source, as is 40% of all irrigation water

and nearly all rural domestic supplies. During an interruption of
precipitation, groundwater sources would become even more important,

because aquifers react more slowly than surface waters to changes in
precipitation. Regions and economic sectors which depend heavily on
groundwater would be relatively less vulnerable to water shortages during
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a nuclear winter, assuming that pumping power is available. Table 5

shows the fraction of domestic, irrigation, and total freshwater

withdrawals that come from groundwater for each state.

Figures 9-11 show our classification of states according to the

relative importance of groundwater. We define a state as being

groundwater dependent if half or more of its water withdrawals in a given

category are from groundwater. Some of the data upon which these

analyses are based are shown in Table 5. Our presumption is that the

percentage dependence on groundwater will not change greatly in the

future relative to 1975 levels. Figure 9, showing the overall dependence

on groundwater, is exclusive of electric utility withdrawals, which in

many states account for the bulk of freshwater withdrawals. Utility

withdrawals are excluded, since the largest utility use, by far, is for

once-through cooling of thermal power plants. Water used for this

purpose is returned to the source (albeit, at a higher temperature, which

increases evaporation later). (Table 5, however, includes utility use in

the totals.)

Figure 9 shows that domestic central systems in Florida, the upper

Mid-west, and the Rocky Mountain West are more dependent on groundwater

than elsewhere. Hence, these systems are likely to be less vulnerable to

disruption in the case of a precipitation interruption. The nationally

important irrigation areas of Arizona and the High Plains use ground

water, and would suffer relatively little disruption. This is especially

true for the many regions in which there is "mining" of aquifers which

have relatively little recharge. Examples include the Ogallala aquifer

of the High Plains and the deep "fossil" water of the Arizona basins.

However, as discussed in Section 2.6, some users of groundwater sup

plies would be vulnerable to a prolonged drought. In particular, water

tables in shallow aquifers having high transmissivities could fall

precipitously if their recharge source is precipitation or if the



STATE

Alabama

Arizona

Arkansas

California
Colorado

Connecticut

Delaware

Florida

Georgia
Idaho

Illinois

Indiana

Iowa

Kansas

Kentucky
Louisiana

Maine

Maryland
Massachusetts
Michigan
Minnesota

Mississippi
Missouri

Montana

Nebraska

Nevada

New Hampshire
New Jersey
New Mexico

New York

North Carolina

North Dakota
Ohio

Oklahoma

Oregon
Pennsylvania
Rhode Island

South Carolina

South Dakota

Tennessee
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Table 5. Groundwater Statistics by State

Groundwater Withdrawals as a

Percentage of Total Fresh
Withdrawals in each Category

Domestic Irri

Central gation

28 30

54 58

42 86

46 39

8 19

17 8

38 63

86 53

29 66

94 25

27 100

41 98

81 84

48 92

13 6

44 47

19 3

9 54

24 28

17 37

52 88

18 35

22 75

39 1

77 67

40 17

48 0

40 73

90 44

23 46

12 30

54 37

27 36

28 84

29 14

16 14

15 9

22 27

68 33

40 51

Total

3

58

13

39

18

11

59

52

18

35

5

11

28

85

4

14

9

13

13

4

22

54

7

2

59

20

17

25

47

12

10

11

6

56

17

6

22

4

48

5

Irrigation
Groundwater

Withdrawals

(acre-ft/yr)

13440

4144000

4256000

14000000

3024000

1792

4592

1792000

425600

4592000

108640

257600

85120

5824000

336

1108800

224

14560

5600

86240

156800

909440

109760

105280

7504000

593600

0

44800

1792000

23520

43680

56000

2128

817600

952000

24640

560

16800

168000

7168
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Table 5. (Continjed)

Groundwater Withdrawals as a

Percentage of Total Fre;»h Irrigation
Withdrawals in each Category Groundwater

Withdrawals
(acre-ft/yr)

STATE Domestic Irri

Central gation Total

Texas 46 70 61 8960000

Utah 66 10 18 336000

Vermont 35 19 13 336

Virginia 17 29 7 8960

Washington 37 4 9 291200

West Virginia 27 8 4 112

Wisconsin 48 97 10 91840

Wyoming 33 8 10 414400



Fig. 9 States in which more than 50% of domestic central
system withdrawals are supplied by groundwater

r\3



Fig. 10 States in which groundwater supplies more than 50%
of irrigation water supplies



^C States in which 50%
or more of groundwater
is drawn from potentially
vulnerable aquifers

Fig. 11 States in which more than 50% of total water
withdrawals are supplied by groundwater
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aquifers are closely connected with surface waters. As a result, rural

domestic users would be seriously affected in many regions, since their

wells normally penetrate less than 10 ft below the water table. However,

decreases in water tables would not be a serious problem for most

irrigation, industrial, and municipal wells, since they usually penetrate

50 ft or more below the water table. The only exceptions would be in

particularly thin aquifers, such as the stratified drift aquifers of some

of the northern states, or where withdrawals would be sharply increased

to make up for surface water shortages (as in the 1976-77 California

drought; Matthai, 1979).

In order to identify which aquifers might be vulnerable to a

prolonged interruption of precipitation, we have created a data base of

285 aquifers located in the continental United States (Appendix II). The

data are drawn from U.S. Geologic Survey (1985), which describes the most

important aquifers in each state in terms of yields, depth, uses,

quality, recharge sources, and other hydrogeological parameters. We then

screened these aquifers using the following criteria:

1. Delete all aquifers which are not recharged directly by precipitation

or surface waters. Aquifers receiving no recharge, or which receive

recharge from overlying aquifers or mountain runoff in desert areas

are unlikely to experience abnormal water table decreases during the

year following a nuclear conflict (assuming that withdrawals are not

drastically increased.)

2. Delete all aquifers whose wells are more than 250 ft in depth, on

average, unless the average well yields are 1000 gal/min (gpm) or

more and their depth is 500 ft or less. These aquifers are so deep

that the effects of diminished recharge will be delayed and are not

likely to be felt in the year following a nuclear conflict.

Exceptions might be aquifers with very high permeabilities, as

indicated by large well yields. "Average" depth and yield are taken

as the average of the ranges given in the U.S. Geological Survey
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(1985), except for a few aquifers for which the true averages are

given.

3. Delete all aquifers with mean well yields less than 500 gpm, unless

their mean depth is less than 150 ft and their yields exceed 200

gpm. Aquifers with low-yield wells have low permeabilities, which

means that water moves slowly and the effect of recharge is not felt

as quickly as in other aquifers. Such aquifers are not usually

important sources of municipal, irrigation, or industrial supplies.

However, these aquifers are often the primary source for rural

homes, and, if water tables fall, the shallow wells that are used

for rural supplies may be severely impacted.

The aquifers which survive this screening are listed in Table 6, and

are the ones most likely to be impacted by a nuclear winter. Many

of these aquifers are important ones for their states. The table

also shows estimates of the amount of water withdrawn from each. In

most cases, these are the lower bounds taken from the ranges given

by the U.S. Geological Survey, 1985). A few of the aquifers of

Table 6 located in the Mississippi and Ohio valleys, California,

Washington State, and the High Plains are still unlikely to be

affected by severe drought, even though they passed the screening;

they are discussed later in this section. Excluding those aquifers,

the total withdrawals from the aquifers in Table 6 amount to roughly

10% of the total groundwater pumpage in the continental United

States. Compared to the national distribution of groundwater use, a

disproportionate amount of the water from vulnerable aquifers goes

to municipal and industrial users, while less is devoted to

irrigation. The reason is that irrigators draw primarily from

relatively invulnerable aquifers in the West.

Based on information in the U.S. Geological Survey (1985) and Table

6, the majority of the groundwater supplies in the following states may

potentially be vulnerable to prolonged drought. These states are
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indicated by an asterisk in Fig. 11. By "vulnerable," we mean that

yields from municipal, irrigation, and industrial wells might be

significantly decreased. In rare cases, some such wells might dry up

completely, especially if withdrawals are increased over normal levels.

1. Colorado. Its alluvial aquifers in the South Platte and Arkansas

river basins are very shallow and productive, and are closely coupled

with surface water systems. A severe drought could drastically lower

the yields of the many municipal and irrigation wells that depend on

it.

2. New England. The major sources of groundwater in each of the states

in this region are shallow aquifers of glacial origin. Due to the

thinness of these deposits, groundwater reserves are relatively small

and large capacity wells may have their yields significantly

diminished during a nuclear winter.

3. Florida and Georgia. The Floridan and Biscayne aquifers are the

major sources of fresh water in these states. Both aquifers are

relatively shallow and very productive. Many large-yield wells could

dry up in a prolonged drought, or perhaps be endangered by in

filtration of sea water. The 1980-81 drought in Georgia demonstrated

this (Carter, 1983). On the other hand, Stockton and Boggess (1979)

concluded that this region's groundwater resources would be among the

least affected in the nation under a 10% dryer climate, because of

the sheer size of the groundwater resource. If resources are

available for drilling deeper wells, then this conclusion would

probably also be applicable under a nuclear winter. In the shallow

sand and gravel aquifers of extreme northwest Florida, however,

deepening wells might not be feasible.

4. Indiana. Like the New England states, Indiana draws most of its

groundwater from shallow aquifers of glacial origin.
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5. Louisiana. The Chicot and alluvial aquifer systems of this state are

very productive, and shallower wells may be affected by groundwater

table declines.

6. Minnesota. Like Indiana and the New England states, thin aquifers of

glacial origin are the major groundwater source and might be

endangered by a prolonged interruption of rainfall.

7. Upstate New York. Groundwater withdrawn in this region is mostly

from shallow valley-fill aquifers. Due to their close coupling with

surface waters, these aquifers could suffer significant water table

declines, drying up shallower wells and lowering the yields of deeper

wells.

8. Ohio. Shallow coarse-grained unconsolidated aquifers are the major

groundwater source in this state. Shallower wells would be

vulnerable to a year-long precipitation interruption.

Of the above states, only Florida (69%) and Georgia (52%) obtain

more than half of their non-electric utility supplies from groundwater.

These are the only two states in Fig. 11 for which the majority of

groundwater supplies might be vulnerable to a drought. Of the other

states listed above, only Minnesota (48%) draws more than a third of its

non-utility water from wells.

Several other states also obtain a majority of their groundwater from

aquifers (see Table 6). However, for various reasons, they are still

unlikely to be significantly affected by a year-long interruption of

precipitation, as long as withdrawals are not greatly increased. These

states include:

1. Arkansas, Mississippi, and Missouri. Their alluvial aquifers, espe

cially in the Mississippi river plain, are enormously productive, but

also very shallow. As Stockton and Boggess (1979) point out,
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however, there is a huge amount of groundwater in the Mississippi

river plain and a dryer climate would not significantly affect that

resource. Therefore, only very shallow wells are likely to be

affected.

2. California. Its Southern California and Central Valley aquifers are

very productive. However, the former is in a dry area and receives

relatively little recharge from precipitation, and the latter

suffered water table declines during the 1976-77 drought primarily

because of greatly increased withdrawals. These aquifers should be

able to sustain the existing yields of irrigation and municipal wells

throughout a year-long precipitation interruption.

3. Kansas. Most of its groundwater comes from the High Plains aquifer.

However, this aquifer only barely passed the screening criteria we

defined. It is deep and receives relatively little recharge, and

therefore is unlikely to be greatly affected within a year after a

nuclear conflict.

4. Kentucky. This state pumps a lot of water from the shallow alluvial

aquifers along the Ohio River and its tributaries. These aquifers

are extensive enough that, except for shallow wells, the impacts of a

prolonged drought are not likely to be large.

Of the above six states, Arkansas (82%), California (38%), and

Mississippi (82%) withdraw more than a third of their non-power utility

water from wells.

The other major aquifer in Table 6 that is unlikely to be affected

by nuclear winter is the Columbia River Basalt of Washington State. Its

size and depth, together with the aridity of the region, render it

relatively invulnerable.

In many cases in which well yields are vulnerable to nuclear

drought, pumpage rates can be maintained or even increased by deepening
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wells or drilling deeper wells. The most important exceptions to this

are the relatively thin aquifers of glacial origin in the northern United

States. The cost and resource requirements of well deepening depend on

many site-specific characteristics, including the age of the well,

whether the existing pump can still be used, type of casing, and geology.

In most cases, it is no more expensive to drill a new well. The average

cost for new municipal water supply wells in 1983 was $34,400/well,

including pumps and materials (K. McCray, National Water Well

Association, 1987, personal communication). This cost depends on depth

and geology, as, for example, the statistical analyses in Campbell and

Lehr (1973) and Hobbs (1984) show. In the year following a nuclear

conflict, shortages of drilling rigs are unlikely to limit drilling

activity. The reason is that the water well-drilling industry suffers

from overcapacity in both equipment and staff, and could accomodate a

large increase in demand for its services (K. McCray, personal

communication). Hence, if the energy is available, water supplies from

many of the "vulnerable" aquifers identified above might be maintained

during the nuclear drought.

An interesting question is whether there is enough farmland

irrigated by groundwater to raise sufficient food for the American

population in the second year following an attack. (Stored food supplies

are more than adequate for the first year following an attack, see Sect.

3.3.) Table 5 shows, by state, the amount of water pumped annually for

irrigation. If it is assumed that (1) 24 in./yr (or 2 acre-ft/acre/yr)

are required to raise wheat, and (2) 50 bushels/acre (1.4 tons/acre) is

the average yield, then the 63 million acre-ft/yr of groundwater used for

irrigation would be sufficient to raise 1.6 billion bushels per year (44

million tons/year). This would cover over half of the approximately 70

million tons needed to provide a minimal diet to the pre-attack American
population.

This calculation presumes that availability of seed, energy, agri

cultural machinery, pesticides, herbicides, and labor would present no
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constraint. It further assumes that if water tables fall drastically in

certain areas due to the decrease in precipitation, then machinery,

labor, and energy would be available to deepen wells where needed. It

should be noted that only about 10% of the pumpage for irrigation is from

the "vulnerable" aquifers listed in Table 6. It is also assumed that

decreased insolation and temperatures in the second year would not

greatly lower productivity. A final assumption is that, in places where

groundwater is used at a greater rate than two acre-ft/acre/yr, there

would be enough nearby unirrigated land that could be planted in wheat

and use the excess water.

3.2.3 Surface Water: Supply Scenarios

Surface water supplies that would be available during a year-long

reduction in precipitation would include (1) reservoir storage of stream-

flows previous to the conflict and (2) runoff occurring after the

conflict. These quantities would depend on many factors, nearly all of

which are random or poorly understood. These include (1) antecedent

hydrologic conditions (such as reservoir levels, soil moisture, ground

water tables, etc.); (2) the time of year of the conflict; and (3) the

exact effects of nuclear winter upon total amounts and distribution of

precipitation and evapotranspiration (see Section 2.6). Because of these

great uncertainties, we attempt only to produce a scenario of what stored

water and runoff might be available during the year following a conflict,

while making conservative assumptions to avoid overestimating the

availability of supplies.

There are three general approaches to estimating streamflows under

nuclear winter conditions:

1. Empirical observations of the same phenomenon. Are there historical

precedents for droughts of the hypothesized magnitude? The answer

is no. Precipitation deficits of 70% or more have not occurred in



C
M

l~
v

i-

C
T

<SS
-

C
U

4->cC
D

oIDC
D

1
C

D
•
r
—

0
1

X
3

^
^
^

o
-
o

s
-

C
D

C
n

Q
.+

J
E

Q
-

n
)

<
£

.
,
—i
-

0
)

S
-

V
I

o
-

M
3

.
,
_

c
C

D
3

0
1

c
-

<
T

J
C

D
a

.
C

D
•
r
—

c
n

s
:

>
>

*
~

"

.
c

*
-
^

c
+

J
+

j
(
0

C
L

l*
-

C
D

C
D

*
~

^

s
:

-
oC
D

O
V

O
s
-

C
D

r
a

O
-
C

s
-

C
J

3

C
D

o
a

:
0

1

C
D

+
j

(T
J

+
j

C
Os
-

C
D

3c
r

<

o
c
n

j
o

o
•

to
.
i
f
l
o

o
o

N
i
n

o
o

m
i
n

r
t
i
n

o
o

N
.i^

^
r

.
cm

oo
i*-~

co
•

•
.
.
S

u
o

l
o

.
.
^
S

.
.

.
.
.
.
'
O

o
m

m
i
-
i
i
n

o
o

N
•
i
^

«sr
•
c
\io

o
»

~
c
o

•
•

•
•

o
ir>

O
S

r
H
O

O
l
f
H
C
M

O
^
-
V
O

0
0
C
M
C
M
i
—
I
C
M
r
-
l
^
-
r
-
1
C
O
C
O

O
V
O

O
O

C
O
O

f—I
c
o

•—i
o

cm
cm

ir>
10

w
^

^
w

C
O

i
n

•
•

o
c
n

o
tx>

i—
i

o
o

O
i—

i
o

»
-

•—
I

o
o

>
-
>

-
>

-
>

-
>

-
;

>
-

z
>

-
z

>
-

z
>

-
:

>
-

>
-

z
>

-
>

-
z

>
-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
z
z
>

-
z

z
>

-

>
-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
:
>

-
>

-
z

>
-
>

-
>

-
>

-
z
>

-
z
>

-
>

-
>

-
:
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-
>

-

o
o

c
5

0
<

3
L

O
O

o
o

o
o

o
o

o
o

i
r
>

o
o

o
o

c
3

i
r
)
i
r
>

o
o

c
D

o
o

o
t
r
>

o
o

o
c
3

L
f
)
i
r
>

c
5

C
3

C
3

C
3

C
!
5

o
<

-
i

o
o

i
n

o
w

N
i
n

i
n

i
n

w
o

o
o

o
o

i
n

i
f
l
N

O
O

i
n

N
N

O
i
f
l
i
n

o
i
f
l
u

i
o

o
i
n

o
S

w
w

o
K

K
o

w
o

w
w

o
c
o

c
o

^
*

M
N

r
v
N

o
^
o

m
m

c
>

j
N

w
w

w
i
o

(
\
i
w

i
n

*
L

o
o

N
m

i
j
)
m

c
\
i
w

r
s
i
n

w
m

i
f
l
i
v
m

i
n

m
•—

I
i—

'
C

O
>

—
i

i—
l

i—
i

C
O

i—
l

i
f
l
i
n

o
o

o
i
f
l
o

o
o

i
f
l
o

i
n

o
o

o
o

o
i
f
l
i
n

i
n

o
i
n

i
n

N
i
n

o
i
n

i
n

i
f
l
i
n

o
o

o
o

i
n

m
o

i
f
l
i
f
l
i
n

o
N

o
^
H

^
-

C
M

w
w

.
<

w
>

.<
w

w
w

^
/

w
u

i
u

i
u

i
w

u
j

u
i

v
m

u
j

U
U

)
U

J
m

m
O

O
O

O
u

i
U

J
O

u
)
l
O

L
O

O
C

M
O

o
o

c
n

N
^
o

*
^
c
O

M
C

O
N

N
o

i
c
o

(
X

)
r
t
(
o

w
r
H

c
n

(
»

i
N

*
i
n

i
n

o
>

O
M

i
o

i
n

c
o

c
v
j
O

r
-
i
o

C
M

CSJ
«S|-

C
M

C
M

^
f

<
->

i-H
.-I

r
t

,-c
r-,

,-H
,-1

,-H
.-I

r-l
r
t

r-H
—

.
,-.

s
:

o
o

o
o

o
o

•-<
o

o
o

o
c
o

o
o

a
.

a
.

a
.

5
-

w
y

w
i
i
^
a

z
^
C

L
a

.
c
i
a

a
i
i
i
a

i
i
t
i
a

i
i
Q

.
t
i
a

.
c
^
Q

.
a

a
Q

.
t
i
o

i
o

o
M

a
a

a
i
i
a

i
i
a

^
£

t
a

Q
.
Q

.
c
t
Q

.
Q

.

o
:<

C
<

C
O

O
(—

L
l
J
—

I
—

I
—

l
<

<
D

Z
Z

W
I
/
)
>

<
<

<
Q

U
J
i
-
'Z

O
O

0
0

O
O

O
C

3
O

I
<

o
o

o
o

o
Q

L
i
-
L

L
.L

i
_

c
3

>
-
i
i
-
i
i
-
i
i
-
i
^
i
l
!
:
N

1
(
/
_

j
_

j
s
s
s
s
:
s
s
z
:
s
:
z
z
z
^
^

<
I—

Z
H

D
-
J

O
a

:
a

:
_

i
<

h—
<

i—
O

L
lJ

I
M

L
L

U
1

^
u

_
U

_
0

0
<

C
>

I—
I

C
d

L
U

o
o

i
-
^

i—
i

L
U

Z
3

o
:

Z
D

>
—

i
e
t

c
n

J
Q

1
H

-
I
Q

V
X

<
3

o
<

C
\
h

-
—

1
i

C
C

—
1

i—
i

1
—

0
0

U
J
h

<
Q

Q
U

—
J

>
Z

3
Z

Q
_

l
<

C
L

U
L

U
1

"
D

O
i—

i
L

U

—
I
Z

l
—

•
—

I
0

O
I
—

I
Z

Q
Z

L
U

Z
_

l
L

l
1

—
1

e
t

i
1

i—
l

<
o

:
u

.
o

.
<

u
.
h

z
<

z
<

<
i

U
1
e
t

1
<

<
C

u
_

i—
l

L
U

1
0

0
l
—

I
L

L
<

Q
>

-
Q

1
—

1
>

0
<

i
-
i
Q

.
•—

i
h

-
1

—
1

•—
1

>
I
Z

I
Z

h
Z

ii—
i

<
:

i-
i

>
U

J
M

M
>

>
o

>
1

—
D

h
i
-
i
h

-
<

<
0

Q
D

i
U

Q
:
D

_
1

0
U

3
I
D

0
D

<
_

I
D

W
D

y
o

:
o

Z
O

O
O

O
-
J
-
l
<

<
_

I
C

3
_

J
t
—

i
_

i
o

:
—

i
o

<
o

q
:
i
-

z
<

c
—

i
1—

1
—

J
1
c
r

i
i

i
>

—
i

i
:
e

_
i

i—
e
t
C

O
C

0
0

0
<

t
O

0
^
0

0
L

l
_

C
O

L
l_

<
c
>

e
5

C
3

<
C

3
:
<

:
c
_

)
<

i:
o

o

<
:

oo
<

<
l
-
H

>
c
c

U
_

I
i—

i
i
r
f

-
j
-
i
M

<
q

:
<

c
i—

i
<

<
q

:
lu

>
i—

ll—
i

Q
l—

ll—
i

^
•»-

—
t

>
>

Q
.
Q

-
>

-
0

i~>
l•

l
i

Z
D

Z
3

_
l

O
.Q

-<
t:c

j3
L

U
O

—
J

—
I

<
c

—
i

—
i
<

-
j

i-i
i-i

i
a

_
i

o
i<

c
«

r
.

i-iU
-L

li-i
e
t

00
00

<
e
t

3
<

o2
c
o

o
o

c
j

i—
io

o
o

o
i
u

-
>

I—
>

>
-<

c
Z

h
h

h
>

h
m

I
i
J

L
U

0O
l—

i
O

L
U

O
l

Z
)
U

O
L

L
.
D

0
1

0
1

t
-

1—
_

l
L

U
a

L
U

_
l

C
Q

—
i
<

<
q

:
—

io
o

o
o

o
o

o
o

c
j3

b
^
>

—
i_

j
i
o

O
1

1
^

l
l
-
I
M

<
L

J
Z

<
L

l
.
<

<
M

O
O

C
3

W
<

Z
S

(
J
3

L
U

O
I
O

C
L

>
Z

z
z

z
z

z
o

o

L
i_

I
0

0
i—

i
>

-
z

Q
<

C
O

—
I

<
_

)
_

l
I

I
—

I

Q
U

_
O

i
O

>
-

3
L

U
•X

L
—

i
C

tL
_

l

i-
i

=
t

^
.

=
>

i-
i

e
t

r
—

i
-
i

<
o

I—
—

I
0

0
C

_3

—
I

<
c

i-
h

a
:

U
_

C
J3

I
i

i
<

>
U

m

L
U

O
O

>
-
J
Q

i
D

I
^

I

e
t

O
—

I
>

o
<



73

Table 6. (Continued)

Aquifer

Mean Mean Muni Irri Approxi-
State Recharge depth yield use use mate use

source5 (ft) (gpm) ?

DOG CREEK-BLAINE OK P
UNCONSOLIDATED SAND/GRAVEL PA PS
STRATIFIED DRIFT RI PS
VALLEY-FILL UT P
STRATIFIED-DRIFT VT PM
COLUMBIA RIVER BASALT WA PS
GLACIAL DRIFT WA PS
ALLUVIAL WV P

150

110

100

125

55

300 N

550

400

380

215

400 1575

150 500

65 775

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

N

N

Y

Y

N

(mgd)

10.10

88

14.20

56

5.38

110

135

12.20

aThe following codes are used for source of recharge:
I - Irrigation Percolation M - Mountain Runoff 0 - Overlying Aquifers
P - Precipitation S - Surface Water

Muni: Municipal water source; Irri: Irrigation water source
gpm: Gallons per minute; mgd: million gallons per day.
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any calender year in any state during the last 60 years (National

Oceanic and Atmospheric Administration, 1983). Only four states

(Arizona, California, New Mexico, and North Dakota) have had a year
in which precipitation was half or less of the average. On a

month-by-month basis, far worse droughts have occurred, but their

persistence falls short of the interruption hypothesized here under

nuclear winter.

2- Physical modeling. By assuming a set of initial conditions, detailed
models of rainfall-runoff processes and transient groundwater flow

could be used to project streamflows during a precipitation inter

ruption. However, this is only possible on a watershed-by-watershed
basis, and then only after costly calibration studies.

3- Extrapolation of statistical models. This is the only feasible

alternative in our case. Equations relating streamflows to precipi
tation and temperature could be developed, and then used to estimate

the effect of a precipitation interruption. However, it is always
dangerous to extrapolate such models, since there is no guarantee
that the estimated functions are valid outside the range of
observation. Section 2.6 discusses some limitations of this type of
analysis. We estimate average streamflows under nuclear winter by
extrapolating regression models of annual streamflows.

To avoid overestimating the availability of surface supplies, the
following conservative assumptions are made.

1. In the absence of specific records of storage levels for
reservoirs throughout the United States, we assume that during a
nuclear winter, an amount of water equal to half of the design
capacity of storage in each basin can be used to meet water

demands. Storage values, taken from U.S. Water Resources Council
(1978), include only ponds and reservoirs with over 50 acre-ft
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(16.3 million gallons) of capacity, with the exception of some

smaller dams exceeding 25 ft in height. The assumption that only

half of the storage is available is made for several reasons.

First, the possibility that the nuclear conflict would occur at

the end of the summer when reservoirs have been drawn down must be

accounted for, as must be the fact that storage may be reserved

for purposes other than water supply, such as hydroelectric

power. Also, in many cases, conveyance facilities will not exist

to bring stored water to points of demand. Finally, water quality

problems, which are exacerbated during droughts, may prevent use

of some stored waters.

2. Precipitation during the entire year is 50% of the average level

for each basin. Section 2.6, above, points out that that average

precipitation might be as small as 25% of normal levels over land

masses during the first month after a nuclear conflict. This

depression of precipitation would last months, but not for the

entire year, especially during the winter months; hence, a 50%

value is more reasonable. As a sensitivity analysis, calcu

lations are also made for precipitation levels 30% of normal.

3. Temperature is assumed to be depressed by only 5°2F relative to

annual averages. Greater temperature decreases would result in

more water being available because of decreased evapotranspi

ration.

4. The amount of streamflow assumed to be available in a basin

during the year following a nuclear conflict is assumed to be the

lesser of two quantities:

a. the lowest calender month flow of record, in million
gallons per day;
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b. the minimum streamflow calculated by inserting 50% of the
normal precipitation and a 5°F decrease in average tem
perature into a regression model relating annual stream-
flow to mean precipitation and temperature.

Not all of these flows will be available for off-stream use; we

therefore assume that only half will be. This is because

conveyance and storage facilities are not available in all

basins to divert all streamflows, and quality problems may

prevent use of some flows.

5. The regression equation estimated for each ASR is a linear one:

Q(t) = a + bP(t) + cT(t) ,

in which a, b, and c are fitted constants, with b hypothesized to

be positive, and c hypothesized to be negative. Q(t) is the flow

in water year t in the ASR in question. The water year is defined

as lasting from October to September, which is the standard period

for defining annual flows. P(t) is mean precipitation, and T(t)

is mean temperature in year t in the ASR in question, and all ASRs

that drain into it (Fig. 8). The use of a linear regression

model avoids understating the effects of drought because extra-

extrapolation of a linear model will likely result in an under

estimation of the streamflow. This is because the response

of watersheds is likely to be nonlinear for extremely low levels

of precipitation; the negative flows that a linear model would

predict in some basins are, of course, physically impossible. The

nonlinearity is due, in part, to discharges from groundwater

storage to streams. Even under zero precipitation, some

watersheds would still have positive streamflows for this reason.

The magnitude of this effect is difficult to estimate because of

the absence of such severe precipitation interruptions from the
historical record.

The use of a regression equation estimated from historical data

assumes that the temporal and spatial pattern of precipitation
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under a nuclear winter will not differ in important ways from

historical droughts. Further, it is implicitly assumed that the

nuclear conflict occurs at the start of the water year or, equivalently,

that the effects of a year-long drought resulting from nuclear winter

would not depend on what month of the year the conflict takes place.

These are, of course, strong assumptions. But the absence of specific

information about the effect of nuclear winter upon the distribution of

precipitation means that use of such functions is the only practical

means of obtaining a scenario of surface water supply.

Data were compiled from published reports and unpublished records of

the U.S. Water Resources Council, U.S. Geological Survey, and the

National Oceanic and Atmospheric Administration. U.S. Water Resources

Council (1978) gives total surface water storage by ASR and the lowest

recorded calendar month runoff for selected streamflow gauges within each

ASR. For many of the same gauges, records of annual (water year) stream-

flows have been obtained from the U.S. Geological Survey. Monthly data

were obtained for precipitation and temperature for each state (National

Oceanic and Atmospheric Administration, 1983, 1986). These data were

converted into estimates of annual values for each ASR by weighting each

state's value by the fraction of each ASR that occurs in each state.

This procedure was made necessary by the absence of readily available

ASR-level information on precipitation and temperature. Appendix I

presents the mean values for streamflow, precipitation, and temperature

for each ASR for which a regression analysis was conducted.

In general, regressions have been run only for ASRs in which there

is not large amounts of storage. Also, equations have not been estimated

for most of the ASRs in the Great Lakes basin (ASRs 401-408). It is

assumed here that if storage is less that 75% of the average annual

streamflow, then annual flows are not significantly altered by the

operation of the storage reservoirs. (Use of a 50% threshold does not

significantly change the results of the analysis below.) Essentially,

this assumes that storage is operated only to redistribute flows within a
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water year, and not between years. If this assumption is not true, it

would be necessary to adjust streamflows by changes in storage, for which

nationwide data are unavailable. The impact of this assumption is to

overestimate low flows, if reservoirs have been operated to increase

streamflows during dry years. This analysis also assumes that changes in

consumptive uses over time are not significant, relative to the levels of

streamflows. Correction for this factor would require time-series data

on water use, which are not available on a nationwide basis. The effect

of this assumption will be to underestimate the available surface water

supplies, since observed flows have already had consumptive uses

subtracted from them.

Appendix I presents the estimated equations (Table Al), and four

sets of estimates of streamflows (Table A2). Each set results from

either 50% or 30% of the average precipitation and either no decrease in

mean temperature or a 5°F decrease. These four sets are presented to

illustrate the sensitivity of the analyses to the inputs. Table 7

displays, for each ASR, the total surface storage, the lowest monthly

runoff, and the estimated streamflow resulting from 50% of the mean

annual precipitation and a 5°F decrease in average annual temperature.

The storages shown are cumulative values, including all upstream storage.

In general, a "cumulative" value for any variable is the sum of the value

for the ASR in question plus the values for all ASRs that drain into it.

Cumulative statistics are important, because the water supply available

to an ASR includes not only the internal supplies, but also the net

amounts provided to it by upstream basins.

To calculate cumulative totals, we generally used the relationships

shown in Fig. 8 to determine which basins discharged to which. Four
exceptions are made.

1. ASR 201 (upper Hudson) discharges directly to the Atlantic Ocean,
because New York City cannot presently draw upon the Hudson River
for significant amount of supplies.
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We assume that ASR 203 (Delaware) is influent to ASR 202 (lower
Hudson), because of the large diversions of water made from 203 to
the New York City area.

Because of the large Owens Valley and Colorado River diversions to
southern California, ASRs 1502 and 1807 are assumed to be influent
to ASR 1806.

Because of large diversions to the San Francisco area, ASR 1803 is
assumed to be influent to 1804.

Table 7 also shows the surface supply scenario we use in the vulner

ability assessment of the next subsection. This scenario is one-half the

sum of (1) normal storage capacity and (2) the minimum of the lowest his

toric calender-month streamflow and the calculated flow under a 50%

decrease in precipitation. In most basins, stored water is by far the

largest component of this scenario. Excluding the Great Lake ASRs,

storage is half or less of the scenario for only eight ASRs, of which

seven are in the east and four in the southeast.

3.2.4 Surface Waters: Vulnerability Assessment

The vulnerability assessment for surface water consists of a com

parison of the needs of domestic central systems, irrigators, and others

for surface water with the scenarios of surface water supply developed in

Section 3.2.3.

Table 8 displays the levels of water demand by ASR used in this

analysis, derived from U.S. Water Resources Council (1978). Total

demands are disaggregated into groundwater and freshwater uses;

consumption and withdrawals; and type of user (domestic central systems,

irrigation, and electric utilities). Most of the demands are cumulative

demands, which include both the ASR in question and upstream ASRs.

It is the demands for surface water that should be compared with

the surface water supply scenario. The assumption is that ground and

surface supplies cannot be substituted for each other; this is a
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conservative assumption, as, in truth, extra pumpage from wells can make

up for surface shortfalls in some places. Domestic central, irrigation,

and total demands upon surface waters are estimated by subtracting

estimates of the respective groundwater demands from the totals in Table

8. For domestic central and irrigation uses:

in which:

WDCs(i) = WDCsg(i) - WDCg(i)

WIs(i) = WIsg(i) - WIg(i)

WDC|<(i) = Forecast year 2000 withdrawals by domestic central
systems, including industry supplied by central water
supply systems, in ASR i from water source k (s = surface
supplies, g = groundwater, sg = total surface and
groundwater).

WI|<(i) = Forecast withdrawals by irrigators in ASR i from water
source k, in the year 2000.

Analogous equations are also used for consumption. Because groundwater

demands by domestic central systems and irrigators are not available by

ASR, we estimate these demands from state-level data in U.S. Geological

Survey (1985). The percentage of total domestic central withdrawals in

ASR i that is met by groundwater is assumed to be a weighted average of

the percentages for the states lying within that ASR (Table 5). The

weights are the fraction of the ASR that lies within each state. The

resulting weighted percentage is multiplied by the total domestic central

withdrawal to obtain an estimate of the groundwater pumped for central

systems. This procedure is repeated for irrigation withdrawals.

Consumption figures are obtained by multiplying the withdrawal estimates

by the ratio of consumption to withdrawal for the use category in that

ASR. Exceptions to these procedures were made if the resulting estimates

exceeded the total groundwater withdrawals in Table 8; in those cases,
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the irrigation withdrawals are set equal to the total withdrawal minus

the estimated domestic central withdrawal.

The total surface water demands in Table 8 are calculated as

follows:

wT0Ts(i) " wT0Tsg(i) " wP2000(i) + cP1985(i) " wT0Tg(i)

cT0Ts(i) " CTOTsgO) " cP2000(i) + cP1985(i) "

WT0Tg(i)*[cT0Tsg(i) "CP2000(i)]/[wTOTsg(i) "Wp2000(i)l

in which:

WjoTk(i) = Forecast fresh water withdrawals by all users in ASR
i from water source k (s = surface supplies,
g = groundwater, sg = total surface and groundwater).

Wpy(i) = Forecast fresh water withdrawals by power utilities in
year y in ASR i.

CTOTkO) = Forecast fresh water consumption by all users in ASR i
from water source k (s = surface supplies, sg = total
surface and groundwater).

Cpy(i) = Forecast fresh water consumption by power utilities in
year y in ASR i.

In the above equations, total surface demands are adjusted

downwards to exclude non-consumptive power plant withdrawals, since such

withdrawals are almost always returned to the same water source and do

not affect the total supply available. Year 1985 projections of power

plant capacity are used, rather than year 2000, since the latter are too

high, given the slower than anticipated rates of power growth that

prevail now. Because no data were available on consumption of ground

water, groundwater withdrawals have been multiplied by the ratio of total

non-power water consumption to non-power water withdrawals to estimate

the amount of groundwater consumed. Power uses are excluded from that

calculation because few power plants use groundwater for cooling.
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Three sets of demands are compared against the supply scenario:

1. domestic central demands;

2. irrigation and domestic central demands; and

3. all demands, excluding nonconsumptive uses by steam power

plants.

Each comparison is discussed below, and all are summarized in Figs. 12-

14 and Tables 9 and 10. Table 9 presents ratios of the supply scenario

to demands; ASRs whose ratios are less than one are displayed in Figs.

12-14. Table 10 shows the supply deficits (demand minus supply), where

positive. These are cumulative deficits, which include supplies and
demands from upstream ASRs.

Although there has been much publicity about the vulnerability of

our major cities to drought, on a basin-wide basis, there would seem to

be little difficulty in meeting central domestic demands (Fig. 12). Only
the ASRs in which Boston and Washington, D.C., reside have year 2000

annual surface withdrawals that would exceed one-half the reservoir

storage in the basin plus one-half the streamflow scenario. The ASR 103

deficit of 144 mgd (Table 10) would actually be much smaller because of

the Quabbin diversion from the Connecticut basin (ASR 105) to Boston. On
the other hand, the withdrawal deficit in the Potomac basin indicates

that real problems would occur, as most of the withdrawals not consumed

in that basin are discharged to the Potomac estuary, where they cannot be
reused.

However, because of the absence of conveyance facilities, there will
still be many other cities which would not be able to meet all demands on

their system. An example is Philadelphia. Although the amount of water
available in the Delaware basin, net of diversions to New York City, is
likely to be sufficient in quantity, quality problems due to the advance



Fig. 12 ASRs in which the year 2000 withdrawals by domestic
central systems exceed surface water supply scenarios
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Fig. 13 ASRs in which year 2000 domestic central and
irrigation surface demands exeed the supply scenario
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Fig. 14 ASRs in which year 2000 surface demands exceed
the surface supply scenario
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Table 9. (Continued)

Ratios of :surface suoolv scenario to Yr 2000 demands

Domestic central Irri. + Dom. Cent. Total

ASR Withd. Consump. Withd. Consump. Withd. Consump.

*406 0.17 1.79 0.16 1.54 0.06 0.18

*407 0.4 1.9 0.38 1.73 0.13 0.31

*408 9.52 55.88 8.91 43.14 3.41 9.21

501 12.91 130.03 12.86 125.47 5.88 14.05

502 5.84 46.55 5.74 41.45 1.62 3.1

503 2.4 16.12 2.35 14.4 1.61 3.9

504 9.92 386.7 9.38 120.69 0.75 1.26

505 7.01 61.45 6.71 46.76 1.82 3.54 CO

506 1.94 24.28 1.94 23.61 0.74 1.69
oo

507 27.54 242.73 26.14 171.47 7.33 16.75

601 29.71 225.37 28.7 185.78 5.2 9.73

602 23.5 194.1 22.12 138.12 3.76 6.64

701 23.88 238.78 20.6 102.87 7.44 15.2

702 43.98 442.57 37.78 187.25 11.17 20.43

703 29.35 299.86 26.59 159.62 8.06 15.36

704 8.54 53.55 8.03 40.29 3.18 5.92

705 32.06 174.23 1.52 3.92 1.38 3.07

801 17.33 103.99 1.68 4.19 1.37 2.88

802 17.74 98.78 1.74 4.25 1.43 2.93

803 16.74 83.94 1.7 4.09 1.35 2.74

901 92.36 228.48 4.02 5.41 3.32 4.31

1001 447.77 1137.24 0.88 2.5 0.86 2.36

1002 157.72 425.86 0.34 0.99 0.33 0.94

1003 498.33 1313.88 1.04 2.97 1.02 2.83

1004 95.82 297.05 0.2 0.65 0.19 0.59
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Table 9. (Continued)

Ratios of surface supply scenario to Yr 2000 demands

Domestic central Irri. + Dom. Cent. Total

ASR Withd. Consump. Withd. Consump. Withd. Consump.

1501 14.05 28.1 0.49 1.88 0.3 0.62

1502 99.34 225.75 2.91 6.64 2.81 6.07

1503 7.54 15.09 0.8 1.3 0.8 1.3

1601 7.31 18.18 0.4 0.97 0.37 0.86

1602 36.15 103.29 0.35 0.62 0.35 0.62

1603 17.3 54.79 0.11 0.17 0.1 0.15

1604 8.49 37.38 0.29 0.47 0.24 0.37

1701 96.96 325.67 2.27 5.83 2.08 5.18

1702 392.67 1570.67 2.98 5.46 2.9 5.18

1703 207.37 720.34 0.52 1.4 0.52 1.4

1704 577.22 2143.95 2.29 5.5 2.07 4.48
VO

1705 190.99 1096.95 25.77 42.65 16.35 27.41 cn

1706 12.84 86.07 5.83 13.04 2.39 4.87

1707 147.17 294.34 0.04 0.12 0.04 0.1

1801 71.58 409.98 1.25 2.98 1.15 2.36

1802 44.5 89.26 1.78 2.36 1.78 2.36

1803 20.46 40.84 0.53 0.69 0.53 0.69

1804 9.46 21.55 0.56 0.75 0.56 0.75

1805 7.99 20.05 1.08 1.55 1.08 1.55

1806 23.07 56.02 2.04 4.24 1.91 3.56

1807 8.14 16.56 1.88 3.23 1.88 3.23

Abbreviations: Dom. Cent. = Domestic Central; Irri. = Irrigation;
Withd. = Withdrawals; Consump. = Consumption

♦Calculations exclude storage in Great Lakes and are therefore unrepresentative of the
actual water supply situation. These areas are excluded from Figs. 12-14.
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Table 10. (Continued)

Deficits (surface scenarios - 2000 demands) (105g/d)

Domestic Central

ASR Withd.

406* 741

407* 282

408 0

501 0

502 0

503 0

504 0

505 0

506 0

507 0

601 0

602 0

701 0

702 0

703 0

704 0

705 0

801 0

802 0

803 0

901 0

1001 0

1002 0

1003 0

1004 0

Consumpt.

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Irri. + Dom. Cent.

Withd.

769

301

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1251

5043

0

7603

Consumpt. Withd.

0 2188

0 1207

0 0

0 0

0 0

0 0

0 100

0 0

0 166

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 1488

22 5201

0 0

1009 7819

Total

Consump.

673

412

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

152

0

1288

CO
VI
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Table 10. (Continued)

Deficits (surface scenarios - 2000 demands) (106g/d)

Domestic Central Irri. + Dom. Cent. Total

ASR Withd. Consumpt. Withd. Consumpt. Withd. Consump.

1402 0 0 794 0 923 0
1403 0 0 2754 0 3440 0
1501 0 0 71 0 159 43
1502 0 0 0 0 0 0
1503 0 0 355 0 355 0
1601 0 0 1411 29 1649 153
1602 0 0 449 153 449 153
1603 0 0 1575 944 1830 1144
1604 0 0 820 381 1025 563
1701 0 0 0 0 0 0
1702 0 0 0 0 0 0

CO
CO

1703 0 0 6631 0 6631 0
1704 0 0 0 0 0 0
1705 0 0 0 0 0 0
1706 0 0 0 0 0 0
1707 0 0 2514 760 2618 897
1801 0 0 0 0 0 0
1802 0 0 0 0 0 0
1803 0 0 4460 2289 4460 2289
1804 0 0 4812 2046 4812 2046
1805 0 0 0 0 0 0
1806 0 0 0 0 0 0
1807 0 0 0 0 0 0

♦Calculations exclude storage in Great Lakes and are therefore not representative of the
actual water supplysituation. These areas excluded from Figs. 12-14.
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of the salt front in the Delaware estuary would endanger Philadelphia's

supply. Such problems can only be identified by studying, on a basin-by-

basin basis, the configuration of individual water supply systems.

In terms of just meeting the survival needs of the population, no

ASR shows any problem. Steel and McGee (1979) give the following figures

for average domestic use in the United States:

o 5 gal/capita/day (gcd) for culinary and drinking uses

o 20 gcd for sanitary uses

o 10-25 gcd for bathing and washing.

These typically constitute much less than half of the total domestic cen

tral system demand, and could themselves be lowered in emergencies. In

none of the ASRs would demands of this magnitude exceed the supply

scenario. Of course, local problems would still arise because of

conveyance or quality problems. Estimation of the seriousness of such

problems would require detailed basin-specific studies.

As indicated in Fig. 10, much of our irrigated cropland depends on

surface water supplies. Our comparison of surface water demands by

irrigation and central domestic systems with the surface supply scenario

indicates that many western states would have insufficient supplies (Fig.

13). Of course, the deficits are worst when supplies are compared to

withdrawal rates rather than consumption figures, since the former are 2

to 5 times the latter. Because irrigation return flows are reused

(sometimes several times), the cross-hatched areas in Fig. 13 may be a

truer reflection of the problems that would occur. The aggregate

consumption deficit (Table 10, excluding overlaps of cumulative ASRs) is

approximately 7 billion gal/day, while the aggregate withdrawal deficit

is about 50 billion gal/day for the entire nation. Assuming that power

is available, part of this deficit would be made up by increased

groundwater pumping, as it was during the 1976-77 California drought.
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The problems in Fig. 13 are mostly in the western states (aside from

the northeastern urban areas where irrigation is unimportant). Important

irrigated areas in the Central Valley of California, the Great Basin, and

elsewhere in the Rocky Mountain west are vulnerable. Future work should

include an assessment of the extent of the problems in terms of amount of

cropland and production affected by basin. On a national basis, the

withdrawal deficit of 50 billion gal/day would be equivalent to 40,000 sq

mi of irrigated land, assuming that an average of 24 in./year of water is

applied.

Figure 14 compares the total surface demands by all users to the

supply scenario. In terms of consumption figures alone, metropolitan

areas that would have problems include Denver, San Francisco, and

Washington, D.C. Because irrigation is the largest user in most of the

west, the pattern of shortages for total consumption is similar to that

for just irrigation and domestic central system use (Fig. 13). However,

use of consumption figures alone underestimates the problem, since return

flows are not always available to other users. As an example, many

cities discharge their wastewater to estuaries or the oceans.

In terms of withdrawals, the major metropolitan areas of the

northeast and Texas would also have shortfalls of supply. The irrigation

dominated basins of the Colorado, Great Basin, Rio Grande, Texas-Gulf,

Central Valley, and Upper Missouri all show that the surface supply

scenario would not meet projected surface demands. Two ASRs in the Ohio

basin also show deficits; however, those are mostly due to the

unreasonably high growth rates assumed for industrial use by U.S. Water

Resources Council (1978).

Because the hydrologic effects of nuclear winter are so uncertain, a

sensitivity analysis was performed based on annual precipitation rates

30% of normal levels, rather than 50%. The resulting projections of

streamflows, based on the regression models, are shown in Appendix II.
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This decrease in precipitation only slightly alters our results. Only

five of the zero entries in Table 8 became non-zero as a result,

signifying that this change has little effect on the number of basins

whose demands exceed the supply scenario. The new non-zero entries occur

in ASR 203 (Delaware basin; domestic central withdrawals and total

consumption); ASR 204 (Susquehanna basin; total withdrawal); ASR 504

(Kanawha basin; total consumption); and ASR 1801 (Klamath-North Coastal;

total withdrawal).

3.3 FOOD

3.3.1 Effects on Current Crops

The expected effects of nuclear war on agricultural productivity

include widespread radioactive fallout as well as climatological effects

of depressed temperatures and reduced rainfall. As discussed previously,

amounts of atmospheric smoke and dust which would cause insignificant

temperature depression can cause very significant reduction or alteration

in rainfall patterns. As demonstrated by the El Nino phenomenon, appar

ently very subtle changes in the ocean or atmosphere can be accompanied

by dramatically altered patterns of rainfall.

While now the average temperature depression in the Northern

Hemisphere expected from even a severe nuclear war is only 10 to 20°C,
this can produce local episodes of below-freezing temperatures.

Below-freezing temperatures, even for a single night, can severely

reduce the yields of such crops as corn and soybeans if they occur during

the period of active growth.

3.3.2 Food Reserves

Even before the postulation of nuclear winter, it was widely

recognized that in an all-out nuclear war, agricultural areas of both the
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United States and Soviet Union would likely experience heavy levels of

fallout contamination. Grain crops are only about an order of magnitude

more resistant to gamma radiation than are humans (Bottino and Sparrow,

1970). It has been assumed by many planners that a total crop failure
was possible and even likely in both countries due to fallout in the
event of a nuclear war in the spring or summer. Even without intensities

high enough to kill the standing plants, the presence of fallout
radiation could prevent farmers from entering the fields in a timely

manner to carry out necessary planting, cultivating, or harvesting tasks.

Attention then turned naturally to the food reserves available at

harvest minimums. Figure 15 shows the storage of grain on and off farms

in the United States over the years 1981-1985. It can be seen that total

grain stock at the harvest is at a minimum in the third and fourth
quarters - approximately two years' supply of food (at 3000 calories per
day) for the entire population of the United States (Kerley et al. 1987).
Thus, the loss of a crop year due to nuclear winter does not present a

new hazard to the United States, the Soviet Union, or, for that matter,

to other countries that produce food in great excess of their population

requirements, such as France and Canada (which are likely to be involved

in a nuclear war).

However, many countries that would otherwise have been bystanders in

a U.S.-Soviet war could now be confronted with a previously unexpected

emergency. This is particularly true of those countries that do not
produce large food surpluses and/or do not have a sizeable livestock
industry that requires the storing of large amounts of grains.

3.3.3 Seed Production

Seed for most of the food produced in the United States is produced

by farmers specializing in that activity who themselves are rarely

engaged in the end result—food production. The seeds used in U.S.

agriculture are responsible for much of its productivity and are the
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process to get from the plant breeder to the food-producing farm. The
production of new varieties of seed typically will take several years of
selection and cross breeding, ultimately resulting in a strain which is

accepted for commercial production by the agricultural authorities of a

given state. Initially, there may be only a few bushels of this strain

available, and these are used by the plant breeder to breed a quantity

useful for the first stage of commercial production. This seed is called

foundation stock and is used by the seedsmen to produce what they call

stock seed (Garrison, 1961).

Stock seed, which may be an inbred variety or first cross, is repro

duced by the seed production farm under very carefully controlled

conditions to prevent contamination with other genetic material or

noxious weeds. In its production, it is subject to hand weeding in the

field to remove deviant plants (called "roguing") and careful seed

cleaning on harvesting with stringent precautions against contamination

by other seeds in the seed handling equipment. The seed-producing farm

then uses some of the stock seed to produce what is called the market

crop which is sold to the food producers. It is in production of the

market crop that the final hybridization is carried out for the

production of hybrid seeds (Airy et al., 1961).

Typically each planting will produce of the order of 100 times the

seed that was used in the planting. A year's supply of stock seed is

about 1% of the annual production of market seed which is in turn of the

order of 1% of the grain production if the seed is for production of a

grain. Most seed-producing operations will carry over 1-3 years of stock

seed as insurance against a crop failure (Garrison, 1961).

A climatological upset and/or fallout from a nuclear war would destroy

not only the food crops, but also, the market seed crop and the stock

seed crops. Assuming the seedsmen carried over enough stock seed to grow

a new market crop, it would still be two years after the missed crop

before another food crop could be grown. Depending on the time of the

upset, this time might be shortened by one growing season, as is present
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practice, by growing seed for northern summer crops over the winter in

Mexico, South Texas, or the Caribbean.

Until normal seed production could be re-established, farmers in

food-producing operations would be forced to use stored grain for the

following year's crop. In an emergency, it would produce edible food but

at reduced yield. It is estimated that the yield from hybrid corn used

as seed would be approximately 80% of the yield from the F-l cross (Airy

et al., 1961). There would also be increased danger of weed seeds

contaminating the grain and low germination rates because in general,

food grains are not handled as carefully as are seed crops. In

particular, if the crop had been subjected to high temperature grain

drying or if it had been allowed to heat in the storage bin before being

adequately dried, it might have a very low germination rate (Stevens et

al., 1961).

Farmers expecting to be forced to use the previous year's crop for

seed could check their stored grain for its germination capability

indoors months before the planting season. Part of the emergency

planning in agricultural areas should include plans for germination tests

of the grain stored in the area and plans to distribute viable seed to

all farms that had the capability to grow it.

3.3.4 Long-Term Effects

As discussed in Chapter 2, the phenomenon of smoke lofting due to

solar heating could cause the movement of smoke into the stratosphere

where its removal time is greatly extended. The possibility exists that

significant climatological effects may persist into a second year after a

war with the possibility of a degree or two temperature depression and

reduction of convective rainfall in the following growing season.

The National Defense University has conducted a study of crop yields

and climate change (National Defense University, 1986). Figures 16
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through 19 are contours of estimated crop yield variation with changes in

temperature and rainfall for corn, soy beans, spring wheat, and winter

wheat for the United States and some comparable country. In general,

crop yields or reductions are proportional to rainfall reductions about

the present level of rainfall and temperature. In the United States, for

most crops a degree or two reduction in temperature will cause a slight

increase in yield which is true also of Brazil and Argentina. Canada and

the Soviet Union can be expected to undergo significant reductions in

yield in the event of a temperature reduction of more than a degree or

two. This is due to the fact that the Soviet Union and Canada are high-

latitude countries and are pushing the range of wheat cultivation right

to its margin.

Small changes in atmospheric circulation patterns can cause

significant disturbance to agriculture, particularly in areas of marginal

rainfall as in much of the Soviet Union.

3.4 CLOTHING

As shown previously, the climatological effects from a spring or

summer war, generally are thought to produce transient temperatures less

cold than the normal January temperatures for a particular region. Neal

et al. (1982), in a study of emergency weather preparedness in north

eastern Ohio, provided some evidence that at least in that area over 75%

of the population believed they were adequately clothed for weather

extremes. In a nuclear war scenario, even people who do not have

adequate cold weather clothing would find considerable protection against

cold in fallout shelters if they were crowded in at 1 person/10 sq ft.

As suggested by Fig. 2, people at lower latitudes in the Southern

United States would experience much smaller temperature decreases than

people who were farther north. Thompson and Schneider (1986) estimate an

average temperature (summertime) minimum over 70 F.
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CORN: Argentina
Annual-Yield Response Surface (100 = Base-Period Expected Yield)

AT

ro

6 —

Figure V-2

CORN: U.S.
Annual-Yield Response Surface (100 = Base-Period Expected Yield)

AT

(°C)

Fig. 16 Yield response surfaces for corn in the U.S. and
Argentina
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SOYBEANS: Brazil
Annual-Yield Response Surface (100 = Base-Period Expected Yield)

SOYBEANS: U.S.
Annual-Yield Response Surface (100 = Base-Period Expected Yield)

Fig. 17 Yield response surfaces for soybeans in the United
States and Brazil
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SPRING WHEAT: Canada
Annual Yield Response Surface (100 = Base-Period Expected Yield)

AT

(°C)

Figure V 8

SPRING WHEAT: U.S.

Annual-Yield Response Surface (100 = Base-Period Expected Yield)

AT

(°C)

Fig. 18 Yield response surfaces for spring wheat in the
United States and Canada
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WINTER WHEAT: U.S.
Annual Yield Response Surface (100 Base-Period Expected Yield)

WINTER WHEAT: USSR

Annual-Yield Response Surface (100 = Base-Period Expected Yield)

AT

(°C)

Fig. 19 Yield response surfaces for winter wheat in the
United States and the Soviet Union

X131
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While the existence or nonexistence of nuclear winter is arguable and

is certainly dependent on the size and nature of the attack, there is

absolutely no question about the return of cold weather in January

following the attack. If weapon effects destroy the utilities that

provide space heating or much of the housing stock, as expected, the

survivors of a nuclear war are going to face an exposure problem,

especially in northern parts of the United States, even without a nuclear

winter. This problem can be managed as previously mentioned by crowding

inadequately clothed population into shelter.

Technology exists for improvising cold-weather clothing using news

papers, plastic bags, towels, and multiple layers of lighter clothing.

Illustrated directions for these techniques are given in some detail in

Kearny (1979, Chap. 15).

Paradoxically, the net effect of nuclear winter could be to reduce

the vulnerability of a surviving population to exposure the following

January. Awareness of nuclear winter should result in more emphasis on

instructions for the civilian population to take along their winter

clothing when evacuating or moving to expedient shelter. In a summertime

crisis, it would be easy for many families to overlook the vital

importance of their winter clothing. Fear of nuclear winter might reduce

the number of instances where winter clothing would be left behind and

would be subsequently destroyed by fire in the residential areas that are

destroyed by blast and thermal pulse.

3.5 ENERGY REQUIREMENTS

Contrary to most people's expectations, the possibility of nuclear

winter adds little to the requirement for energy, at least for space

heating for the survivors of a nuclear attack. As mentioned above,

emergency needs for keeping warm can be met by warm winter clothing,

improvised clothing, and crowding into shelters for a month or two after

the attack.
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The reduced temperature in a spring or summer attack would reduce the

energy requirements for ventilation that would normally be experienced in

the southern part of the United States. Since it is expected that

ventilation would be manually powered, savings in energy consumption

would be insignificant.

Possibly the most urgent demand on energy imposed by nuclear winter

is the requirement for restoration of electrical supply for pumping water

(Voelker 1986). If the effects of nuclear winter do include nuclear

drought, it is expected that surface water supplies would be most heavily

impacted. The water supplies which are expected to remain available are

underground supplies which are invariably pumped. Nonelectrical,

expedient methods can be devised easily for obtaining water from surface

streams and lakes (which are also likely to be contaminated with

fallout).

While expedient manual methods can be and have been devised for

drawing water from deep, underground wells, flow rates as high as 1

gal/min are difficult to achieve, and water from this source could be

expected to supply only the direct drinking needs of a relatively small

population.

If the disturbance of rainfall patterns persists into a second year,

re-establishment of irrigated agriculture in those areas with sufficient

underground water supplies would be critical for survival.

Restriction of the area where farming is possible will increase

slightly the requirement for transportation fuel for the movement of

agricultural products. However, this incremental requirement would be

minute compared to the national requirements for fuel. Perhaps 1 or 2%

of a preattack fuel production capability would be required for moving

food from growing areas to highly populated areas (Haaland et al., 1976).
Further restriction of areas in which food can be grown should increase

this by only a few percent.
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4. CONCLUSIONS

In the study of nuclear war, a consensus on nuclear winter seems to

be emerging among climatologists. It is generally believed possible, for

some range of heavy attacks directed against cities, that significant

climate alteration will ensue for at least a few weeks. While the

original study by Turco, Toon, Ackerman, Pollack, and Sagan (TTAPS) has

been subjected to severe criticism, with the aid of hindsight, the study

did remarkably well, considering its limitations as a one-dimensional

model of a dry planet. It identified a possibility for climate upset for

values of the input parameters subsequently judged to be reasonable. It

produced results within a small factor (2 or 3) of those currently being

produced by global circulation models. Much of the criticism of the

TTAPs study has been justly directed at the sensational way it was

presented to the public and the way selected results were used in an

attempt to achieve political ends. The authors of this study recognized

the limitations of the study and clearly stated them. Political

partisans subsequently ignored these limitations and caveats and

presented results of pessimistic excursions of the calculations as

inexorable reality.

4.1 TEMPERATURE

Three-dimensional global circulation models being developed and used

at Los Alamos, the National Center for Atmospheric Research, and

Livermore National Laboratory for a reasonable attack size seem to be

converging on a temperature depression of the order of 15°C averaged over

the temperate region of the Northern Hemisphere. Temperature depressions

as large as 25°C are predicted in the interiors of continents for attacks

in the summertime. Wintertime wars produce temperature depressions of

only a few degrees, a critically important result. All the models

suggest the possibility of episodes of freezing temperatures in the

interiors of continents in the mid-to-high latitudes, should the attacks

occur in July or April, as well as January. Summertime and springtime
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attacks do not produce temperatures as cold as those seen in normal

January conditions at the latitude of interest. People with the

resources to survive normal January temperatures will be able to cope

with the temperature epressions from Nuclear Winter.

4.2 PRECIPITATION

Work at Livermore and Los Alamos has indicated the possibility of sub

stantial reduction of convective precipitation due to suppression of

convection in the troposphere by heating of smoke in the upper tropo

sphere. This raises the possibility of drought as a major consequence of

climatological disturbance from nuclear war. Work at Livermore (Ghan et

al., 1985) indicates that suppression of convective precipitation occurs

at much lower levels of smoke loading in the atmosphere than is required

for significant temperature depression. The reduced scavenging of smoke

due to its lofting from solar heating (Malone et al. 1986) suggests that

significant levels of smoke could persist for many months after the

attack. This prolonged persistence of smoke would increase the possibi-

ity that rainfall disruption, at least of the rainfall patterns, could

occur in the second year after a war.

Except for local shortages, the analysis in Sect. 3.2 indicates that

water supplies during a "nuclear drought" would generally be more than

adequate for potable requirements. This is because requirements for

potable water are only a few percent of total domestic central system

use. However, even this quantity may present problems if electric power

cannot be restored to surviving water systems or if treatment or delivery

facilities have been damaged by hostile action.

Unirrigated (dryland) agriculture would be severely impacted by a

drought of the magnitude postulated here. A significant fraction of

agriculture is irrigated by surface water, which would be similarly

impacted. Areas obtaining irrigation water from aquifers would be

relatively invulnerable, provided that (1) drilling rigs were available
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to deepen wells in those places where falling water tables would cause

problems and (2) power supplies could be maintained or restored.

Should drought conditions persist into a second growing season,

cropping practices might have to be changed in areas with continuing

supplies of groundwater to accommodate high-priority irrigated crops for

human consumption. Production of crops for animal feed or luxury

vegetables for human consumption could be discontinued under these

circumstances. If irrigated farmlands were entirely devoted to the

raising of wheat, groundwater supplies alone could be adequate to supply

more than half of the wheat needed to provide a minimal diet for the

American population.

4.3 UNCERTAINTIES

There are still very large uncertainties in the climatological con

sequences of nuclear war. Some of these are due to the limits on

resolution of the models used. There is fundamental ignorance on the

production and optical properties of smoke from combustion of urban

environments. Both of these uncertainties should be reduced with

continued work.

The irreducible uncertainty is the nature and severity of a nuclear

war. There is absolutely no way to predict in advance the size of an

attack, the fraction targeted on cities, or the fraction airburst or

groundburst. Even where battle plans are known, the reliability and

survival of the enemies' weapons as well as one's own are not

predictable. One can only estimate a reasonable upper limit.

4.4 IMPLICATIONS

Neither cold nor drought is likely to be a direct threat to human

survival. After an attack, a population with the wherewithal to survive

its local January climate will not be threatened by the cold from a
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nuclear winter. For that portion of the population not equipped with

sufficient cold-weather clothing for the local climate, crowding into

shelters and the improvisation of cold-weather clothing are expedient

means of coping.

The principal threat of nuclear winter is to agriculture. There is

a likelihood that a nuclear war could produce heavy losses of agri

cultural productivity for the crop year, should the attack occur in the

spring or summer. There could be episodes of freezing temperatures in

the mid-to-high latitudes in the interiors of continents during the

summer growing season. In addition, there is a likelihood that rainfall

will be severely disrupted - either suppressed significantly or

substantially altered in pattern.

Nuclear winter does not present an entirely new threat to the United

States or the Soviet Union. Both countries could reasonably expect to

lose agricultural productivity in a springtime or summertime war due to

fallout either killing the early crops by radiation or keeping the

farmers out of the fields when they should be conducting time-sensitive

operations such as planting, cultivating, or harvesting. Both countries

are believed to have at least a year's supply of grain in storage at all

times. In the United States, unsold grain stored on farms and grain held

in distribution centers make up this reserve. The Soviet Union has long

provided for heavily protected state grain reserves.

The possibility exists for reduced agricultural production in the

second year due to the disturbance of rainfall patterns. This probably

poses a small threat to the United States even with a damaged

agricultural economy, given its normal production of more than seven

times the annual requirement to feed its population.

The consequences of nuclear winter would fall more heavily on the

Soviet Union. The Soviet Union is at a higher latitude than the United
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States and occupies a larger continent. It can be expected to see more

severe temperature excursions.

Much Soviet agriculture is in areas subject to frequent drought. It
can be expected that reductions in rainfall will impact these areas more

severely.

Under normal circumstances, the Soviet Union has difficulty in

meeting its agricultural production targets due to organizational and
managerial deficiencies. However, under normal circumstances, it still
manages to produce 2.5 times the quantity of grain needed to sustain its

population on an all-grain diet.
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5. RECOMMENDATIONS

The following recommendations are offered to deal with potential
climatological effects of a large-scale nuclear war. Note that they are
also required by previously-known effects of nuclear war:

1. In conjunction with the Department of Interior and the

Department of Energy make plans for restoring electric power to
domestic water supplies, particularly those depending on

underground water.

2. Support USDA policies which result in continued maintenance of
large grain reserves in storage. Large supplies of stored grain

are an immense asset to recovery from a variety of catastrophes.

It would be particularly helpful if some of that grain were

stored in the same geographical area (but outside target areas)

as the bulk of the population in the country.

3. In conjunction with the USDA, determine those areas of the

country where crops are irrigated by underground water or other
drought-resistant supplies. Priority for restoration of
electric power to those supplies should be given, as well as

priority for planning for transport of the produce from those
areas to populated areas of the country. At the same time, the
feasibility of conversion from low priority crops (e.g., cotton,

alfalfa) to high priority crops (wheat, beans) should be

examined.

4. In instructions for the general population on evacuation or on

the construction of expedient shelter, re-emphasize a reminder to

take their winter clothing with them even if the crisis occurs in

the summertime.
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Continue to encourage the population to maintain a household

reserve of storable foods capable of supporting the family for

several weeks.
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APPENDIX I

REGRESSION EQUATIONS FOR ANNUAL STREAMFLOWS

Table A.l shows the estimated equations relating annual (water year)

streamflow by ASR to average rainfall and temperature. Each equation is of

the form Flow = a + bP + cT where a, b, and c are the estimated coefficients.

For each equation, the table includes the standard errors of the coefficients,

R2, the mean precipitation P and temperature T, the streamflow gauge number
for which the equation was estimated, the mean streamflow, and the total area

of the ASR (including upstream ASRs). (Note: because of missing streamflow

records, the predicted streamflow at the mean P and mean T does not

necessarily equal the mean streamflow.)

Equations were not estimated for a number of ASRs whose "normal"

storage, as given in U.S. Water Resources Council (1978), Vol. 3, Appendix II,

exceeds 75% of the annual average streamflow. Equations were also not

estimated for most of the Great Lakes ASRs, since most major cities in those

regions can draw upon the Great Lakes for water supplies.

Table A.2 portrays the results of application of the regression equations

under four sets of assumptions:

- 30% of the average annual precipitation, no temperature change

- 50% of the average annual precipitation, no temperature change

- 30% of the average annual precipitation, decrease of -5°F in
temperature

- 50% of the average annual precipitation, decrease of -5°F in
temperature

In the analyses of Section 3.2, the latter two cases are used. The other sets

of results are shown to demonstrate the sensitivity of the results to the

input assumptions.



2
»

c
r

c
r

-
s

r
o

—
1

T
O

< —
J
.

II
ll

r
+

—
I

c
—

1
.

C
D

o
o

3
r
o

3
-
o

-
n

C
O

r
o

-
♦
i

•
•

-
s

a
>

o
o

o
C

+
—

J
.

r
n

c
r
o

-
i

3
ii

r
o

c
+

•
#

•
0

0
O

<
-+

-
<

-
h

ft
)

3
II

o
a

.
r
o

ft
)

i—
*

<
-+

-
5

3
r
o

Q
.

Q
.

-S
r
o

3
m

3
^
.

-5
Q

.
3

-
c

r
o

ft
)

o
3

C
+

-
<

C
+

O
<

3
>

ft
)

o
o

-
s

-
b

o
o

^
«

o
ft

)
-5

II
C

T
—

i
m

3
>

r
o

j
o

c
q

C
C

O
ft

)
-
*

>
r+

ro
3

^
.

X
3

3
o

ft
)

£
3

<
-+

ft
>

*
*

.
r
o

_
^

"
O

Q
.

C
O

0
0

r
+

II
c

-5
c
r

r
o

-
a

-
s

ft
)

-
s

r
o

3
r
o

i
n

-
h

n
-
j
.

—
j
^
.

o
o

-
a

3
£

—
'•

.
.
.

a>

O
O

o C
O

o
o

c
n
o
o

c
o

o
o

o c
o

r
o

c
n

o r
o

o
o

c
o

~
-
i

o
o

o c
n

o
o

o o
n

o
o

o -
p
.

o
o

C
O

o
o

o
o

o r
v
>

o
o

c
o

r
o

c
o

c
n

r
o

o o
n

r
o

•
c
n

^
1

^
1

0
0

f
—

'
C

O
r
o

o
n

0
0

o
o

o
o

1
—

»
C

O
•—

•
t
n

4
k

0
0

C
O

r
o

r
o

-p
»

c
n

C
O

-
p

.
0

0
o

o
C

O
-p

>
^
i

r
o

o 4
^

c
n

c
o

r
o

o
o

r
o

o o
o

c
o

c
n

4
k

c
o

c
o

4
k

i
—
-
^
c
n
^
c
n
^

c
n

•
C
o

•
—
•
c
n

•
—
•
c
o

•
—
•
c
n

o
o

•
o
o

•
o

•
r
o

4
k

c
n

i
—
•

c
o

c
n

c
o

4
k
^
*
o
o
^
c
n
^

c
n

~
^
i

•
c
n

•
c
o

c
o

c
n

o
o

c
n

c
n

o
o

i
—
>

4
k
^

c
o

o
.
o
o
^
^
~
j
^

r
o

i
—
•
r
o
-
—
»

«
«
j
,

c
n

•
c
o

•
c
n

•
4
*

r
o

O r
o

o
o

r
o

c
o

r
o

c
o

4
^

o
o

o
o

C
O

c
n

c
o

c
o
.
—
s
4
^

c
n

o c
n

r
o

4
k

c
n

^
i

c
n
-

c
o

c
n

c
o

O C
O

C
O

0
0

o 4
k

4
k

0
0

0
0

0
0

0
0

C
O

o
o

o r
o I

c
n

-
-
J

r
o

o
o

c
o

c
n

c
o

4
k

o
o

C
O

C
O

0
0

4
k

r
o

O
O

c
n
^
^
c
o
^
.
c
o

r
o

•
o
o

c
o
•

c
o
•

o
•

r
o
•

.
—
.
•

~^
i
•

c
n
-

c
o
-

4
k
.

c
n
-

c
o
-

c
n
-

4
k
-

•—
•
•

c
n
-

.
—
.
•

c
o
•

.
—
»
•
^
^

.
r
o
•

o
o
•

M
r
o

c
T

i
(
o

o
o

i
o

w
r
o

i
o

o
i
c
T

i
W

M
w

a
i
0

3
U

)
-
f
>

o
i
N

i
i
-
'f

v
3

W
*

>
*

>
o

v
i
i
-
'C

i
>

M
i
o

i
o

w
—

i
o

o
r
o

u
>

m
c
n

r
o

v
i

•—
*

e
n

—
•

~
o

,—
'
c
o

—
c
o

—
-

c
o

^
^

c
o

^
^

i—
•—

r
o

—
»

co
*

—
*

c
n

^
^

•—
•»

—
o

*
—

•—
••

—
•—

•—
•

o
^
-
-

oo
-—

•
o

v
—

-
c
n

—
'

co
*—

•
•—

••—
•

r
o

i 4
k

*
-~

.
4

k
v
o

<
—

-
C

O
i

o
^

o
c
o

c
o

c
n

r
o

C
O

o
o

r
o

M
o

O
O

O
c
n

4
k

O
O

O
O

0
0

C
0

O
O

O
O

O
O

0
0

C
n

O
O

O
O

O
O

O
O

~
-
l
4

k
O

O
O

O
O

O
O

O
O

O
O

O
4

k
4

k
O

O
C

0
O

*—
-
o

—
-
o

—
c
o

—
-

o
—

-
o

^
o

^
c
n

—
o

^
-
-

o
*

—
o

—
-

o
—

•
o

o
»

-^
o

^
o

—
-

cz
>

*~
-
o

^
o

—
•

o
—

•
•—

>—
-

o
—

•
e
n

i
i

r
o

.
o

o

i

r
o

^
^

i—
•

O
M

J
.

c
o

i—
'0

4
k
C

0
4

k
c
o

c
n

o
o

r
o

o
r
o

o
i
—

'O
i
—

'c
o

r
o

o
i
—

'0
4

k
O

i
—

'O
o

•—
•

o
o

w
o

o
o

•—
«

o
•—

•
-
c
o

-
c
o

-
cr

>
-

c
o

-
i—

'•
c
o

-
r
o

-
r
o

-
-o

•
o

o
-

4
k
-

o
o

-
c
n

-
r
o

-
o

o
-

r
o

-
4

k
-

o
o

-
•—

•
•

o
-

r
o

0
0

0
0

W
C

T
lM

4
»

|N
J
O

*
M

O
ll

O
M

l0
A

1
0

*
»

lO
0

1
0

1
C

T
1

0
1

C
T

>
C

0
v
lO

C
n

«
}
0

0
C

n
M

O
O

O
v
l0

0
v
lM

S
|W

M
C

T
l

O
N

w
o

o
o

o
w

*
W

M
O

c
r
i
W

M
W

0
0

4
«

c
n

c
D

c
n

4
*

u
3

M
i
\
)
M

N
W

4
>

o
i
r
o

«
>

M
C

T
i
4

«
*

r
o

p
o

r
o

4
»

M
r
o

c
n

c
n

c
n

c
n

c
n

c
n

c
n

4
k

c
n

4
k

c
n

r
o

c
n

o
4

k

C
O

4
k

C
O

4
k

o
o

4
k

o
o

4
k

o

4
k

r
o

4
k

o
0

0

C
O

0
0

C
O

4
k

I—
»

4
k

e
n

4
k

4
k

4
k

i—
»

4
k

f
—

t

i—
*

i—
*

I—
*

C
O

r
o

C
O

c
n

o
o

4
k

o
o r
o

o
o

4
k

C
O

r
o

r
o

4
k

f—
»

C
O

o
o

C
O

4
k

r
o

o
o ^
1

4
k

c
n

f—
»

4
k

c
o

4
k

4
k

f—
»

C
O

c
n

C
O

C
O

c
n

c
n

4
k

C
T

>
C

O
c
n

C
O

o
~

~
l

O
c
n

c
n

c
n

4
k

c
n

i—
»

c
n

o
c
n

0
0

c
n

c
n

4
k

C
O

4
k

C
O

4
k

c
n

4
k

c
n

4
k

4
k

4
k

c
n

4
k

C
O

4
k

C
O

4
k

4
k

4
k

1
—

»

•—
1

-
^
1

o
c
n

^
i

r
o

^
4

i—
•

C
O

C
O

c
n

C
O

c
n

C
O

r
o

C
O

c
o

4
k

c
n

c
n

o
^
1

C
O

^
i

r
o

C
O

f—
»

4
k

C
O

o
o

r
o

C
O

o
~

-
l

4
k

r
o

o
o

C
O

O

r
o

r
o

r
o

r
o

i
r
o

i
c
o

i
r
o

i
J
g

-P
»

c
n

4
k
r
o

4
k
C

o
c
o

r
o

o
o

o
c
o

r
o

r
o

i—
'C

o
o

i—
'c

n
c
n

o
c
n

c
n

i—
'4

k
k
-"

0
o

c
o

o
o

i—
•
r
o

c
n

i-
'r

o
r
o

m
m

m
n

o
O

D
C

O
W

~
g

c
o

iN
jr

M
ic

jn
r
o

c
n

c
n

r
M

^
ji

\j
c
o

-
^
o

r
a

r
\J

4
k
C

T
iC

o
c
o

^
iC

O
C

n
i—

'O
O

M
O

iv
n

o
o

iO
O

O
iO

M
i-

'v
io

r
o

w
C

»
«

3
M

O
W

C
D

V
0

0
0

C
n

0
^
M

W
N

C
T

lf
^
i-

-
'0

5
O

I
\3

C
T

im
M

0
3

O
T

O
W

O
U

3
M

(
»

^
O

^
4

»
W

0
1

v
ir

0
C

n
O

r
0

A
N

C
n

*
o

o
w

o
o

M
W

W
W

i
n

s
o

w
i
n

w
c
n

w
t
n

w
o

i
o

o
o

u
i
o

i
y
i
O

O
(
O

O
i
*

O
O

i
o

i
o

o
i
4

>
o

r
o

c
n

r
o

r
o

r
o

r
o

i—
•

r
o

o
o

l
l—

'

I
—

l
i—

»
r
o

0
0

i—
»

f—
»

o
o

4
k

c
n

1
—

*
r
o

r
o

•—
i

i—
>

i—
»

i—
»

o
o

c
n

C
O

c
n

4
k

C
O

o
c
n

r
o

C
O

c
n

c
n

e
n

c
n

C
O

4
k

C
O

i—
»

o
o

4
k

C
O

1
—

'
r
o

-
-
4

C
O

C
O

4
k

e
n

c
n

o
^
j

-~
4

i—
'

r
o

r
o

-
-
J

C
O

c
n

o
o

C
O

C
O

0
0

-~
J

r
o

O
O

C
O

r
o

C
O

0
0

C
O

r
o

o
o

C
O

C
O

r
o

0
0

r
o

r
o

C
O

r
o

C
O

c
n

i—
»

1
—

»
C

O
•
-
J

c
n

C
O

o
o

i—
»

-
j

r
o

4
k

0
0

c
n

0
0

c
n

o
o

0
0

c
n

o
o

c
n

C
O

C
O

r
o

3
>

0
0

?
0

i—
l

r
o

•—
i

-
s

o
n

-
h

r
o

<
/>

T
O

i—
i

-
o

o
«

—
.

-
h

o
o

c
o

c
o

m
o

\
—

-
r
o

o
.—

»
-
h

o
o

o
t/

>
m

o
\
^
—

-
ro

o
-
n

m
o

o
T

O
c
o

m
r
o

c
+

-
j
.

o

3
a> 3

>
—

I
3

c
n

n
r
o

t»

0
0

3
C

Q
i—

i
(D =

*=
o 3

-
S

-
h

r
o

r—
1

—
'

(U

3
c

-

r
o

3
-
*

•

i
1

c
-t

-
3 O

>
—

•
0

0

T
O

0
0

c
r

ro > 3 ft
)

r
+

r
o a
.

.
a c (V o 3 V

)

-
h

o -J 3 C ft
)

C
/>

r
f

-S r
o

a
* 3 -
h

o

C
O

r
o



ASR

P Coef.

Intercept (SE)
[cfs] [cfs/in.]

133

Table A.l (Continued)

T Coef. SE of Y Mean Mean Gauge #,
(SE) Estim., P T Mean Flow
[cfs/°F] R2 [in.] [°F] [cfs]

Area, incl.
influent ASRs

[mi2]

402 -2153 198.46 0.00 1031 31.40 44.08 4-0845 17672

405 -1285

(41)
91.51

(0)
0.00

0.31

439 31.65 44.89

4079

4-1560 15306

501 13877

(21)
588.46

(0)
-379.86

0.28

2270 41.63 49.63

1634

3-0495 17901

502 122967

(79)
4366.53

(294)
-3942.26

0.57

12058 41.14 51.58

19550

3-2550 79916

503 17050

(676)
290.91

(2678)
-398.41

0.72

1616 38.25 51.41

96805

3-1500 19655

504 -5436

(52)
600.54

(154)
-110.60

0.45

1795 44.20 53.88

7632

3-1980 12441

505 -71284

(58)
13281.23

(24)
-4581.71

0.71

30070 44.82 54.71

14978

3-6115 273324

506 -28269

(908)
1723.68

(1541)
-229.70

0.82

535 39.46 52.00

275052

3-3775 31991

507 45765

(148)
1264.76

(214)
-1345.09

0.74

6361 50.02 57.47

27795

3-43822 18204

601 57833

(137)
1280.45

(778)
-1434.24

0.66

5675 51.09 59.28

32295

3-57185 22992

602 -113134

(145)
2243.95

(756)
-1007.49

0.64

8981 52.38 59.95

38237

3-6095 44469

701 29709

(210)
1225.53

(959)
-1075.22

0.70

5307 26.83 42.01 5-3445 46607

702 25171

(224)
1748.62

(534)
-939.07

0.42

8054 28.09 42.47

17419

5-3895 75427

703 84829

(385)
3926.50

(907)
-3059.06

0.34

14432 30.05 45.01

35670

5-4745 135898

704 -143038

(609)
7765.34

(1449)
0.00

0.52

24058 31.79 11.39

65103

5-5875 173562

705 495725

(1144)
15158.64

(0)
-17827.52

0.51

46599 23.28 36.65

106286

7-0220 699942

801 499483

(3414)
34570.24

(8606)
-18334.68

0.48

97635 41.34 64.37

202588

7-2890 1088758

802 690832

(5144)
33343.75

(9308)
-20563.15

0.60

94940 41.38 64.28

586998

7-2890 1209597

803 -2427

(4661)
122.73

(9451)
0.00

0.62

1095 41.77 64.33

586998

8-0155 1239729

901 25179

(78)
249.09

(0)
-653.36

0.13

2028 21.44 41.08

2533

5-1025 63495

1001 32279

(98)
170.56

(155)
-565.79

0.36

2910 24.57 42.96

3663

6-1855 91552

1002 15030

(238)
588.09

(320)
-352.29

0.11

1891 14.83 42.97

10679

6-1095 40308

1003 13286

(135)
534.43

(189)

(185)
-279.76

(257)

0.34

2754

0.18

14.86 42.98

8703
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Table A.l (Continued)

p coef. T Coef.SE of Y Mean Mean
Intercept (SE) (SE) Estim., P T

ASR [cfs] [cfs/in.] [cfs/°F] R2 [in.] [°F]

Gauge #, Area, incl.
Mean Flow influent ASRs
[cfs] [mi 2]

1801

1803

1804

6450 1111.59 0.00

(133) (0)
7874 580.98 0.00

(45) (0)
1762 187.53 0.00

(13) (0)

4469

0.68

1995

0.76

543

0.83

23.10

22.07

21.89

56.73 11-5305 25987
19587

58.62 11-3035 33353
4946

58.94 11-4670 4095
2369

Abbreviations: SE - Standard Error; ASR = Aggregated Subregion;
R = Coefficient of Determination for Equation; P = Precipition;
T = Temperature; Y= Indendent Variable (Annual Streamflow)
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Table A.2 (Continued)

Temperature and Precipitation Scenario:
Mean Annual Temperature _5°-F Cooler
Mean 30% of 50% of 30% of 50% of

Annual Mean P Mean P Mean P Mean P
[cfs] [cfs] [cfs] [cfs] [cfs]

1004 12296 395 3796 4413 7813

1010 7534 -5065 -1465 -1470 2130

1101 22347 -10173 -882 -10028 -737

1103 6777 -3412 -501 533 3444

1104 40812 -23914 -5421 -23914 -5421

1107 31309 -16996 -3194 -16996 -3194

1201 8259 -2729 411 -2729 411

1202 7256 -4834 -1379 -4834 -1379

1203 7325 -6267 -2384 -6267 -2384

1204 2457 -2396 -1010 -2396 -1010

1205 807 -74 178 -74 178

1304 160 -313 -178 -313 -178

1305 1595 -2768 -1522 -2768 -1522

1402 7077 398 2307 3294 5203

1403 14692 1040 4940 5037 8938

1501 257 -185 -59 222 348

1602 233 -111 -13 -111 -13

1603 276 -196 -61 -196 -61

1701 20911 1050 6724 6895 12570

1702 200921 99906 128768 99906 128768

1704 53549 2592 17151 16532 31091

1705 201348 90149 121920 90149 121920

1706 2925 766 1383 766 1383

1707 199 -249 -121 -183 -55

1801 19225 1252 6387 1252 6387

1803 4945 -4029 -1465 -4029 -1465

1804 2344 -530 291 -530 291
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APPENDIX II

SUMMARY OF AQUIFER DATA BASE USED IN WATER SUPPLY ANALYSIS

Table A-3

Aquifer
Mean Mean Approxi-

State Recharge depth yield Muni Irri mate use
Source* (ft) (gpm) ? ? (mgd)**

CITRONELLE-MIOCENE AL P 300 350 Y Y *

FLORIDAN AL P 225 300 N Y *

TERTIARY SEDIMENTARY AL P 700 525 Y Y *

CRETACEOUS AL PS 850 650 Y Y *

PALEOZOIC CARBONATE AL PS 300 300 Y N *

PENNSYLVANIAN SANDSTONE AL P 150 5 N N *

IGNEOUS-METAMORPHIC AL P 200 5 N N *

SPARTA SAND AR P 750 1000 Y N *

WILCOX AR P 925 275 Y N *

NACATOCH SAND AR P 650 225 Y N *

OZARK AR P 1500 225 Y N *

ALLUVIAL AR P 125 1500 N Y 3000.00

COCKFIELD AR P 425 225 Y N *

ALLUVIAL AZ M 1000 1000 Y Y *

SANDSTONE AZ M 1000 25 N Y *

BEDROCK AZ N 500 1 N N *

COASTAL BASINS CA PS 275 750 Y N *

SOUTHERN CALIFORNIA CA P 475 1000 Y Y 1720.00

CENTRAL VALLEY CA PM 275 775 Y Y 0000.00

BASIN-FILL/DESERT CA PM 210 850 Y Y 100.00

LARAMIE-FOX HILLS CO PMS 1150 150 Y N *

SOUTH PLATTE ALLUVIAL CO MSI 90 800 Y Y 905.00

ARKANSAS ALLUVIAL CO P 60 650 Y Y 309.10

SEDIMENTARY CT PS 200 25 Y N *

STRATIFIED-DRIFT CT PS 75 425 Y N 150.00

CRYSTALLINE BEDROCK CT PS 200 12 Y N *

CARBONATE ROCK CT P 200 25 Y N *

PINEY POINT DE 0 400 300 Y N *

CHESAPEAKE GROUP DE 0 175 300 N Y *

gpm,mgd: Gallons per minute, million gallons per day
Muni: Source of municipal water supply (y = yes, n = no)
Irri: Source of water supply for irrigation (y = yes, n = no)

* The following codes are used to designate source of recharge:
Irrigation Percolation M - Mountain Runoff 0 - Overlying AquifersI

P Precipitation S - Surface Water

** Where entry is zero the quantity is not calculated as aquifer does not
satisfy criteria for vulnerability.



O
3

T
J
J
>

a
n

n
i
o

>
0

2
n

n
(
/
n

:
(
/
i
(
/
)
2

n
-
D

t
o

T
O

•—
<

m
i
—

c
o

z
c

o
o

•—
I

i—
i—

N
f
-
i
i
—

i—
H

M
i
>

o
>

m
m

d
w

z
i
—

o
m

n
>

i
—
>

w
>

>
r
w

>
z
c
2

2
a

o
w

z
c
n

o
o

>
m

c
z

o
o

o
o

o
o

c
z
o

i
—

o
z
o

o
z
i
-
h

<
•—

i
o

o
<

r
—

m
—

1
f
-
H

<
7

^
f
—

i
i
—

i
i
—

i
^
J
O

l
—

i
—

1
T

O
0

0
3

•—
i

0
0

-
<

l
-
H

3
»

-
a

3=
»

i—
i

0
0

3
>

O
f-

H
z

o
>

i—
i

-
<

.
m

c
o

o
o

r
—

>
0

O
J
>

"
D

I—
1—

J>
o

o
i

n
>

w
£

z
w

j
>

r
z

I—
*

i—
i

^
z

r
~

Z
r—

J
>

i
1

—
f-

H
r—

z
o

o
•—

i
Z

<
—

1
>

f
j
>

o
:t

>
•—

I
o

-
o

O
C

Z
i

Z
O

i
3

i
i>

rt
>

Z
Z

.-
C

3
Z

Z
.

i—
i

z
o

o
•
o

c
<

D
H

o
n

o
o

z
i
o

I
-
H

1
—

1
o

z
o

o
f—

i
i—

i
—

|i
—

im
3

>
|—

to
zz

.
to

>
—

c
-c

3
>

3
>

o
o

o
-
n

>
S

3
>

<
z

o
>

C
O

3
=

»
\

z
z

c
z

z o l
-
H

1 £7
5

O
O

O <
=

m

—
I

Z
3

>
1—

O
3

<
o

o
z

-
H

f-
H

m
Z

C
f-

H
f-

H
1

|
3

>
r—

m
Z

r
—

VOLCANICN-MISSISSIPPOVICIAN

<
C

3
!
D

>
O

C
i
0

0
2

O
3

>
3

>
l—

I—
0

3
O

f—
i

•—
1

>
r—

o
o

3
>

r
~
m

z
i
r

0
0

7
;

r
>

o
c
v
)
o

c
w

o
m

r
—

m
<

o
)
J
>

p
o

m
-
i

-
<

H
>

i
h

>
Z

h
M

>
i

r
>

o
>

o
o

c
o

o
o

i
-r

o
a

T
3

m
f—

i

-
o

o
3

>
o

o
O

O
T

I
D

3
T

I
0

O
p—

i
c
z

3
>

Z
Z

Z
—

I
o

o
m

o
i

o
o

z
2

»
3

-
n

z
m

i—
i

C
O

C
O

z
i

i-
H

m

c
n

3=
>

c
o

o
o

—
I

>
m

(
/
i

"
O

3
0

0
O

>
>

—
i

c
n

z
o

o
o

3
—

I
O

>
m

o
-<

3
>

o
o

o
>

r
-
j

o
O

m
f-

H
o

o
c
z

o
o

o
o

o o 7
K

>
3

>
-
<

l-
H

—
\

0
0

o
o

z
o

o

o
o

o
o

o
o

f-
H

>
o

-
<

>
z

o
z

o
o

>
i-

i
3

c
o

m
>

c
o

z
0

0
c
z

o
o

o f—
I

I

3
>

o
o

3
>

C
O

-
<

-
<

-
<

-
<

o
o

o
o

o
o

o
o

o
o

o
o

o
o

:
p

—
ii

—
if

—
ii

—
ii

—
ii

—
ii

—
ii

—
if

—
ii

—
i

i—
i

O
O

G
O

G
O

G
O

G
O

O
a

0
3

>
>

>
3

>
>

3
>

3
»

>
3

>
3

>
3

>
>

>
>

O
C

O
O

O

-
o

-
o

-
o

-
o

-
D

-
o

-
T

o
-
o

^
-
T

o
z
-
o

-
o

-
o

-
T

j-
fo

-
o

-
o

-
T

o
-
o

-
o

-
o

-
o

-
T

o
-
o

-
o

-
o

-
o

-
^
-
^
-
tj

-
o

-
T

a
-
o

-
o

-
o

-
a

-
o

-
o

-
o

-
o

^
O

O
f—

i
O

0
0

0
T

5

f
r
t
r
^
^
^
K

^
^
r
^
^
~

^
~

.
_

^
^
_

r
o

r
o

^
,
v
o

o
o

t
n

r
o

t
n

'-
'

v
ii

H
*

.r
o

to
o

j
cn

co
co

ro
4>

r
o

is
jr

o
to

co
•—

ro
^
S

S
f
S

2
«

~
y
w

?
2

a
w

*
w

w
^
s
w

w
^
°
O

w
a

w
o

c
n

c
n

o
c
r
M

r
v
J
O

i
O

M
W

M
i
i
)
o

r
o

o
c
n

M
v
i
M

N
c
n

o
o

c
n

o
o

o
o

c
n

o
o

c
n

o
o

o
o

c
n

c
n

o
o

o
o

o
o

o
n

c
n

o
o

o
o

o
c
n

o
o

o
o

c
n

o
c
n

o
c
n

o
o

o
o

c
n

c
n

I
'

I
'

f-
H

(
j
j

iN
i

^
i

ro
c
o

c
o

c
n

c
n

c
n

c
n

o
o

o
c
o

c
n

4
k
c
n

r
o

i—
•

c
n

4
>

c
o

o
v
i
M

i
-
'M

r
o

c
o

r
o

/
T

,/
^
»

,^
^
^
^
'^

'5
7

2
^
S

S
^
t
2

2
c
"
•
'k

2
2

^
,^

,'
-
'0

0
0

O
M

c
n

v
lM

M
O

iM
N

S
r
O

M
O

c
n

w
O

L
n

O
O

iU
iM

M
r
o

o
i
W

O
c
n

c
n

c
n

o
c
n

c
n

O
W

O
O

c
n

f
j
i
o

o
c
n

w
c
n

o
o

o
s
O

c
n

o
w

c
n

w
c
n

N
c
n

w
c
n

u
i
O

O
O

O
O

O
O

O
c
n

c
n

-
<

.-
<

-
<

Z
Z

.Z
Z

.Z
Z

.-
<

.Z
Z

T
Z

-
<

-
<
-
<
z
z
-
<
-
<
z
-
<
-
<
-
<
-
<
-
<
z
-
<
-
<
-
<
-
<
-
<
-
<
z
z
z
-
<
-
<
:

-
<
-
<
-
<
-
<
-
<
-
<
-
<
-
<
:

z
z

z
-
c

*
*
•
•
—
'
c
n

*
*

C
O

o
C
O

o

c
n

r
o

c
n

*
c
n

O O

-
<

z
:

z
-
<
-
<
z
-
<
z
z
z
-
<
-
<
-
<
z
z

c
n

*
f
—

O o

r
o
r
o

o
C
O

*
o

o

o
o

o
c
o

*
*

r
o

c
o

*
c
n

o o

C
O

*
o

C
O

c
n

*
o c
o

o
o o

r
o

*
f
—

o o

-
<
-
<
-
<
-
<
z
-
<
z
z

-
<

z
-
<
-
<

*
*

*
*

*
*

*
*

o o o C
O

r
o

c
n
4
k
c
o

c
o
c
o

o

X
-
C
O
C
O

o

O
C
O

o
o

o
o

c
n

*
o

r
o

r
o

*
c
n
c
n

o
o

o
o

o o

X
-

*

J
O r
o

\S
1

r
+

ft
)

ft
)

r
o

ro

0
0

>
o

o
r
o

c
o

o
C

O

C
3

"

-S
ft

)
o

-
s

ro
m

o o 3
*

r
o

O
-

3
*

~
*

r
o

r
o

3 e s.
-
t
)
-
0

ft
)

r
+

<
-+

3
»

3
"

^
<

<
3

<
X

J
_

i.
C

O

•
a

r
o

ft
)

3
—

"
3

—
-

Q
.

3
•
o

c
z

3 -
"
•

l
-
H

•
o

-
s

-
s

-
'
•

3
>

.—
.

ft
)

T
3

3
C

+
-O

c
a

r
o

-
s

Q
-

O
—

-
e
x

*
0

0
->

•

x-
ro

•

-
P
k

O



Aquifer

141

Table A-3. (Continued)

Mean Mean Approxi-
State Recharge depth yield Muni Irri mate use

Source* (ft) (gpm) ? ? (mgd)**

TERTIARY KY P 350 50 Y N *

CRETACEOUS KY P 250 15 Y N *

1200' SANDS LA PS 1800 1000 Y N *

CHICOT LA P 425 1500 N Y 450.00

ALLUVIAL LA PS 175 1500 N Y 180.00

400' AND 600' SANDS LA PS 450 750 N N 126.00

EVANGELINE/JASPER LA PS 1200 700 Y N *

C0CKFI ELD/SPARTA LA PS 550 925 Y N *

WILC0X/CARRIZ0 LA PSO 350 95 Y N *

TERRACE LA P 100 220 N N *

CARBONATE ROCK MA P 200 25 N N *

CRYSTALLINE BEDROCK MA P 250 10 N N *

STRATIFIED DRIFT MA P 90 550 Y N 320.00

NEWARK MD PS 315 55 N N *

APPALACHIAN MD PS 415 12 N N *

CARBONATE MD PS 415 100 N N *

PIEDMONT MD PS 415 31 N N *

CHESAPEAKE MD PS 295 205 Y N *

PINEY POINT MD PS 350 130 Y N *

AQUIA MD PS 325 135 Y N *

MAGOTHY MD PS 500 275 Y N *

POTOMAC MD PS 640 550 Y N *

COLUMBIA MD PS 85 275 Y N 8.10

CARBONATE BEDROCK ME PS 410 20 N Y *

CRYSTALLINE BEDROCK ME PS 410 6 N N *

GLACIOFLUVIAL OUTWASH ME PS 75 45 Y N *

GLACIOFLUVIAL ICE-CONTACT ME PS 85 525 Y Y 70.00

TILL ME PS 20 1 N N *

TILL MI P 112 100 N N *

MARSHALL MI 0 112 300 Y N 21.00

SAGINAW MI P 165 200 Y N *

SILURIAN-DEVONIAN MI P 85 155 N N *

CAMBRIAN-ORDOVICIAN MI P 85 105 N N *

PRECAMBRIAN MI P 210 25 N N *

GLACIOFLUVIAL MI P 112 500 Y N 40.00

LACUSTRINE MI P 65 290 N N *

BIWABIK-IRON FORMATION MN P 385 500 Y N *

BURIED DRIFT MN P 230 350 Y Y *

CRETACEOUS MN P 450 130 N N *

UPPER CARBONATE MN P 300 350 Y N *

ST. PETER MN P 362 175 N N *

PRAIRIE DU CHIEN-JORDAN MN P 540 750 Y Y *

RED RIVER-WINNIPEG MN P 370 175 N N *

IRONTON-GALESVILLE MN P 405 220 Y N 50.00

MOUNT SIMON-HINCKLEY MN P 610 550 Y N *

NORTH SHORE VOLCANOES MN P 475 15 Y N *

PROTEROZOIC METASEDIMENTARY MN P 265 35 Y N *
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Table A-3. (Continued)

Mean Mean Approxi-
State Recharge depth yield Muni Irri mate use

Source* (ft) (gpm) ? ? (mgd)

YORKTOWN-EASTOVER VA P 115 252 N N *

CHICKAHOMINY-PINEY POINT VA P 200 180 Y N *

AQUIA VA P 250 110 Y N *

POTOMAC VA P 700 800 Y N *

COLUMBIA VA P 40 125 N N *

MESOZOIC BASIN VA P 175 55 N N *

CRYSTALLINE VA P 115 8 N N *

BLUE RIDGE VA P 225 7 N N *

CRYSTALLINE BEDROCK VT PM 350 5 Y N *

CARBONATE BEDROCK VT PM 200 12 Y N *

STRATIFIED-DRIFT VT PM 55 215 Y N 5.38

COLUMBIA RIVER BASALT WA PS 400 1575 Y Y 110.00

CRYSTALLINE ROCK WA P 110 5 N N *

GLACIAL DRIFT WA PS 150 500 Y Y 135.00

TERRACE/VALLEY-FILL WA P 175 495 Y N *

ALLUVIAL WA P 35 26 N N *

SILURIAN DOLOMITE WI P 115 25 N N *

PRECAMBRIAN WI P 75 5 N N *

SANDSSTONE WI P 525 255 Y N *

SAND AND GRAVEL WI P 65 55 N Y *

ENGLISHTOWN WN P 525 400 Y N *

UPPER PENNSYLVANIAN WV P 175 15 N N 6.00

LOWER PENNSYLVANIAN WV P 175 50 Y N 2.00

MISSISSIPPI WV P 125 50 Y N 1.00

HAMPSHIRE/CHEMUNY WV P 175 12 N N *

ORISKANY/HELDERBERG WV P 175 100 Y N *

TOND./WLS. CRK./WLLMSPRT. WV P 175 50 Y N *

MCK./CLINTON/TUSCA. WV P 145 12 N N *

JUNIA./OSWEGO/MRTSBURG WV P 125 15 Y N *

TRENTON/BLACK RIVER/ST.PAUL WV P 235 200 Y N *

CONOCOCHEAQUE/ELBROOK WV P 250 100 Y N *

CHILHOWEE WV P 125 12 N N *

ALLUVIAL WV P 65 775 Y N 12.20

CARBONATE AND SANDSTONE WY P 2250 400 N Y *

STRUCTURAL BASIN WY PS 170 25 Y N *

HIGH PLAINS WY P 250 475 Y Y *

ALLUVIAL WY P 45 75 N Y *





147

INTERNAL DISTRIBUTION

1. Central Research Library
2. Document Reference Section

3-5. Laboratory Records Department
6. Laboratory Records, ORNL R.C.
7. ORNL Patent Office

8-28. Emergency Technology Library
29. V. D. Baxter

30-40. C. V. Chester

41. J. E. Christian
42. Chun-Hao Chang
43. S. M. Cohn

44. S. A. Carnes

45. J. B. Cannon

46. D. M. Evans

47. K. S. Gant

48. G. R. Hadder

49. C. M. Haaland

50. I. G. Harrison

51. L. J. Hill

52. D. W. Jones

53. L. N. McCold

54. D. M. Neal

55. A. M. Perry
56. E. T. Rogers
57. G. 0. Rogers
58. S. Rayner
59. D. E. Reichle

60. E. J. Szarleta
61. R. N. Thurmer

EXTERNAL DISTRIBUTION

ORNL-6399

Dist. Category UC-41

62. Craig Alderman, Jr., Director, Emergency Planning, Office of
the Secretary of Defense, Department of Defense, Washington,
DC 20310-2200

63. Eric E. Alley, Esquire, President, The Institute of Civil Defence
Bell Court House, Blomfield Street, London EC2M 7AY ENGLAND



148

64. The American Civil Defense Association (TACDA), P.O. Box 1057,
Starke, FL 32091

65. Dr. William Anderson, Division of Fundamental Research for
Emerging and Critical Engineering Systems, National Science
Foundation, 1800 G Street, N.W., Washington, D.C. 20550

66. Edward V. Badolato, Deputy Assistant Secretary for Energy
Emergencies, Department of Energy, Room 7C-016, 1000 Independence
Ave., S.W., Washington, DC 20585

67. Robert J. Baskin, Yankelovich, Skelly & White, Inc., 969 High
Ridge Road, Stamford, CN 06905

68-69. Lt. Col. Gary Betourne, Department of Defense, International
Security Policy, Rm. 4B880, Pentagon, Washington, DC 20301-2600

70. John Billheimer, SYSTAN, Inc., P. 0. Box U, 343 Second Street, Los
Altos, CA 94022

71. Barbara Brown, Emergency Coordinator, Office of Administrative
Services, Division of Enforcement and Security Management
Department of Interior, 18th and C Street, N.W., Washington, DC
20240

72. Reginald Brown, Center for Strategic & Int'l Studies, 1800
K Street, N.W. - Suite 400, Washington, DC 20006

73. Dr. James 0. Buchanan, Associate Staff Scientist, National Council
on Radiation, Protection and Measurements, 7910 Woodmont Avenue -
Suite 1016, Bethesda, MD 20814-3095

74. Bundesministerium des Innern, Graurheindorfer Strasse 198, 5300
Bonn 1, FEDERAL REPUBLIC OF GERMANY

75. Canadian Defence Research Staff, ATTN: Mr. J. Ray Brown, 2450
Massachusetts Ave., N.W., Washington, DC 20008

76. Dr. Jaime G. Carbonell, Associate Professor of Computer
Science, Carnegie-Mellon University, Pittsburgh, PA 15213

77. Dr. John Christiansen, Department of Sociology, 834 SWKT, Brigham
Young University, Provo, UT 84602

78. Civil Defense Administation, Ministry of Interior, Ankara TURKEY

79. Civil Emergency Planning Directorate, North Atlantic Treaty
Organization, 1110 NATO, BELGIUM

80. Prof. Dr. Lars Clausen, Soziologisches Seminar der Christian
-Albrechts- Universitat, Olshausenstrasse 40/60, D-2300 Kiel,
FEDERAL REPUBLIC OF GERMANY



149 ,

81. J. J. Cuttica, Vice President of Research and Development, Gas
Research Institute, 8600 W. Bryn Mawr Avenue, Chicago, IL 60631

82. Oliver Davidson, U.S. Foreign Disaster Assistance (AID), Rm.
1262A, NS, Department of State, Washington, DC 20520

83-95. Defense Technical Information Center, Cameron Station,
Alexandria, VA 22314

96. Directeur Organisatrie, Bescherming Bevoling, Ministry of
Interior Schedeldoekshaven 200, Postbus 20011, 2500 The Haque,
THE NETHERLANDS

97. Direction de la Securite Civile, Ministere de I'lnterieur, 18 Rue
Ernest Cognac, 92 Levallois, Paris, FRANCE

98. Director, Civilforsvarsstyrelsen, Stockholmsgade 27, 2100
Copenhagen 0 DENMARK

99. Prof. Robert Ehrlich, Chairman, Physics Department, George Mason
University, 4400 University Drive, Fairfax, VA 22030

100-140. Federal Emergency Management Agency, ATTN: Ralph Swisher, 500
C Street, Room 602, Washington, DC 20472

141-143. Federal Emergency Management Agency, ATTN: Librarian,
Washington, DC 20472

144. Robert Foss, Jr., Emergency Coordinator, Department of the
Treasury, Main Treasury Bldg. - Rm 1308, 15th & Pennsylvania
Avenue, N.W., Washington, DC 20220

145. Gordon R. Giersch, Emergency Coordinator, Federal Energy
Regulatory Commission, Department of Energy, 825 No. Capitol St ,
N.E., Washington, DC 20426

146. Ivars Gutmanis, President, Sterling-Hobe Corp., 910 Seventeenth
Street, N.W. - Suite 309, Washington, DC 20006

147. Michael Hartley, CDR USACE [DAEN-CWO-W], Washington, DC
20314-1000

148. The Head of Sivilforsvaret, Sandakerveien 12, Postboks 8136, Oslo
dep, Oslo 1 NORWAY

149-152. Dr. Benjamin F. Hobbs, Department of Systems Engineering, 618
Crawford Hall, Case Western Reserve University, Cleveland, OH
44106

153. Home Office, Scientific Advisory Branch, Horseferry House, Dean
Ryle Street, London SW1P 2AW ENGLAND



150

154. Buster Horton, Emergency Programs, Office of Personnel, US Dept.
of Agriculture, Room S 302S South Building, Washington, DC 20250

155. Jefe, Seccion de Estudios y Planificacion, c/Evaristo San Miguel,
8 Madrid-8 ESPANA

156. Nolan Jones, Ph.D., National Governors Association, 444 North
Capitol Street, Washington, DC 20001

157. Dr. Joseph P. Kalt, Professor of Economics, Kennedy School of
Government, Harvard University, 79 John F. Kennedy Street,
Cambridge, Massachusetts 02138

158. Joe Logsdon, Emergency Coordinator, Surveillance and Preparedness
Div. Office of Radiation Programs, Environmental Protection
Agency, 401 M Street, S.W., Washington, DC 20460

159. Ross Lunn, Office of International Affairs, Emergency Planning
Canada Gill in Building, 141 Laurier Avenue, West Ottawa K1A0W6,
Ontario, CANADA

160. TC James H. Lyles, U.S. Army Corps of Engineers, HQUSACE
[DAEN-CW0], 20 Massachusetts Ave., N.W., Washington, DC
20314-1000

161. Los Alamos Scientific Laboratory, ATTN: Document Library, Los
Alamos, NM 87544

162. Leonard P. Mandrgoc, USDA Emergency Coordinator, Office of
Personnel 14th and Independence Ave., S.W., Washington, DC 20250

163. Ministry of Social Services, 11 Spartis Street, Athens GREECE
Almannavarnir Rikisins, Reykjavic ICELAND

164. Dr. Denton E. Morrison, Professor Sociology, Michigan State
University, 201 Berkey Hall, East Lansing, Michigan 48824-11111

165. National Emergency Training Center, Federal Emergency Management
Agency, ATTN: Learning Resource Center, Washington, DC 20472

166. Prof. Jiri Nehnevajsa, Department of Sociology, 2L22 Forbes
Quadrangle, University of Pittsburgh, Pittsburgh, PA 15260

167. Office of Assistant Manager for Energy Research & Development,
U.S. Department of Energy, Oak Ridge Operations, Oak Ridge,
Tennessee 37831

168. Office of Energy Emergencies, Department of Energy, Forrestal
Building, 1000 Independence Ave., S.W., Washington, DC 20585



151

169. Chet Pauls, Office of Drinking Water, Environmental Protection
Agency East Tower - Rm 1005, 401 M Street, S.W., Washington, DC
20460

170. Carlo Pelanda, Istituto di Sociologia Internazionale, 134170
Gorizia Via Malta, 2, Italia

171. Bruce Pel ton, Emergency Coordinator, U.S. Department of Commerce,
Office of the Secretary, Room 5044 HCHB, Washington, DC 20230,

172. Dr. Richard L. Perrine, Professor of Engineering and Applied
Sciences, Civil Engineering Department, Engineering I, Room 2066,
University of California, Los Angeles, California 90024

173. Prof. Ron Perry, Center for Public Affairs, Arizona State
University, Tempe, AZ 85287

174. Prof. Enrico Quarantelli, Director, Disaster Research Center,
Department of Sociology, University of Delaware, Newark, DE 19716

175. The RAND Corporation, ATTN: Document Library, 1700 Main Street,
Santa Monica, CA 90401

176. Dr. William Riebsame, Director, Natural Hazards Research and
Applications Information Center, University of Colorado, IBS #6,
Box 492, Boulder, CO 80309

177. Dr. Thomas Ritchey, National Defence Research Institute, Defence
Analysis Department, P.O. Box 27322, S-102 54 STOCKHOLM, Sweden

178. Thomas P. Reutershan, Emergency Coordinator, U.S. Public Health
Service, 5600 Fishers Lane - Rm 4-81, Rockville, MD 20857

179. Professor Peter Rossi, Director, Social & Demographic Research
Institute, University of Massachusetts, Amherst, MA 01003

180. Joseph Russo, 8613 Melwood Road, Bethesda, MD 20817

181. Ms. Janet Schlarb, University Center for Social and Urban
Research, Risk Analysis & Emergency, Management Program, 16th
Floor Cathedral of Learning, University of Pittsburgh,
Pittsburgh, PA 15260

182. Secretaire d'Administration, Ministere de I'lnterieur, Direction
Generale de la Protection Civile, rue de Louvain, 1, 1000
Brussels BELGIUM

183. Servicio National de Proteccao Civil Rua Bela Vista a Lapa, 57,
1200 Lisbon PORTUGAL



152

184. Robert J. Shea, Manager, Emergency Management Programs, Federal
Railroad Administration, Department of Transportation, 400
Seventh St., S.W., Washington, DC 20590

185. Ms. Joanne Shore, IEAL, 2600 Virginia Ave., N.W., Washington, DC

186. Stato Maggiore Difesa Civile, Centro Studi Difesa Civile, Rome
ITALY Directeur de la Protection Civile, Ministere de
I'lnterieur, 36 Rue J.B. Esch, Grande-Duche de LUXEMBOURG

187, William H. Steigelmann, P.E., TechPlan Associates, Inc., 15
Cynwyd Road Suite 200 Bala Cynwyd, PA 19004

188. Walmer E. Strope, Center for Planning and Research, 5600 Columbia
Pike, Suite 101, Bailey's Crossroads, VA 22041

189. Lloyd Swick, Principal Consultant for Public Protection
Emergency Planning Canada, Gill in Building, 141 Laurier'Avenue
West Ottawa K1A0W6, Ontario, CANADA

190. Mr. Bernard Weiss, Chief, Incident Response Branch, Office of
Inspection & Enforcement, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

191. Kenneth Welty, FHWA/DOTM, HPM-30 (Rm 3306), 400 7th St S W
Washington, D.C. 20550 •» • •»

192. Chuck Wilton, Scientific Services, Inc., 517 East Bayshore,
Redwood City, CA 94603

193-351. Given distribution as shown in D0E/TIC-4500 Health and Safety
Category J



NUCLEAR UINTER:

CIVIL DEFENSE

IMPLICATIONS FOR Unclassified

Hay 1988-151 Pages

fay C. V. Chester, A. H. Perry, B. F. Hobbs (Case Uestern Reserve Univ.)

Oak Ridge National Laboratory, Oak Ridge, TN 37831

Interagency Agreement: FENA No. ENU-89-E-1737

•Nuclear Winter- is the term given to the cooling hypothesized to occur following

a nuclear war as the result of the injection of smoke from burning cities into the

atmosphere. The voluminous literature on this subject produced since the paper was

published in 1983 fay Turco et al, has been revieued. Three-dimensional global circu

lation models have resulted in reduced estimates of cooling--IS to 2S°C for a summer

uar and a feu degrees for a uinter war. More serious may be the possibility of

suppression of convective precipitation fay the altered temperature profiles inthe

atmosphere. However, very large uncertainties uncertainties remain in input

parameters, the models, and the results of calculations. Ue conclude:
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o Neither cold nor drought is likely to be a direct threat to human survival
for populations with the wherewithal to survive normal January temperatures.
The principal threat from nuclear uinter is to food production, and this
could present problems to third parties who are without food reserves.
Loss of a crop year is neither a new nor an unexpected threat from nuclear
war to the united States and the Soviet Union. Both have at least a year's
food reserve at all times. Both face formidable organizational problems in
distributing their reserves in a war-damaged environment.
The consequences of nuclear winter could be expected to fall more heavily

on the Soviet Union than the United States due to its higher latitude and less
productive agriculture. This may be especially true if disturbances of
rainfall amounts and distribution persist for Bare than a year.
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