
■  ̂ ‘ Satellite observations have been providing more homogeneous coverage o f
global snow and ice extent since the early 1970s.

ANALYSIS OF CHANGES IN PR ECIPITA TIO N

Model projections of atm ospheric conditions w ith an increased CO 2  concen­
tra tion  all suggest an increase in the intensity  of the evaporation-precipitation 
cycle. There would be slightly more precipitation on a global average basis, 
bu t there could be either an increase or a decrease in precipitation regionally.

To determ ine whether the increasing concentration of CO 2  is changing 
the d istribu tion  and am ount of precipitation, it is necessary to docum ent the 
past history of the rainfall regime. Although num erous records covering many 
years exist a t many land stations, m easurem ents over the oceans have gen­
erally been inadequate. Therefore, estim ates of regional and global average 
values based on past d a ta  are highly uncertain. Even though the situation 
is be tter for land areas, where it appears feasible to  detect regional changes 
in the record, very im portan t problems m ust be confronted. For example, 
instrum entation  varies from country to country. Further, individual precip­
ita tion  system s are relatively small and of short duration, and, accordingly, 
precipitation records show quite large variabilities on small space scales and 
short tim e scales. To generate potentially  representative indicators, averag­
ing m ust be done over large areas and long tim e frames.

The historical d a ta  coverage is not global, so it is not possible to  construct 
a  true  representation of the global precipitation signal. Further, the da ta  
from the land masses do not support the concept of a globally coherent 
precipitation signal. However, there appears to  be a spatially coherent signal 
in the normalized precipitation anomaly field over a num ber of continental- 
scale regions including the United States. The tim e dependence of these 
signals is characterized by large decade-to-decade fluctuations on the order 
of one standard  deviation. These variations represent a very large natu ral 
noise against which it will be exceedingly difficult to  detect a relatively small 
C 02-induced signal.

Because C02-induced variations may not be uniform (e.g., enhancing 
tropical and reducing m idlatitude precipitation), regional trends and fluctu­
ations m ust be examined. The recent severe drought in the Sahel has caused 
num erous investigators to study the past variation of rainfall throughout 
Africa. The precipitation field over Africa is characterized by large-scale 
anomaly pa tte rns. The pa tte rn s  of drought and wet periods persist for years 
and thus constitu te  a  large background noise. There has been a strong trend 
tow ard decreasing rainfall over the continent, which is supported by mea­
surem ents of the Nile discharge. The cause of this decline in rainfall has not 
yet been fully determ ined. These changes are an example of the natu ra l vari­
ability on tim e scales th a t may obfuscate detection of CO 2  effects and th a t, 
on the regional scale, could well be as im portan t as potential C02-induced 
changes, a t least over the next few decades.

Lim itations in the record o f global average precipitation, particularly over 
the ocean, make near-term identification o f any CO^-induced signal in 
this record extremely difficult.
When averaged over subcontinental to continental scales, projected CO2 - 
induced changes in precipitation— even i f  such changes become better de­
fined as models improve— are likely to be hidden by long-term fluctuations, 
which are som etim es coherent and perhaps due largely to natural causes.
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SUMMARY OF D ETEC TIO N  STUDIES

The atm ospheric CO 2  concentration has increased m easurably since the mid­
dle of the last century. Northern Hemisphere land tem peratures, sea surface 
tem peratures, and sea level have also increased during th is period. Model 
projections of the clim atic response to  an increased CO 2  concentration indi­
cate th a t  such changes should be expected. The apparent agreement strongly 
suggests a causal relation.

A critical issue for detection studies is to  establish a quan tita tive  rela­
tionship th a t  can account for the as-yet unexplained features of the climatic 
record and is in agreem ent with model calculations of clim atic sensitivity. The 
non-uniform  tem poral pa tte rn  of the warming on land, particularly  the 1940 
to  1970 cooling in the N orthern Hemisphere, and the conflicting patterns 
of the changes in the land and ocean records are particularly  perplexing, 
although these difficulties may become less im portan t as the C 0 2 -induced 
warm ing continues to  increase over the next few decades. It is particularly 
im portan t to  determ ine the fraction of the projected equilibrium  sensitivity 
calculated by models th a t should be evident in current clim ate records and 
how th is fraction may change w ith tim e. This will require improved under­
standing of oceanic uptake of heat and its transport into the deeper ocean, 
both theoretically and as portrayed in clim ate models.

Developing the needed quan tita tive  causal relationship can be accelerated 
by pursuing signal-to-noise, noise reduction, and m ulticom ponent detection 
strategies. All three approaches require improved and extended d a ta  bases, 
further analysis, and more accurate modeling studies. A lthough some studies 
using each of these approaches have indicated the presence of a CO 2  effect, 
aspects of these different analyses are not consistent with each other and 
the derived C O 2  effect is somewhat smaller than  suggested by recent climate 
modeling studies.

Several factors make it impossible to  predict precisely when the CO 2 - 
induced changes will be able to be identified w ith convincing statistical sig­
nificance. These factors include the uncertainties present in model projections 
of the induced clim ate changes, particularly  because of uncertainties in repre­
senting the oceans, and the possibility th a t clim atic perturbations resulting 
from changing influences by other causal factors (e.g., volcanic and solar 
activity, ocean tem peratures) could disguise the expected effect of increas­
ing CO 2  and trace gas concentrations. If CO 2  and trace gas concentrations 
continue to  rise as projected and model calculations are essentially correct, 
the increasing global scale warm ing should become much more evident over 
the next few decades. If such changes do not become apparent, our under­
standing of the uncertainties and completeness of current clim ate models will 
require extensive reconsideration.

Trend analysis o f long-term records o f land and ocean temperatures and 
sea level are qualitatively consistent with the climate changes projected by 
modeling studies.
Development o f a convincing quantitative cause-effect relationship has 
been lim ited by uncertainties in available data sets and in model projec­
tions o f expected changes, particularly concerning the role o f the oceans 
in delaying the projected climatic warming. Depending on the relative 
roles o f various causal factors, the CO 2  signal should become much more 
evident over the next few  decades.
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TASKS FO R TH E FU TU RE

The overall goal of the CO 2  research program  sponsored by the U.S. De­
partm en t of Energy is to  provide a stronger scientific and technical basis 
for projecting the climatic effects of the increasing CO 2  and trace gas con­
centrations. Understanding how key clim atic variables have changed since 
the middle of the 19th century and determ ining the causes of these changes 
would contribu te greatly to  the overall objective of the research program. 
V alidation of the model calculations by comparison with observations is a 
high-priority task. A two-pronged effort m ust be pursued: ( l)  to  improve 
the quality of the d a ta  bases and (2) to develop and apply a research and 
detection strategy th a t can isolate the CO 2  and trace gas effects from the 
effects of other forcing factors.

Detection studies require d a ta  bases of both  the factors th a t may cause 
clim ate changes and of the clim atic variables th a t may be changed. In the 
S tate-of-the-A rt volume in this series on the carbon cycle, recom mendations 
are presented for improving the record of past CO 2  concentrations. Similar 
efforts are needed to improve records of changes in solar irradiance, volcanic 
aerosol loading, and trace gas concentrations over the past 100-150 years 
and to  assure th a t be tter records are m aintained in the future. U nderstand­
ing of the clim ate system and our means of detecting changes also require 
substan tia l improvement.

The following research tasks are needed to  improve our ability to  detect 
clim ate change, arranged by the variable being investigated:

1. Changes in the radiative signal
•  A ccurate m easurem ents of the radiative properties of trace gases 

(spectral line param eters for the absorption bands and their varia­
tion w ith tem perature and pressure) are needed to  assess the effect 
of these gases on the spectral radiance. Also, an effort m ust be made 
to  validate existing radiative transfer models against laboratory and 
field m easurem ents.

•  Before proceeding w ith new m onitoring efforts, techniques for ex­
trac ting  meaningful rad iative signals from the available radiance d a ta  
(which have a high noise level due to  natural atm ospheric variability) 
m ust be developed and dem onstrated.

2. Changes in temperature
•  More extensive d a ta  coverage is needed. Satellite d a ta  would provide 

the needed coverage, bu t the accuracy of tem peratu re  retrievals near 
the E a rth ’s surface is not currently adequate for trend analyses. A 
considerable effort will be required to  determ ine the correspondence 
between satellite-derived and surface m easurem ents and to  improve 
calibration and tem peratu re  retrieval m ethods.

•  The causes of the medium (decadal) and longer tim e scale fluctuations 
in surface air tem peratu re  m ust be adequately explained.

S. Changes in the oceans
•  Sea level stations should be established and sea surface tem perature 

should be better m onitored in the Southern Hemisphere oceans. In­
creased sampling of hydrographic d a ta  is needed for selected regions 
where d a ta  records already exist. The sampling program  should be 
sufficiently frequent in tim e to  allow an effective filtering of the high- 
frequency variability th a t  contributes greatly to  the noise level in 
present d a ta  sets.
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•  Historical archives of ship observations need to  be thoroughly exam- ‘ 
ined to  identify possible global-scale changes in various ocean and
over-ocean clim atic param eters. The apparent disagreem ent in land 
and ocean records prior to 1900 needs to be resolved. The cause of the 
recent freshening of N orth A tlantic  deep w ater and its relationship to 
clim ate and to  the bo ttom  w ater form ation ra te  m ust be investigated.

•  B etter num erical models of the circulation of the oceans, including 
prediction of the d istribution of tem perature, salinity, and density, 
need to  be developed. Carefully chosen inform ation from key ocean 
regions, when put in the dynam ical context of such an ocean model, 
could help identify the d a ta  needed to  separate possible C 0 2 -induced 
effects from other processes th a t may be causing long-term  changes 
in the oceans.

Changes in the cryosphere
•  The factors controlling decadal scale fluctuations in sea ice extent and 

thickness and the stability  of pack ice to  changes in clim ate (and vice 
versa) need to  be b e tte r understood. Coupled ice-ocean-atmosphere 
models need to  account for the detailed physical processes known to 
be im portan t so th a t improved estim ates can be m ade of the changes 
in sea ice area and thickness expected to  occur as the CO 2  concen­
tra tion  increases.

•  M odeling studies, supported by additional field m easurem ents, are 
needed to  ascertain  the stability  of the West A ntarctic ice sheet and 
adjacent ice shelves to  a C O 2  doubling. This question is critical to 
projecting global sea level on tim e scales greater than  about 1 0 0  years.

•  B etter observational d a ta  m ust be taken to  determ ine the mass bal­
ance and volume changes of the two m ajor ice sheets and a represen­
ta tive  coverage of the w orld’s glaciers in order to  assess their actual 
and potential contributions to  sea level rise as global tem peratures 
increase.

5. Changes in precipitation
•  The precipitation d a ta  base m ust be expanded and homogenized. Al­

though C 0 2 -induced effects on precipitation are unlikely to  be de­
tectable in the next few decades, detailed studies of this d a ta  base 
are needed so th a t meaningful estim ates of regional averages can be 
developed to  compare w ith model sim ulations.

•  Possible feedback mechanisms th a t may amplify the effects of changes 
in precipitation need to  be evaluated. Changes in rainfall, coupled 
w ith changes in air tem perature , evapotranspiration, and vegetation, 
for example, may produce a relatively larger effect on runoff and 
subsequent river flow.

6. Coupled changes in climatic variables
•  Improved model calculations are needed th a t relate, on a  regional and 

seasonal basis, the expected C 0 2 -induced changes in m any climatic 
variables as a function of tim e. These changes m ust be differenti­
a ted  from the coupled responses th a t may arise as a result of natural 
clim atic variations and pertu rbations forced by other causal factors 
such as volcanic emissions, changes in solar irradiance, and long-term 
interactions between different components of the clim ate system.

•  D a ta  sets for individual variables m ust be improved and compared to 
assure a continuation of com parable coverage, quality, and length of 
record.
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1;1 INTRODU CTIO N

D eterm ination of the poten tia l climatic effects of in­
creasing atm ospheric carbon dioxide (CO 2 ) is an im­
p o rtan t and challenging problem  for the clim ate re­
search com m unity: im portan t because such effects 
may represent a  m ajor, extended alteration  of the 
clim atic regime w ith far-reaching economic and so­
cial consequences; challenging because it tests the 
ability of observational, theoretical, and modeling 
studies to  provide a satisfactory description of a  spe­
cific clim ate change. If we cannot provide a clear ex­
planation, it suggests our inability to  answer a wide 
variety of other questions involving both the poten­
tial hum an im pact on the clim ate and the potential 
for natural clim ate change (see National Research 
Council 1983).

In the past several years the clim ate research 
com m unity has devoted a great deal of a tten tio n  to 
the problem  of the isolation and detection of the 
clim atic changes expected to  be induced by the  in­
creasing CO 2  concentration (e.g.. World M eteoro­
logical O rganization 1982; National Research Coun­
cil 1983). Recent work has included the assem ­
bly and exam ination of new geological, historical, 
and instrum ental da ta ; empirical analyses a tte m p t­
ing to  a ttr ib u te  clim atic variations to  various astro ­
nomical and atm ospheric factors; and the design, 
application, and analysis of new num erical experi­
m ents with clim ate models. Im portan t new insights 
into the possible clim atic response to  the increasing 
concentration of CO 2  have been obtained, together 
w ith a  be tter understanding of the sensitivity of the 
overall clim ate system  to  both anthropogenic and 
natural perturbations. A lthough this research has 
yielded neither an unequivocal nor complete identi­
fication of the effects of increasing CO 2  on the cli­
m ate, it has provided many of the scientific tools 
and much of the evidence required to  do so.

The purpose of th is in troductory  chapter is to  
discuss the framework th a t  provides the basis for ef­
forts to  detect the clim atic effects of increasing CO 2  

concentrations. As background, the second section 
reviews some of the characteristics of clim ate, how 
it has changed, and some of the factors th a t may 
play a  role in inducing such changes. This overview 
will also serve to  introduce some of the  term inology 
th a t has developed in C 0 2 *climate studies. The fol­
lowing sections describe approaches for determ ining

if the clim ate is changing now (or has changed in the 
recent past) and, if so, w hether it is the increasing 
CO 2  concentration th a t is causing these changes.

1.2 CH ARACTERISTICS OF
CLIM ATE AND CLIM ATE CHANGE

Climate is in some sense the average of w eather, 
but a clearer sta tem ent or definition is required. 
One such definition (N ational Academy of Sciences 
1975) says th a t clim ate is the sta tistical description 
of the mean s ta te  (including the variability) of the 
atm osphere, ocean, ice, and land surface in a spe­
cific region and over a  specified tim e period. The 
conventional period of averaging is a t least 30 years. 
For tim es prior to  the instrum ental record, the av­
eraging period is often longer because the tem poral 
resolution of the proxy m ethod used to  estim ate the 
climatic sta te  is often quite lim ited.

C lim ate change or variation is defined as the 
difference between clim ate sta tistics evaluated over 
two similar tim e intervals; for example, a  change 
of January  clim ate from one year to  the next or a 
change of global clim ate between centuries. All of 
the atm ospheric, oceanic, cryospheric, and land sur­
face sta tistics required for a complete specification 
of clim ate are never available. Because of this, it is 
common to consider only some of the variables in 
the clim ate system. In com paring different clim ates 
it is im portan t to  rem em ber th a t changes of only 
a single element may not completely characterize a 
change of clim ate, and th a t two apparently  similar 
climates may in fact be different because elements 
om itted may be dissimilar.

1.2.1 Factors Controlling the Clim ate

The E a rth ’s clim ate is not random ; it is instead 
an organized condition determ ined by the interplay 
of a large num ber of factors. Some of these factors 
are independently determ ined by influences not nor­
mally considered p a rt of the clim ate system; these 
factors are referred to  as external forcing factors. 
But the clim ate is also the result of interactions 
w ithin and among various com ponents of the cli­
m ate system  itself; these factors are referred to  as 
internal forcing factors.
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1.2.1.1 External Forcing Factors

The fundam ental factor responsible for the m ainte­
nance of the E a rth ’s clim ate, and thus a potential 
cause of its variation, is the shortwave rad iation  re­
ceived from the Sun. Of the incoming solar rad ia­
tion, about 50% is absorbed a t the E a r th ’s surface 
and 20% by the atm osphere. The rem ainder is re­
flected to  space. Were it not for the atm osphere and 
oceans, however, this solar radiation would only be 
able to  create a clim ate such as th a t  which exists 
on the Moon. The radiatively active gases in the 
atm osphere, including w ater vapor, CO 2 , and other 
gases present in trace am ounts [trace gases), act to ­
gether as an essentially invisible blanket, letting  the 
solar radiation enter bu t restricting the emission of 
terrestria l infrared radiation. This effect, often re­
ferred to  as the greenhouse effect, accounts for a net 
w arm ing of the overall Earth-atm osphere system  by 
about 30°C. Changes in the solar radiation a t the 
top  of the atm osphere or changes in the concentra­
tion of CO 2  and other radiatively active trace gases 
are, therefore, possible external factors th a t may re­
sult in clim ate change. Because the climatic effects 
of trace gases and CO 2  are so sim ilar, it will be very 
difficult to  distinguish them . In th is volume, trace 
gases will be included implicitly when speaking of 
increasing CO 2  as a factor in clim ate change.

Except for the long-term  changes in the sea­
sonal distribution of solar radiation associated with 
variations in the E a r th ’s orbital param eters (the so- 
called M ilankovitch variations) and recent m easure­
m ents of small transien t variations th a t may relate 
to  sunspots or to  changes in the Sun’s diam eter, 
it is not known w hether the Sun’s shortw ave ra­
diative emission has changed appreciably over the 
past few hundred million years. The atm osphere’s 
content of radiatively active gases, however, is be­
lieved to  have undergone significant variations over 
th is tim e, partly  as a  result of in teractions w ith the 
evolving surface and ocean biomass. Based on m ea­
surem ents of the gases trapped  in glacial ice, it has 
been estim ated th a t the CO 2  content of the a tm o­
sphere has varied by more than  2 0 % between the 
glacial and interglacial periods th a t have occurred 
over the last several hundred thousand years. Ad­
ditional geological evidence indicates th a t the a t­
mospheric CO 2  concentration may have changed by 
much larger am ounts (i.e., by a factor of several)

during the past few hundred million years. Intef- 
estingly, num erical models of the E a rth ’s clim ate 
suggest th a t a 2 % change in the solar constant and 
a doubling of the current atm ospheric CO 2  conten t 
would have generally similar effects on the global 
surface climate. This sim ilarity in effects seems to  
result even though the heating due to  CO 2  is dis­
tribu ted  through the troposphere whereas th a t due 
to solar radiation is largely confined to  the surface.

The content of w ater vapor in the atm osphere 
is controlled by the tem perature  and by the pro­
cesses of evaporation and condensation. Not only 
is w ater vapor responsible for much of the a tm o­
sphere’s present greenhouse warm ing, bu t its pres­
ence serves to  effectively amplify the warming th a t 
may be caused by other effects (such as an increase 
in solar radiation or an increase in CO 2  concentra­
tion). This is the result of a strong positive feedback 
between w ater vapor and tem perature, whereby a 
change in tem peratu re  results in a  change in the 
w ater vapor conten t, which in tu rn  reinforces the 
initial tem perature  change. A lthough this feedback 
mechanism may be offset to  some extent by clouds, 
it results in the direct radiative heating of increased 
CO 2  (or other trace gases) being amplified several 
fold, and is responsible for m ost of the warming 
commonly associated w ith enhanced atm ospheric 
CO 2 . These processes are discussed in more de­
tail in the companion State-of-the-A rt Report on 
Projecting the Climatic Effects o f  Increasing Car­
bon Dioxide (M acCracken and Luther 1985).

Atm ospheric aerosols also may be considered an 
external forcing for the  clim ate, even though they 
reside w ithin the atm osphere along w ith CO 2 . The 
normal or background concentrations of dust, par­
ticles, and smoke are actually the result of sur­
face interaction w ith the atm osphere, although they 
are not often trea ted  as tim e-dependent variables. 
More clearly external to  the atm osphere-surface sys­
tem  are the aerosols from volcanic eruptions th a t 
may have an influence on the clim ate for periods of 
m onths, seasons, or years.

A nother factor generally regarded as external to 
the clim ate system  is the surface biomass. On tim e 
scales of decades to  centuries, the surface biom£iss 
responds prim arily to  changes of the surface tem ­
perature and precipitation, and the clim ate m ay be 
altered in tu rn  by changes in the vegetation and 
soil properties. The natu re  of these biogeophysical
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feedbacks is not well understood, although there is 
evidence th a t they may be particularly  im portan t 
in the m aintenance of some subtropical clim ates.

O ther external factors th a t could affect the cli­
m ate are the basic physical param eters of the Earth- 
atm osphere system , such as its mass, the ro tation  
speed, and the d istribu tion  of land and ocean a t 
the E a rth ’s surface. Although all of these factors 
have changed over the course of E a r th ’s history, 
they may be considered constant on tim e scales con­
nected w ith the CO 2  question.

We m ust consider the possible effects of exter­
nal forcing factors on the clim ate in any a ttem p t 
to  isolate or detect the climatic effects of any sin­
gle factor such as CO 2 . A lthough some inform ation 
on the effects of the variation of external influences 
is available from clim ate models, their effects m ust 
be estim ated from the observed clim ate record with 
the aid of special sensitivity studies and diagnos­
tic analyses. The possible effect of such external 
forcing provides a range of clim ate change against 
which the effect of increased atm ospheric C O 2  m ust 
be judged.

1.2.1.2 Internal Forcing Factors

In addition to  the clim atic effects of external forc­
ing, the clim ate may vary on m onthly, seasonal, in­
terannual, decadal, or longer tim e scales w ithout 
any change of external factors w hatsoever. Such in­
ternal or na tu ra l clim ate variability is a result of 
the interactions among the many physical processes 
in the atm osphere (and in the ocean and on the 
land surface, if they are included in the in ternal cli­
m ate system ). These processes represent the pri­
m ary feedback linkages among the variables of the 
system. They include effects such as the horizontal 
advection and vertical convective tran spo rt of tem ­
perature, m oisture, and m om entum ; the interaction 
of clouds, radiation, and tem perature; and the in ter­
actions of tem peratu re  w ith surface snow, ice, and 
ground m oisture. Because the atm osphere is free 
to move and supports wavelike phenom ena whose 
influence may be felt a t a distance, such effects are 
ultim ately spread throughout the system  and give 
rise to  clim atic fluctuations on a  wide variety of tim e 
and space scales. Such fluctuations are likely to  be 
unpredictable to  the extent th a t they may be set in 
m otion by the sm allest of perturbations.

The emerging picture of clim ate change is one 
in which the (atm ospheric) clim ate displays a spec­
trum  of seemingly erratic fluctuations, because 
the effects of a tem porary local enhancem ent of 
one feedback process or another can ultim ately be 
spread to  all p arts  of the system. This in ternal vari­
ability has been called climatic noise and takes place 
in addition to  the background of average climatic 
conditions determ ined by the external forcing and 
basic geometry of the clim ate system (and possi­
bly by the clim atic noise itself). The am plitude of 
this variability has a  characteristic value for each 
clim ate variable, depending on how the variable is 
involved in the m ajor feedback processes and how 
sensitive those processes are to  other (internal) in­
fluences. In general, on tim e scales up to  hundreds 
of years, the clim atic noise can be com parable in 
m agnitude to  climatic variations caused by varying 
external factors, while on longer tim e scales exter­
nal factors have a larger influence. Like the mean 
clim ate itself, climatic noise displays a  character­
istic geographical and seasonal distribution. The 
determ ination of this distribution for each clim ate 
element is an im portan t part of the diagnosis of cli­
m ate change. An approxim ate m easure of th is vari­
ability may be obtained from the observed clim ate 
record, w ith due regard to  the uncertainties caused 
by m easurem ent and sampling lim itations and to 
the possible influence of changing external factors 
th a t cannot be readily elim inated in an unam bigu­
ous way. Such studies can yield an estim ate of the 
to ta l variability, including the effects of both  in ter­
nal climatic noise and any changing external condi­
tions.

1.2.2 The Baseline Clim ate

The baseline clim ate acts as the background against 
which we seek the clim ate changes projected to  oc­
cur as CO 2  concentrations change. This baseline is 
an estim ate of the climatic conditions th a t would 
prevail in the absence of the significant increase in 
CO 2  and other trace gas concentrations th a t  started  
in about 1850 (see Trabalka 1985).

1.2.2.1 C lim ate Over the Last 10^ to  10® Years

On the tim e scale of tens of thousands of years, 
the consensus of paleoclim atic evidence suggests
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th a t  an interglacial stage s ta rted  about 1 0 , 0 0 0  years 
B.P. (N ational Academy of Sciences 1975). Because 
the last several interglacial periods have been only 
about 1 0 , 0 0 0  years long, argum ents have been made 
th a t the return  to  a much cooler natural glacial cli­
m ate is to  be expected w ithin the next several cen­
turies or m illennia (Kukla et al. 1972). However, 
because the m echanism s causing the interglacial- 
glacial transitions on th is tim e scale are not yet 
completely understood, the above argum ent has lit­
tle predictive value (Mitchell 1973). Much of the 
long-term  clim ate variation is widely recognized to  
be due to  the changing orbital param eters (an exter­
nal forcing factor) as the E arth  moves around the 
Sun, param eters th a t can be calculated from the 
laws of celestial mechanics (Berger 1977). On th a t 
basis the first glacial episode of m oderate intensity is 
expected to  peak 4000-5000 years from now (Imbrie 
and Imbrie 1980; Kukla et al. 1981). If the baseline 
for the next 5,000 years is considered to  be equiv­
alent to  the last interglacial-glacial transition , the 
volume of the land-locked ice would grow to about 
30 to  70% of peak glacial volume, sea level would 
drop by about 20-40 m, and the average global 
tem peratu re  would decline by about 3°C (judging 
from proxy d a ta  and assuming th a t tem peratures 
dropped in proportion to  the ice volume [Bloom 
1971]). If the tem peratu re  decrease were linear over 
the next 5000 years, the cooling ra te  per century 
would be very small. However, some proxy paleo­
climatic evidence indicates th a t the transitions may 
have been more rapid and occurred over decades 
to  centuries (e.g., Bryson et al. 1970; Dansgaard et 
al. 1972), a t least a t some locations.

As indicated by M acCracken and Luther (1985), 
a  tem peratu re  increase of more than  1°C per cen­
tury  may be possible for several centuries as a re­
sult of increasing CO 2  and trace gas concentrations. 
Therefore, over the next few centuries a t least, in­
creasing CO 2  and trace gas effects are likely to  be 
larger than  any changes associated w ith a transition  
to  more glacial conditions.

1.2.2.2 C lim ate Over the  Last 10^ to  10^ Years

The w arm est period during the last 10,000 years 
occurred approxim ately 6000 years B.P. (Webb and 
Wigley 1985). Since then, clim ate in a t least some 
regions has become colder and drier. Insufficient

inform ation is available to  s ta te  by precisely how 
much the clim ate has changed, bu t the present 
global mean tem peratu re  is unlikely to  be more than  
about 1°C cooler than  during th a t period and the 
gross features of the atm ospheric and oceanic circu­
lation have rem ained essentially unchanged during 
the last 3000 to  4000 years (W illiam s and Wigley 
1983; Webb and Wigley 1985).

Clim atic variations th a t have been noted over 
the last 1 0 0 0  years have been mainly regional in 
scope. The m ost significant clim atic variations oc­
curred in Europe, where the clim ate was cooler in 
the 17th, 18th, and 19th centuries (the Little Ice 
Age), principally as a result of the higher frequency 
of cold winters (Lamb 1977). Larger scale clim ate 
variations prior to  1850 cannot be calculated be­
cause of the lack of da ta , although efforts have been 
made to  fill p art of the gap through analysis of tree- 
ring w idths (Hughes et al. 1982).

Since 1850, instrum ental d a ta  have sta rted  to  
become widely available. These d a ta  are consid­
ered extensively in C hapters 3 and 4 of th is vol­
ume. Although we cannot be sure th a t the n a tu ­
ral clim ate would not have changed substantially  if 
unperturbed by deforestation, increasing CO 2  and 
trace gas concentrations, and other societal activi­
ties, available evidence indicates th a t the global av­
erage of the tem peratu re  of preceding centuries has 
been relatively stable (i.e., a t m ost several ten ths of 
a degree) compared w ith the expected changes re­
sulting from the increasing CO 2  and trace gas con­
centrations.

1.3 TH E D ETEC TIO N  PROBLEM

The considerations noted above pose several prob­
lems for the isolation and identification of the cli­
m atic change induced by increasing CO 2  concen­
tra tions, referred to  here as the detection problem. 
The observed clim ate record displays changes th a t 
are due both  to  external forcing factors and to  the 
internal variability of the atm osphere itself. Unfor­
tunately, these effects are intertw ined in observa­
tions of the clim ate system , and separation of them  
is a  formidable task (W orld M eteorological Organi­
zation 1982). Furtherm ore, increases in radiatively 
active trace gases o ther than  CO 2  will induce very 
sim ilar, if not indistinguishable, clim ate changes. 
As a result, the combined clim atic effect [signal) of
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ihcreasing CO 2  and trace gas concentrations m ust 
be sought; separation of the signals can only be pro­
vided theoretically by num erical models.

Three approaches have been suggested as means 
for a ttem p ting  to  identify the combined effect of in­
creasing CO 2  and trace gas concentrations: signal- 
to-noise analysis; noise-reduction analysis, and f in ­
gerprint analysis. In signal-to-noise analysis, sepa­
rate  records of a  single variable (e.g., hemispheric 
average tem peratu re  over different periods) are 
com pared to  determ ine if a  statistically  significant 
change has occurred. This approach can identify 
a sta tistical relationship betw een, for example, in­
creasing CO 2  concentrations and warming tem per­
atures or between other changes th a t  are expected 
as a  result of model calculations.

The noise-reduction analysis approach a ttem p ts  
to  factor out the variations in the record of a par­
ticular variable th a t  may be occurring as a  result of 
changes in forcing factors other th an  CO 2 , thereby 
m aking the CO 2  signal more susceptible to  signal- 
to-noise analysis. Accom plishment of this requires 
th a t the variations in the o ther forcing factor (e.g., 
solar irradiance and volcanic aerosol am ount) and 
the resulting clim atic effects be well understood (ei­
ther based on signal-to-noise analysis or model cal­
culations).

The fingerprint analysis approach relies on a 
m ultivariate analysis to  reduce the obscuring effect 
of variations caused by other in ternal and external 
forcing factors (D epartm ent of Energy 1982; M ac­
Cracken and Moses 1983; N ational Research Coun­
cil 1983). This approach requires th a t one have re­
sults from theoretical or general circulation models 
(GCM s) available to  generate the fingerprint being 
sought. A lthough in their present s ta te  of develop­
m ent these models are far from perfect, they provide 
the only m ethod whereby the clim ate can be s tud ­
ied under controlled conditions. Aside from their 
expense, a draw back to  the use of GCM s in such 
research has so far been the difficulty in identify­
ing the reasons for a  particu lar G C M ’s performance 
or response (including its lim itations in sim ulating 
the observed clim ate); th a t is, different models have 
been yielding different fingerprints.

Application of these three approaches requires, 
to  varying degrees, a reliance on the  available d a ta  
records, on our understanding of the clim atic ef­
fects of various processes and forcing factors, and

on the  models constructed to  make climatic pro­
jections. Each of these resources has its particu lar 
lim itations.

1.3.1 Detection and the Observational Record

W hether from internal a n d /o r  external causes, it is 
characteristic of clim ate change to  yield a “wiggly” 
record regardless of the resolution w ith which it is 
m easured or sim ulated; the clim ate does not seem 
to be capable of changing either discontinuously or 
in a sustained linear fashion (see C hapter 4 of this 
volume). This feature is partly  due to  the statistical 
effects of averaging and partly  to  the operation of 
feedback processes th a t serve to  regulate climatic 
excursions. C lim ate also has a rich spatial s tructu re  
th a t needs further exploration, especially in term s 
of the relation of local and regional climates to  th a t 
on the  large scale.

The reconstruction and analysis of the space­
tim e structu re  of clim ate and clim ate change raises a 
num ber of sta tistical problems th a t ultim ately bear 
on the  question of how to  distinguish between one 
clim atic sta te  and another. The first of these is 
the problem  of sampling the  variables of the system  
to construct the sta tistics of the climate. Depend­
ing on the clim atic s ta te  being considered (i.e., the 
length of tim e and the region of space over which 
d a ta  will be assembled), avoidance of excessive sam ­
pling errors generally requires th a t the clim atic vari­
ables be known w ith a resolution finer than  the di­
mensions of the clim atic s ta te  itself. This means 
th a t  the average tem pera tu re  over a  year, for ex­
ample, m ight be reasonably well constructed from 
monthly da ta , whereas the  average precipitation in 
a particu lar region m ight require daily d a ta  a t more 
closely spaced locations. From  a  sta tistical view­
point, the frequency of sam pling should be such th a t 
further increases in tim e and space resolution pro­
duce no significant change in the sta tistics of the 
clim atic sta te .

In practice the choices in the selection of sam ­
pling frequency are lim ited, as when the clim ate of 
a m onth, season, or year is being examined w ith 
conventional synoptic d a ta . In th is case the uncer­
ta in ty  is expressed in the sta tistics of the calculated 
clim ate by means of conventional measures of sam ­
pling variance. This s ta tis tica l (or climatic) uncer­
ta in ty  is generally different for different variables.
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with the largest uncertain ty  being for those with 
the highest intrinsic variability in space and tim e, 
such as precipitation.

Once the s ta tis tics  describing the appropriate  
climatic sta tes have been determ ined, the next ques­
tion is th a t of estim ating the s ta tis tica l significance 
of changes in the d istribu tion  of either the observed 
or sim ulated clim ate. From the structu re  of the d a ta  
constitu ting the clim atic s ta tes  themselves, any of 
several sta tistica l techniques may be used to  esti­
m ate the significance of local changes in both the 
mean and variance of the clim atic variables of in­
terest. By applying such tests a t  each sta tion  or 
a t every point of a GCM  clim ate experim ent, those 
regions may be identified where an increase of CO 2 , 
for example, has produced a statistically  significant 
clim ate change. As normally applied a t individual 
points, such univariate significance tests do not take 
into account the spatial dependence of the da ta , al­
though serial correlation (in tim e) can be consid­
ered. A difficulty w ith this technique is th a t ap­
parent significance will be indicated by chance a t a 
fraction of the points corresponding to  the s ta tis­
tical risk being accepted. Newer m ultivariate tech­
niques are m ore satisfactory in this regard and can 
be used to  yield the large-scale pa tte rn  of th a t part 
of the apparently  sim ulated clim ate change th a t is 
significant a t a  given level of risk. By using an 
a priori sequence of estim ated pa tte rn s  character­
ized by only a  few param eters, the spatial depen­
dence of a G C M ’s results can be taken into ac­
count and their dim ensionality greatly reduced in a 
hypothesis-testing strategy (Frankignoul 1985). In 
this and other sta tistica l tests, the sampled d a ta  
base should be sufficiently large so th a t the effects of 
na tu ra l variability in the sim ulated (and observed) 
d a ta  are minimized. This is usually done by ex­
tending sim ulations over tim e or by considering an 
ensemble of shorter sim ulations, depending on the 
kind of clim ate change being studied.

1.3.2 D etection and Our Understanding 
of C lim ate Processes

In searching for the clim ate change induced by a 
changing forcing factor, our knowledge of the per­
tu rbations to  be expected depends on the adequacy 
of our understanding of the behavior of the clim ate 
system  and participating  processes. As explained in

M acCracken and Luther (1985), this knowledge Is 
usually assembled from num erical models th a t sim­
ulate the clim ate and the effect of various pertu rba­
tions on the climate. S tatistical tests can be used to  
isolate the changes caused by the pertu rbation  from 
the natu ra l fluctuations generated by the model cli­
m ate. In principle, the sim ulated clim ate changes 
th a t are a ttrib u tab le  to  various changes in external 
forcing can be assembled. If more than  one forcing 
factor has been changed a t the same tim e, it is gen­
erally difficult to  isolate the clim atic effect of each. 
This is also usually the case when different models 
are com pared, or when a  model is compared w ith 
observation. As valuable as such sta tistical tests 
are, they cannot be expected to  reveal the true di­
mensions of the climate changes resulting from a 
specific physical change such as an increased C O 2  

concentration. In other words, sta tistical tests show 
us how the model responds and the results to  which 
a tten tion  should be paid, bu t not necessarily those 
to  be believed; models are, after all, only approxi­
m ate descriptions of nature.

The question of determ ining the physical real­
ism of sim ulated clim ate change (as com pared w ith 
s ta tis tica l significance only) has not received the a t ­
tention it m ust have if the isolation problem  is to  be 
satisfactorily solved. The heart of th is problem  lies 
in the natu re  of the GCMs themselves. W hen such 
models are used in a clim ate experim ent to  deter­
mine the changes th a t are due to  a  specific physical 
effect or forcing, the results found are not indepen­
dent of the particu lar model used, even though the 
changes may have been found to  be statistically  sig­
nificant. In addition to  the choice of boundary and 
initial conditions, each GCM exists in a num ber of 
versions or com binations of the resolution and nu­
merical solution schemes available, and offers a  vari­
ety of choices w ith respect to  the param eterizations 
of sub-grid-scale processes th a t  may be used. The 
clim ate (and therefore the clim ate change) sim u­
lated by a  particu lar GCM version may therefore be 
detectably different for each possible com bination 
of these choices, and in some cases these differences 
are probably com parable to  the true  (and unknown) 
clim ate change being sought. Because there is usu­
ally no way of knowing beforehand which version 
(or versions) of the model (or models) is the best 
for any particu lar investigation (unless we have & 
uniformly near-perfect model), a  sim ulated clim ate
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change therefore will be influenced to  some degree 
by the model itself.

By denoting the to ta l sim ulated clim ate change 
as Ac, th is concept may be represented functionally 
by the equation Ac =  /(A c r , Acf/^, where r denotes 
the true or physically a ttrib u tab le  p a rt of Ac, and 
m  denotes the m odel-dependent p a rt. In general, 
the relative sizes of A cr  and A c m  are not known, 
and there is no way to  separate them  in any par­
ticular clim ate change experim ent. By recognizing 
th a t A cr m ust be independent of the model being 
used, and considering only those sim ulated Ac th a t 
have proven to  be statistically  significant (so th a t 
we are not dealing w ith climatic noise), then it may 
be possible to  form  an estim ate of A cr  by some­
how combining the results of an ensemble of ex­
perim ents m ade w ith a lternative (and presum ably 
equally acceptable) versions of a GCM  (or GCMs). 
Although it cannot be assumed th a t  the ensemble 
average of A cfnw ill approach zero because different 
models may m ake sim ilar errors, A cr m ight be iden­
tified given sufficient knowledge of the dependence 
of a m odel’s (or m odels’) solutions on the numerical 
m ethods and physical param eterizations employed. 
It also may be possible to  estim ate A cr directly from 
a  single clim ate change experim ent w ith a  supe­
rior model by appropriately transform ing Ac. The 
structu re  of such a  sta tistica l function would then 
represent the variation of Ac over the acceptable 
param eter space of the GCM. A lthough in principle 
the A cr determ ined in this way from versions of one 
model should converge tow ard th a t found from ver­
sions of another model (because for th is purpose all 
GCM s could be considered versions of each other), 
th is is no t likely to  happen unless the  models are 
themselves reasonably accurate in the first place.

W hen applied to  a  wide range of sim ulated vari­
ables over as m any scales of space and tim e as pos­
sible, such techniques may be a useful way to  isolate 
the clim ate change th a t  is due to a  specific cause, 
such as an increased atm ospheric CO 2  concentra­
tion, but proof or confirm ation will rest w ith obser­
vations.

1.3.3 C lim ate M odels and Identification 
of the C arbon Dioxide Signal

The valid or conclusive detection of a  clim ate change 
resulting from  the increasing atm ospheric CO 2  and

trace gas concentrations will depend not only on 
the availability of adequate sets of observed climate 
d a ta  and an adequate understanding of climatic 
processes, b u t also on the existence of a reliable 
m ethod for finding the induced signal in the data.

Before observed clim ate changes can be a t­
tribu ted  to  increasing CO 2  and trace gas concen­
tra tions, we m ust first know w hat changes we are 
looking for. In the noise-reduction and fingerprint 
approaches, th a t part of an apparen t clim ate change 
th a t is due to  external factors m ust be system ati­
cally identified in the record, and the rem aining part 
m ust be evaluated in light of the expected response 
to  increased CO 2 . In each of these steps, the results 
from clim ate models could be an im portan t part 
of the analysis. For all three detection strategies, 
model projections are indispensable in dem onstrat­
ing a ttribu tion  of clim ate change to  increasing CO 2  

and trace gas concentrations (W orld M eteorologi­
cal O rganization 1982; National Research Council 
1983).

Of all the m ethods available for the analysis 
of clim ate change (including synoptic, sta tistical, 
and analog techniques), clim ate models (especially 
GCMs) possess several unique advantages: they ad­
dress a wide variety of variables and processes in a t 
least a physically consistent m anner; they provide 
a complete d a ta  set of relatively high resolution in 
both space and time; and they offer the  opportunity  
to  experim ent with the effects of specific changes in 
the clim ate system, including the possibility of cli­
m ate prediction. Although a m ajor disadvantage of 
models is their possible inaccuracy, all of their a t­
tribu tes should be exploited in the design of a  com­
prehensive detection strategy; th is is especially so 
for the fingerprint strategy.

Assume th a t, a t some future tim e, a  reason­
ably accurate GCM  (preferably one th a t  includes 
the ocean) has been run for a long tim e and th a t 
the geographical and seasonal dependence of the 
m odel’s clim ate and its variability has been deter­
mined. The m apping of the noise levels of all vari­
ables in the model would docum ent the background 
sta tistical uncertain ty  inherent in the model. This 
analysis should include, for example, the in teran­
nual fluctuations of m onthly, seasonal, and yearly 
averages, which should be reasonably well deter­
m ined by several decades of sim ulation. In addi­
tion to  these characteristic noise levels, it may be
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assumed th a t  the d istribu tions of the correspond­
ing tim e m eans of the clim atic variables themselves 
also have been satisfactorily determ ined.

W ith these d a ta  available, assume next th a t the 
same GCM  has been used in an experim ent with 
an increased (or increasing) atm ospheric CO 2  con­
centration, and th a t  the corresponding seasonal and 
geographical variation of the m odel’s mean climatic 
s ta te  and n a tu ra l variability also have been deter­
mined. The sim ulated clim ate changes due to  the 
increased CO 2  concentration is then given by the 
difference between the sta tistics in the perturbed 
and control runs (including possible differences in 
the variability), and their s ta tis tica l significance 
may be estim ated by the m ethods discussed earlier. 
In practical term s the significant changes are those 
th a t  would not be significantly modified by further 
running of the model, and are the only parts of the 
ou tpu t of the GCM  to which a tten tion  needs to be 
given.

It is now necessary to  determ ine w hat portion 
of the statistically  significant clim ate change of the 
GCM is due to  the particu lar model being used. 
As noted earlier, th is involves the estim ation of the 
model dependence of the results by performing a 
series or ensemble of sim ilar clim ate change experi­
m ents (and corresponding controls) w ith alternative 
versions of the model (such as w ith different reso­
lutions, a lternative num erical algorithm s, or a lter­
native physical param eterizations) and w ith other 
models. By knowing the sensitivity of the s ta tis­
tically significant sim ulated clim ate change (due, 
say, to  a  doubled CO 2  concentration) to  alternative 
(and presum ably equally acceptable) model ver­
sions, one may be able to  estim ate the essentially 
m odel-dependent p a rt of the results, thereby isolat­
ing the m odel-independent or “real” p art. As noted 
above, th is may be given by averaging over an ap­
propriate ensemble of clim ate change experim ents, 
or it may require more subtle s ta tis tica l techniques. 
The central role th a t th is isolation step plays in the 
identification of a C 0 2 -induced clim ate signal has 
not been sufficiently recognized.

It is these common or m odel-independent cli­
m ate changes th a t may be regarded as likely to  be 
physically significant. These changes form the set 
from which the change in either a  single variable 
or a  set of variables (the fingerprint) th a t  is unique 
for increased CO 2  may be extracted . For each fixed

CO 2  level (such as 600 or 1 2 0 0  p arts  per million by 
volume [ppm] or, more generally, for CO 2  levels as a 
function of tim e), the C 0 2 -induced change of a  wide 
variety of clim atic variables can be identified. The 
change a  variable displays will depend on its noise 
level and its role in the clim ate system; for example, 
variables like cloudiness and precipitation may show 
less significant change than  tem perature. The resul­
ta n t  m apping would show the geographical d istri­
bution of each variable’s change on a  monthly, sea­
sonal, or annual basis and would constitu te an atlas 
of the expected C 0 2 -induced clim ate change signal. 
If such inform ation were available for several CO 2  

concentrations (or from an ensemble of experiments 
w ith tim e-dependent CO 2  concentrations), then  an 
effective schedule of expected clim ate changes m ight 
be constructed (or a t least envisaged), w ith due al­
lowance being made for the delaying effect of the 
ocean if it is not included in the GCM.

This catalog of the expected physically signifi­
cant clim ate changes is the unique contribution of 
clim ate models to  the detection problem; w ithout 
such inform ation we would not know which climatic 
variables were the m ost likely to  display a  CO 2 - 
induced change, how much of a change should be 
expected, and in which regions and in which sea­
sons the change m ight occur. This inform ation ap­
parently  cannot be obtained in any other way and 
is an essential ingredient in the fingerprint strategy.

Even w ith such inform ation about the expected 
changes, however, there rem ains the problem of ap­
plying these strategies to  the detection of a  CO 2 - 
induced clim ate change in observed data . P a r t of 
the difficulty stem s from the incompleteness and in­
accuracy of the observations themselves; many cli­
m atic variables are either not observed or are ob­
served incompletely, and when they are observed 
they are often not representative of the large-scale 
d istribu tion  addressed by clim ate models. An ad­
ditional p a rt of the detection problem  is the fact 
th a t the  observed d a ta  contain the effects of other 
external influences on the  clim ate, such as volcanic 
eruptions or large-scale environm ental or geophys­
ical events, which are not properly accounted for 
in the m odel-generated signal. A lthough these fac­
tors eventually may be taken in to  account in clim ate 
models, there always will be a  residual uncertainty 
in the a ttr ib u tio n  of an observed clim ate change;
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tiie purpose of each of the detection strategies, es­
pecially the m ultivariate  fingerprint approach, is to 
make th is uncertain ty  as small as possible.

1.4 SEARCHING FO R  TH E CARBON 
DIOXIDE SIGNAL

A t present, only a  few of the elem ents necessary 
for the au tho rita tive  detection and a ttr ib u tio n  of 
a  C 0 2 -induced clim ate change are available. As 
already noted, observations are alm ost always in­
complete, and models do not adequately consider 
many potentially  im portan t processes, such as the 
in teraction of the atm osphere with the ocean and 
w ith the  surface biomass. Despite these lim itations, 
however, it is im portan t th a t a system atic detection 
strategy be set in place as soon as possible to  coor­
dinate observational and modeling efforts. W hat is 
needed is an operational CO 2  effects detection sys­
tem  th a t  can m ain tain  an ongoing evaluation of all 
available observations in light of the best available 
results from clim ate model experim ents and th a t 
can periodically estim ate the likelihood th a t  C O 2 - 
induced effects are occurring. Such a  system  also 
should be able to  incorporate new inform ation as 
it becomes available and to  upgrade its assessments 
in a cum ulative m anner. The possibility th a t such 
a  CO2  climate watch may not detect a significant 
effect, a t least in its early stages, is not a sufficient 
reason for not having such a  detection stra tegy  in 
place; its existence would place current efforts in a 
coherent context and would provide a rationale for 
further studies.

In addition to  new observations, further re­
search in m odeling the clim ate and its response 
to  increasing CO 2  and trace gas concentrations is 
needed, and new work should be done on the ap­
plication of s ta tis tica l techniques to  the detection 
problem . S tatistical m ethods play im portan t roles 
in the removal of clim atic noise from  a  m odel’s sim u­
lation and in the estim ation of the m odel-dependent 
portion of the results. As im portan t as sta tistics 
are in the judgm ent of w hether or not observed cli­
m ate changes are a  significant m atch to  the model- 
consensus CO 2  signal (or fingerprint), it is the phys­
ical reality of the models themselves (as judged by 
their sim ulation of observed clim ates) on which our 
confidence m ust ultim ately  rest.

It should be emphasized th a t the lim itations 
of num erical models make definition of the CO 2 - 
induced clim ate signal difficult, and th a t the limi­
ta tions in the observational d a ta  sets make s ta tis ti­
cally significant identification of change in any cli­
m atic param eter uncertain. Nevertheless, a search 
using all available m ethods and d a ta  is under way 
for the climatic effect of increasing CO 2  concentra­
tions, and the rem aining chapters in this report re­
view the sta te  of the a rt in this search.

P ertu rbation  of atm ospheric radiative fluxes is 
the direct effect of increasing CO 2  concentrations, 
which occurs before any induced clim ate changes. 
C hapter 2, therefore, evaluates the prospects for 
identifying changes in the  radiative fluxes a t the 
surface and a t the top  of the atm osphere. If the 
radiative fluxes are perturbed , then the tem pera­
tu re  will increase. C hapter 3 describes the d a ta  sets 
th a t are available for an analysis of w hether such a 
tem perature  change has taken place and why it may 
have occurred. C hapter 3 also reviews the availabil­
ity of some other related d a ta  sets, including pre­
cip itation, volcanic aerosols, and solar irradiance; 
the cryospheric and oceanic d a ta  sets are described 
in later chapters. P articu lar a tten tion  is given in 
th is chapter to  the factors th a t  may make definitive 
identification of the CO 2  effect difficult.

Recognizing the lim itations in the tem perature 
record. C hapter 4 reviews the a ttem p ts  to  identify 
w hether the clim ate has changed since the middle 
of the last century. The problem  of determ ining 
w hether any identifiable changes are due to  the in­
crease in CO 2 , to  changes in other factors, or to 
natural variations in the clim ate system is consid­
ered. Because changes in atm ospheric tem peratures 
are also expected to  occur over the ocean, a  w arm ­
ing of the ocean is projected. This heating would 
lead to  therm al expansion th a t, along w ith w ater 
from m elting glacial ice, would raise the sea level. 
Changing winds could a lter currents, and modifica­
tions of evaporation and precipitation could change 
salinity. C hapter 5 reviews the evidence for these 
and other changes in oceanic climate.

C lim ate models generally project th a t tem pera­
tu re  increases will be larger a t high latitudes than  
a t low latitudes, in p a rt because of clim atic feed­
backs involving changes in the extent of snow and 
sea ice and in p a rt because of the presence of near­
surface tem perature  inversions. C hapter 6  describes
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the search for changes in these features as possible 
m easures of C 0 2 -induced clim ate change. Clim ate 
models also generally project th a t the intensity of 
the global hydrologic cycle will increase as the tem ­
perature  rises. C hapter 7, therefore, describes the 
search to  determ ine if precipitation has increased, 
using the available records a t many observation s ta ­
tions. Based on an analysis of observational evi­
dence, C hapter 8  provides a review of the earlier 
chapters and retu rns to  the question of whether the 
ensemble of characteristic changes th a t is projected 
to  result from increasing CO 2  concentrations (the 
CO 2  signal) is evident.

C hapter 9 presents recom m endations for further 
assessments and analyses. Central to  th is effort is 
the developm ent of a system atic detection strategy 
to  provide a framework for the coordinated evalua­
tion of the findings of observational studies and the 
projections of clim ate models.
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’2.-1 INTRODU CTIO N

This chapter discusses the spectral d istribution of 
radiative energy em itted  in the E a r th ’s atm osphere 
and changes in the spectral d istribu tion  caused by 
changes in the  am ount of em itting  gas and by 
changes in the  tem peratu re  s truc tu re  of the a tm o­
sphere. The specific way in which the changes in 
spectral d istribu tion  serve as an indication of w hat 
factors are causing changes in gas am ounts and tem ­
perature  is also discussed. Currently, m easured ra­
diances from  satellites are used to  retrieve such a t­
m ospheric variables as the vertical profiles of tem ­
perature  and gas am ounts. These quantities are 
then used in num erical w eather prediction models. 
This chapter discusses the use of m easured rad i­
ances for climate problems. The strategies discussed 
in th is chapter for detecting the radiative signal of 
increasing carbon dioxide (CO 2 ) would employ d a ta  
th a t have been and still are being collected from op­
erational satellites. The m ethods described also rely 
on the actual radiances. It m ust be stressed, how­
ever, th a t  the problem  of detecting the radiative 
signal due to  these gases is sim ilar to  m ost prob­
lems in atm ospheric science. T h a t is, there are a 
large num ber of param eters to  the problem  which 
are changing a t the same tim e. Through a  com pari­
son of m easurem ents and calculations such as those 
presented in th is chapter, the num ber of causes for 
a  given change m ight be narrowed considerably.

2.2 TH E SPECTR A L DISTRIBUTION 
OF LONGWAVE FLUX 
IN TH E ATM O SPH ERE

The rad iative balance of the E a r th ’s atm osphere 
and how this rad ian t energy is d istribu ted  in space, 
as well as in the frequency dom ain, m ust be un­
derstood to  facilitate the detection of any radiative 
signal. The distribution of outgoing radiative en­
ergy per unit area per solid angle per wave num ber 
interval for the E a r th ’s atm osphere (radiance) cal­
culated from  a detailed narrow band model, which 
is an extension of Kiehl’s (1983) model, is shown in 
Figure 2.1. The spectral resolution of the model 
is 5 cm "^. The transm ission of longwave radia­
tion through the atm osphere is calculated for each 
of these spectral intervals w ith a M alkmus random  
model. The details of this model and the spectral

d a ta  th a t  it employs have been discussed by Kiehl 
and R am anathan  (1981). A description of how radi­
ance is calculated with a narrow band model is given 
in C hapter 2 of M acCracken and Luther (1985). 
Vertical profiles of tem perature  and gas concentra­
tions are needed to  calculate atm ospheric radiances. 
Profiles of tem perature, ozone (O3), and w ater va­
por (H 2 O) used in the calculations are those given 
by M cClatchey et al. (1971). The vertical mixing 
ratio  of CO 2  is assumed to  be constan t a t  a value of 
340 p a rts  per million by volume (ppm ). All results 
are for cloud free conditions. Outgoing radiances a t 
the top  of the atm osphere are sim ulated as viewed 
s tra igh t down. The radiance is plo tted  as a  function 
of wave num ber, ranging from 0  cm~^ (wavelength 
>2000 pm ) to  2500 cm~^ (4 pm ). The more im por­
ta n t  features to  note abou t th is figure are th a t  ( 1 ) 
the largest emission to  space occurs between 800 
and 1 0 0 0  cm "^, (2 ) there are large reductions in 
emission centered near 650 and 1000 cm~^, and (3) 
there is very low emission for wave num bers beyond 
roughly 1500 cm “ .̂ Each of these features is im por­
ta n t in detecting a  radiative signal resulting from 
increased greenhouse gases.
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F ig u r e  3 .1 . O utgoing rad iance  as a  func tion  of wave n u m b er for 
th e  m id la titu d e  sum m er profile of M cC latchey et al. (1971).
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The large emission between 800 and 1 0 0 0  cm “  ̂
originates from the surface of the E arth . The only 
active absorber of significance in this spectral region 
is w ater vapor. This absorption is m ost im portan t 
in the lowest 1-3 km of the atm osphere. If increases 
in greenhouse gases do lead to  increases in tropo­
spheric tem peratures, accom panying increases in a t­
mospheric w ater vapor would be expected. Thus, 
the emission in th is spectral region, 800-1000 cm “ ,̂ 
would be affected to  some extent. The large de­
crease in emission around 650 cm~^ is caused by 
absorption by the IS-pm  band (bending mode) of 
CO 2 . This rad ian t energy originates from the colder 
stratosphere. The spike in radiance located right 
a t 667 cm ”̂  ̂ comes from the upper stratosphere. 
An increase in the atm ospheric am ount of CO 2  

would be expected to  a lter the emission in this spec­
tra l region. The decrease in emission near 1000 
cm “  ̂ is caused by the absorption resulting from 
O3 . Changes in Os because of anthropogenic ac­
tiv ity  also will result in changes in the emission in 
this region of the radiance curve. Finally, the m ag­
nitude of the radiance beyond 1500 cm~^ is roughly 
two orders of m agnitude sm aller than  the m axim um  
emission a t 800 cm “ ^. A lthough relative changes in 
this region may be large, the absolute change will be 
very small. However, the instrum ent noise is much 
smaller in this spectral region, so th a t the detection 
of changes in th is region is feasible (Charlock 1984).

Figure 2.2 illustrates the dependence of the ou t­
going radiance on la titude  and season. Outgoing 
radiances for tropical (A) and subarctic w inter (B) 
conditions are shown. The m ost apparent differ­
ence between these two figures is the overall re­
duced emission in the subarctic w inter case, which is 
due to  the colder subarctic w inter tem perature pro­
file. These results show th a t  outgoing radiance is 
strongly affected by tem perature. Thus, variations 
in tem perature  will, in tu rn , lead to  variations in ra­
diance. The effect of variations in tem perature  on 
the m easured radiance will be discussed in Section 
2.5.

The longwave rad iation  em itted by the a tm o­
sphere and received a t the surface is shown in Figure
2.3 (curve a) for the m idlatitude summer condition. 
The spectral d istribution of radiance looks similar 
to  a pure blackbody curve (curve b). The m ajor 
difference between these two curves is the reduced 
radiance between 800 and 1300 cm “ ^. This lower
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F ig u r e  2 .2 . O utgoing rad iance  as a  function  of w ave n u m b er for 
th e  (A) tro p ical and (B) subarctic  w in ter profiles of M cC latchey 
e t al. (1971).

emission is in the window region where there is very 
little  gaseous emission. The small peak in emission 
near 1050 cm “  ̂ is due to  O 3 . The lower emission 
in the window region is strongly dependent on the 
am ount of w ater vapor in the atm osphere. This is 
illustrated  by curve c in Figure 2.3, which shows 
the downward emission for the m idlatitude summ er 
case, bu t w ith an increase in w ater vapor of 50%. 
The overall m agnitude of emission has increased, 
and the m inim um  in the window region also has 
increased. This indicates the radiative im portance
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of the w ater vapor emission. The im portance th a t 
changes in w ater vapor play in detecting a radiative 
signal will be addressed in Section 2.3.
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F ig u r e  2 .3 . D ow nw ard rad iance a t th e  surface as a  function  
of wave nu m b er for th e  m id la titu d e  sum m er profile described by 
M cC latchey et al. (1971): (a) s ta n d a rd  w a ter vap o r am o u n t, (b) 
pure  black body, (c) 50% increase in w a ter vapor.

One of the m ost im portan t concepts in radia­
tive transfer th a t is essential for understanding the 
problem of detecting the radiative signal is the sa t­
uration effect of absorption bands. Figure 2.4 il­
lustrates this effect. Shown is the absorption due to 
CO 2  as a function of the am ount of CO 2  (in centim e­
ter atm ospheres) for three spectral intervals. The 
present atm osphere contains about 300 cm a tm  of 
CO 2 . The absorption for the wave num ber interval 
centered a t 722.5 cm “  ̂ increases linearly w ith an 
increase in the  am ount of CO 2 , whereas the rela­
tive increases in absorption for the same increase in 
the am ount of CO 2  for the o ther two spectral in ter­
vals are much smaller. These two spectral intervals 
are nearing sa tu ra tion . Looking in those spectral 
regions where the changes will be largest on a  rel­
ative scale will aid in detecting a radiative signal 
associated w ith increasing C O 2  am ount. Because 
the center of the CO 2  band is near sa tu ra tion , large 
changes would not be found in th is spectral region 
associated w ith increases of CO 2 . The absorption of

longwave radiation, although smaller, is still signif­
icant on either side of the band center a t 667 cm~^. 
This region is filled with a num ber of weaker bands 
th a t are not nearly as sa tu ra ted  as the band cen­
ter. The principle of band satu ration  applies to  all 
absorbing gases and is im portan t for detecting the 
radiative signal for other trace gases as well. How­
ever, many of these trace gases are not near sa tu ra­
tion, because their concentration in the atm osphere 
is much smaller than  th a t of CO 2 .
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F ig u r e  2 .4 . F rac tio n al ab so rp tion  by CO 2  for th ree  spec tra l in ­
tervals as a  function  of CO 2  am oun t.

Based on the above discussion, general changes 
would be expected to  occur in the d istribution of 
em itted radiation at the top  of the atm osphere and 
a t the E a rth ’s surface because of changes in any gas 
concentrations. Transmission curves for a num ber 
of gases found in the atm osphere are shown in Fig­
ure 2.5. W ater vapor absorbs over the entire spec­
tra l region from 0 to 2500 cm "^. The largest tran s­
mission occurs from 800 to  1 2 0 0  cm ”  ̂ and for wave 
num bers greater than  2 0 0 0  cm “ ^. CO 2  possesses 
two strong fundam ental bands centered a t 667 and 
2350 cm “ ^. There are also a num ber of weaker 
bands present between these two strong bands. The 
strongest band of O 3  is centered a t 1042 c m '^ , bu t 
there are also a num ber of weaker bands through­
out the entire spectral region. M ethane (CH 4 ) has 
a strong band a t 1285 cm “ ^. N itrous oxide (N 2 O)
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F ig u r e  2 .5 . T ransm ission  due to  various gases p resen t in th e  E a rth 's  a tm osphere  as a  function  of w ave num ber.

possesses three relatively strong bands spread over 
the entire spectral region. Finally, there are a large 
num ber of trace gases present in the E a rth ’s atm o­
sphere which are not shown th a t possess absorp­
tion bands throughout th is spectral region. The 
m ost im portan t of these gases are the chlorofluoro- 
carbons: CFClg (CFC-11), C F 2 CI2  (CFC-12), and 
CFsCl (CFC-13). The m ultiplicity of all of these 
absorption bands for the different gases brings forth 
another problem  for detecting changes in the rad ia­
tive signal. Figure 2.5 shows many regions where 
different gases possess absorption bands in nearly 
the same spectral region (e.g., CO 2  and N2 O, or 
H2 O and CO 2 ). If a  change in emission is detected 
in a given spectral region where two or more gases 
overlap, then this change cannot be a ttrib u ted  with 
absolute certain ty  to  one gas. This problem  im­
plies th a t the regions th a t  contain only one active 
absorber should be used for detection purposes.

2.3 CHANGES IN RADIATIVE EMISSION 
FROM  TH E ATM OSPHERE

The two spatial locations where changes in the 
spectral distribution of em itted radiation can be 
observed are the E a rth ’s surface and outer space. 
There are definite advantages and disadvantages to  
both of these locations.

The advantages of a ground-based network to  
m onitor the changes in the radiative spectral d istri­
bution are essentially related to  the accessibility of 
the m onitoring instrum ent. High resolution in ter­
ferometers (<5  cm “ ^) could be used to  look a t the 
downward emission from the atm osphere. This high 
resolution would enable one to  essentially choose 
specific spectral regions for m onitoring. The ad­
vantage of this is the elim ination of many of the 
overlap problems th a t were discussed in Section 2.2. 
The ground-based instrum ents also would always be 
available for calibration checks, leading to  an elim­
ination of one source of uncertainty in the signal.

18 Detecting the Climatic Effects o f Increasing Carbon Dioxide



The disadvantages of the ground-based tech­
nique are twofold. F irst, ground-based instrum ents 
are lim ited to  land areas. Thus, the spatial cover­
age would not be global. The area coverage of the 
available d a ta  is im portan t for reducing the sample 
variance of the d a ta  set. Second, the signal may be 
affected by the large natu ra l variability of tem pera­
ture and m oisture. The m agnitude of th is variabil­
ity will be discussed in Section 2.5. It may be very 
difficult to  see changes resulting from the increase in 
gases because of these effects. However, according 
to  Luther (1983), location of instrum ents a t selec­
tively chosen sites could minimize th is problem.

The satellite-based observations would entail 
use of either the high resolution radiance da ta  
as measured by the existing radiom eters, such as 
the High Resolution Infrared Radiation Sounder 
(HIRS), the Advanced High Resolution Radiome­
ter (AVHRR), the Visible Infrared Spin Scan Ra­
diom eter A tm ospheric Sounder (VAS), or the use 
of an interferom eter aboard either a satellite or the 
space shuttle. Each of these instrum ents has ad­
vantages and disadvantages for m easuring changes 
in the radiative signal.

The advantage of using satellites is th a t  they 
cover a large spatial area. There is alm ost a  decade 
of N ational Oceanic and A tm ospheric A dm inistra­
tion  (NCAA) and Tiros N d a ta  already available for 
analysis. These large d a ta  sets ensure flexibility in 
choosing a  particu lar spatial location to  minimize 
noise as a  result of na tu ra l variability.

The disadvantage of using satellites is th a t the 
instrum ents m easuring the radiances are not easily 
accessible. Accounting for changes in the calibra­
tion of the instrum ent may introduce a source of 
error in to  the radiances. Also, the present instru ­
m ents do not have detailed resolution in m any of the 
spectral regions of in terest, and satellite program s 
are more expensive to  im plem ent than  ground-based 
techniques.

2.4 POSSIBLE QUANTITATIVE CHANGES 
IN TH E SPECTR A L DISTRIBUTION 
OF RADIANCE

To calculate the expected changes in the spec­
tra l d istribu tion  of radiative emission, some as­
sum ptions m ust be m ade regarding the increases

in the gaseous constituents. The ability  to  pre­
dict the future concentrations of CO 2  and the trace 
gases depends on many factors, many of which are 
not yet fully understood. For example, something 
m ust be known about the sources and sinks of the 
gases. This would involve studying the chemical cy­
cles of all im portan t constituents affecting a  given 
gas. Furtherm ore, it m ust be known w hether these 
sources and sinks for the constituents are chang­
ing with tim e because of either na tu ra l or an th ro ­
pogenic factors. A t present there are m any un­
knowns involved for many of the constituents to  be 
studied. To assess the  im portance of each of these 
constituents, scenarios m ust be chosen th a t  would 
cover the reasonable future developm ent of the gas 
concentrations. To avoid this scenario dependence, 
calculations are performed for a lim ited num ber of 
specified fractional increases in the gas concentra­
tions.

As pointed out in Section 2.1, changes in the 
am ount of atm ospheric emission can arise by two 
distinct means. The emission of rad iation  to  space 
and to  the E a rth ’s surface is governed by the 
tem perature  struc tu re  of the atm osphere and the 
am ounts and distribution of the absorbing-em itting 
gases. If any of these quantities change, the a tm o­
spheric emission will change. A t this point we m ust 
ask w hat are the more im portan t variables to  m on­
itor. If the tem peratu re  structu re  does not change 
when CO 2  is increasing, then the change of the ra ­
diative signal is merely an indication of th is increase 
in CO 2 . As has been shown previously (Kiehl 1983), 
the spectral d istribution of the change in the rad ia­
tive signal appears differently for a  case in which 
the atm ospheric tem peratures do not change while 
the CO 2  concentration is increased compared w ith a 
case in which atm ospheric tem peratures do change 
as the CO 2  concentration is increased. More im por­
tan tly , the change in atm ospheric emission occurs 
a t particu lar locations in the spectral d istribu tion  of 
emission. This spectral dependence of the change in 
emission allows the difficult problem  of causality of 
clim ate change to be addressed. By m onitoring the 
changes in many spectral intervals in concert with 
the type of calculations presented in th is chapter, 
a causal link between an increase in constituents 
and changes in tem peratu re  struc tu re  may be es­
tablished. The three cases to be discussed in detail 
are as follows: case I, atm ospheric tem peratures do
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not change when the CO 2  concentration is changed; 
case II, atm ospheric tem peratures do change when 
gas concentration is changed; case III, case II minus 
case I, which illustrates changes in emission caused 
by changes in gas tem perature.

Figures 2.6 and 2.7 illustrate  these points. The 
change in outgoing radiance caused by a doubling 
of the CO 2  concentration w ith no change in the a t ­
mospheric tem peratu re  (case I) is shown in Figure 
2.6A. The large change between 500 and 800 cm “  ̂
is due to  the 667-cm“  ̂ bending mode absorption

band of CO 2 . The sm aller changes near 1000 cm “  ̂
are caused by the weaker band system. The changes 
near 2 0 0 0  cm “  ̂ are due to  the  near infrared bands. 
As discussed by Kiehl (1983), the increased emission 
a t 667 cm “  ̂ arises from the  regions of the upper 
stratosphere. This increased emission leads directly 
to  the large stratospheric cooling th a t occurs in 
model calculations of tem peratu re  changes th a t  are 
due to  increased CO 2  concentration. The change in 
outgoing radiance th a t  is due to  a doubling of C O 2 ,
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. along With a change in the atm ospheric tem pera­
ture struc tu re  (case II), is shown in Figure 2.6B. 
The changes in atm ospheric tem pera tu re  s tructu re  
are determ ined by com puting Equations (2.1) and 
(2.3), which are defined below. The large decrease 
centered near 667 cm~^ is due to  emission from 
the colder stratosphere. Increased emission on ei­
ther side of band center is due to emission from the 
warm er troposphere. The changes shown in Fig­
ure 2.6B arise from two sources, increased CO 2  and 
changes in the tem pera tu re  structure. The differ­
ence between these two results (case III) represents 
changes due only to  the change in therm al structure; 
this difference is shown in Figure 2.6C. The changes 
are large between 300 and 1300 cm “  ̂ [>1 mW m “  ̂
sr"^ (cm~^)~^]. More im portantly , this d istribution 
of the change in radiance is caused by this combi­
nation of changes in tem perature  and CO 2  concen­
tra tion . This pa tte rn  serves as a fingerprint for the 
assumed change in climate. The same argum ents 
can be applied to changes in downward emission at 
the surface, which is shown in Figure 2.7A-C for a 
doubling of the CO 2  concentrations for the m idlat­
itude summ er case.

The change in the downward directed radiance 
caused by an increase in CO 2  alone is quite large 
(Figure 2.7A). The emission is located a t the CO 2  

absorption band regions. If the tropospheric tem ­
perature  is increased along with the CO 2  am ount 
(Figure 2.7B), the increase in downward emission 
covers nearly all spectral regions. It should be kept 
in mind th a t the am ount of tropospheric w ater va­
por has not been increased for these cases. If the 
w ater vapor am ount had been increased, even larger 
increases in downward emission would result. These 
calculations indicate th a t  increases in the downward 
directed radiance resulting from increased C O 2  and 
tropospheric tem pera tu re  are quite large.

To assess the relative m agnitude of changes in 
radiance resulting from  increased C O 2  and changes 
in the atm ospheric tem perature  struc tu re , a num ­
ber of calculations were carried out for various in­
creases in C O 2  concentration for several latitudes 
and seasons. The increases in CO 2  used for the 
present study are uniform increases of 10, 25, 50 
and 100%. A particu lar tim e-dependent scenario 
for the increase in C O 2  concentration was not used 
for the calculations because these scenarios de­
pend on m any complex factors. The baseline CO 2

am ount was chosen to  be 340 ppm. The tem pera­
ture changes were obtained from two sources. The 
tropospheric tem perature  changes use the equation 
given by M adden and R am anathan  (1980). For the 
tropics and m idlatitudes the tropospheric increases 
in tem perature  (°C) are given by

^Ttrop =  3 In <7 , (2 .1)

where g is the fractional increase in CO 2 . For high 
latitudes the tropospheric increase in tem perature 
is given by

AT.rop =  6  In J7 , (2 .2 )

where the larger increase accounts for albedo feed­
back processes. Changes in stratospheric tem per­
atures are assumed to  be independent of latitude 
(Fels et al. 1980) and are given by

AT.trot = - a { z )
( v / 2 - l )

for 1 < < 2, (2.3)

where —a(^) is the change in stratospheric tem per­
a tu re  due to  a doubling of CO 2 , and z is altitude. 
a{z)  is latitude  dependent only w ith respect to  the 
change in tropopause height. By using the narrow 
band radiance model described in Section 2.2, the 
change in radiance due to increased C O 2  concentra­
tions can be calculated anywhere in the atm osphere.

Figure 2.8A-D illustrates the change in the out­
going radiance th a t is due to  a 10, 25, 50, and 100%, 
respectively, increase in CO 2  for the tropics. This 
change in radiance is equivalent to case III discussed 
above. The change in radiance is due to  tem per­
a tu re  changes caused by increases in C O 2 . The 
changes for a 1 0 % increase of CO 2  are less than  1  

mW  m “ * sr"* (cm “ ^)~* a t all wave num bers. The 
m agnitude of th is change is approxim ately equal 
to  the m agnitude of the natu ra l variation of the 
daily zonal mean radiance (see Section 2.5). For a 
1 0 % increase in CO 2 , there is only one place where 
the change in radiance is large [~3 mW  m~^ sr~^ 
(cm “ ^)“ ^]. This signal is roughly three tim es as 
large as the standard  deviation of radiance th a t  is 
due to  the natural variability of the atm osphere. For 
50 and 100% increases in CO 2 , radiance changes are 
large for m any wave num ber intervals. The change 
in the downward radiance due to  a 10, 25, 50, and 
1 0 0 % increase in CO 2  for subarctic w inter condi­
tions is shown in Figure 2.9A-D. The change in radi­
ance is again defined as described above for case III.
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The change in downward radiance caused by a  10% 
increase in C O 2  is no larger th an  1 mW sr~^ 
(cm ~^)“ ^. This change is small compared w ith the 
changes in radiance which would be caused by the 
natu ra l variability of tem perature  a t these latitudes 
(see Section 2.5). Thus, it would be impossible to  
see this change in radiance. A 25% increase in CO 2  

causes a  change in radiance of approxim ately 2 mW 
m “  ̂ sr“  ̂ (cm ~^)“  ̂ for the wave num ber region be­
tween 500 and 800 cm~^. This signal m ay still be 
difficult to  m easure above the variations caused by

tem perature variability. Increases in CO 2  of 50 and 
1 0 0 % produce changes in radiance th a t are large 
[>2 mW m “  ̂ sr"^(cm ~^)"^] and therefore would 
be easier to  detect. The changes in radiance for all 
of these cases for a 50 and 100% increase of CO 2  are 
fairly large [>5 mW  m "^ sr~^ (cm “ ^)“ ^].

CO 2  is not the only greenhouse gas th a t  has the 
potential to  a lte r the clim ate (World M eteorologi­
cal Organization 1982). There are a large num ber 
of trace gases whose concentrations are increasing
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a t a  rapid ra te , even greater than  the ra te  of in­
crease of C O 2 . M any of these gases possess strong 
absorption bands in the longwave spectral region. 
U nfortunately, detailed narrow band spectral pa­
ram eters are not available for many of these trace 
gases. There are d a ta  for CH 4  and N2 O, which are 
included in the  calculation. Detailed d a ta  also ex­
ist for one band of C F 2 CI2  (CFC-12) (Goldm an et 
al. 1976a) and one band of CFClg (C FC - 1 1 ) (Gold­
m an et al. 1976b). Changes in the concentrations of 
any of these trace constituents would lead to  unique

changes in the spectral d istribution of radiance. 
W ith the help of a detailed rad iation  model, the 
gases th a t  were contributing to  the changes could be 
established. For example, decreased stratospheric 
tem peratures could also be caused by decreased Og 
owing to  increased CFC-11 and CFC-12. However, 
these changes would result in different spectral dis­
tribu tions of radiance change. The change in radi­
ance for case I th a t is due to  a doubling of CO 2 ,
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CH4, and N2 O, along w ith a stratospheric O 3  re­
duction and tropospheric O3  increase, has been cal­
culated (W uebbles 1983). The resu ltan t changes 
in outgoing radiance and downward radiance for 
a  m idlatitude sum m er profile are shown in Figure 
2.10A-B. These results should be com pared with 
Figures 2.6A and 2.7A, respectively. The spectral 
distribution is significantly different when changes 
in the concentrations of trace gases are included. 
The bands of CFC-11 and CFC-12 would also be

apparent in these figures if their absorption proper­
ties were included in the model.

2.5 SOURCES OF NOISE

D etecting changes in radiance sim ilar to  those cal­
culated in Section 2.4 is hindered by inherent ran ­
dom variation in m easured radiances. The ultim ate 
problem  in detecting clim ate changes rests in de­
tecting change due to  a particu lar cause (e.g., CO 2 , 
CH 4 , Og) above these sources of noise (Klein 1982).
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These sources of noise can arise from  either the in­
strum ents th a t are used to  measure the signal (e.g., 
the change in radiance) or from the natu ra l vari­
ability of the E a r th ’s atm osphere.

Noise arising from the instrum ents used to  mea­
sure radiances comes from a num ber of sources. 
For satellite radiom eters, Houghton (1977) lists the 
m ost im portan t of these factors as variations caused 
by tem perature  fluctuations, detector response, and

electronic gain. B arnett (1980) discusses the im­
portance of these factors to  satellite meeisurements. 
M easurem ent of radiances from satellites has re­
ceived much more a tten tion  in the last 1 0  years 
than  have ground-based m ethods. There is more 
inform ation regarding the noise characteristics of 
these instrum ents. Houghton (1977) and B arnett et 
al. (1975) discuss the m agnitude of noise expected 
from one instrum ent, the selective chopper radiom e­
ter (SCR). They determ ined the m agnitude of the 
noise by selecting quiescent areas in the atm osphere 
from which they had radiosonde d a ta  to  determ ine 
the natu ra l variability. By com paring the variations 
in their m easured radiances w ith those due to  na tu ­
ral variability, they concluded th a t  the noise of the 
SCR was less than  0.1 mW m~^ s r“  ̂ (cm “ ^)~^ for 
m ost of the rad iom eter’s channels. This is less than  
m ost of the signals calculated in the previous sec­
tion. Thus, a t least for the SCR, instrum ent noise 
places little  lim itation on detecting the radiative sig­
nal.

A nother instrum ent th a t would be invaluable 
for m onitoring the radiative signal is the Michel- 
son interferom eter. This instrum ent has been dis­
cussed by Hanel et al. (1971). Their interferom ­
eter has a  spectral resolution of 2 . 8  cm~^, which 
is higher th an  the  resolution shown in Figure 2.1. 
The interferom eter is able to  look a t specific spec­
tra l regions to  detect changes in the d istribution of 
radiance. The noise equivalent radiance for th is in­
strum ent was calculated to  be approxim ately 1 mW 
m~^  sr~* (cm "^)“ *, which is larger than  th a t  for the 
SCR bu t still would not lim it detection of changes 
in radiance.

One example of a ground-based m onitoring 
technique can be found in the work of Oetjen et 
al. (1960) and Bell et al. (1960). These investigators 
used two spectrographs to  m easure the downward 
clear and cloudy sky radiances a t various geograph­
ical locations. The resolution of their instrum ent 
was 0.25 fim  (or 25 cm “ * a t 10 /zm). Oetjen et 
al. s ta ted  th a t their m easured radiances were ac­
curate to  w ithin 1 mW m “  ̂ sr~^ (cm “ ^)“  ̂ a t 10 
fim. Thus, instrum ent noise does not place severe 
lim itations on detecting a  radiative signal.

The second source of random  variation comes 
from the na tu ra l variability of the atm osphere. 
This variability arises from the small scale m otions
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present a t all tim es in the atm osphere. The m ag­
nitude of th is variability  is dependent on the geo­
graphical location, a ltitude , and tim e of year. M ost 
meteorological variables (e.g., tem perature , specific 
hum idity, and ozone) exhibit th is inherent variabil­
ity (O ort 1983). This implies th a t radiances, which 
depend on the tem peratu re  struc tu re  and distri­
bution of absorber gas concentrations, will reflect 
changes in these the  variables. The m agnitude of 
the variability is defined with respect to  space and 
tim e averaging. For example, the day-to-day s tan ­
dard  deviation of tem pera tu re  or hum idity from a 
long-term  mean could be considered. This type 
of deviation for a  zonally averaged case is shown 
in Figure 2.11. The standard  deviations could be 
larger or sm aller a t any given longitude. These fig­
ures point ou t th a t  near the tropics there is small 
variability for tem pera tu re , bu t large variability for 
specific hum idity, whereas the reverse s ituation  pre­
vails for higher latitudes. Surface m easurem ents of 
radiances m ust be chosen w ith care to  minimize the 
effects of this variability.
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The variability of the radiances of the m id -" 
die atm osphere for an altitude of approxim ately 45 
km and three latitudes has been given by B arnett 
(1980) and suggests th a t  the best location to  look 
for a  change in the radiances is in low latitude  re­
gions where the standard  deviation of the radiance 
is nearly constan t a t  1  mW  m "^ sr~^ (cm ~^)“ .̂

The task of detecting a  signal, in th is case a 
change in radiance, am idst the natu ra l variability 
of the atm osphere m ust rely on the application of a 
num ber of sta tistical techniques. These techniques 
have been reviewed by Klein (1982) for problems rel­
evant to  detecting clim atic change due to  increased 
CO 2  concentrations.

2.6 FU TU R E W ORK IN DETECTIN G 
TH E RADIATIVE SIGNAL

There are three specific areas where fu ture research 
in detecting the radiative signal should be directed. 
F irst, more spectroscopic param eters are needed for 
the trace gases in order to  assess their effect on the 
spectral distribution of radiances. Currently, there 
is little  narrow spectral interval d a ta  on the  chlo- 
rofluorocarbons. These species are effective green­
house gases (R am anathan  1975), and it is im por­
ta n t to  be able to  calculate changes in radiance due 
to  their increase. Also, an effort m ust be m ade to  
validate existing radiative transfer models against 
laboratory  and field m easurem ents. To date , very 
few m easurem ents relevant to  atm ospheric situa­
tions exist which could be used to  test the radiative 
transfer calculations used to  study the radiative bal­
ance of the E a r th ’s atm osphere.

Second, d a ta  analysis techniques are needed to  
search for changes in radiances. D ata  for many 
spectral regions have been collected over the past 
decade. Continued collection and analysis of these 
spectral regions are urged. The revival of interest in 
ground based m easurem ents should also be investi­
gated.

Finally, an intense effort m ust be in itiated  to  
establish the absolute accuracy of current satel­
lite m easurem ents. Thus, the present instrum ents 
(HIRS, AVHRR, etc.) m ust be checked for abso­
lute calibration. This issue is fundam ental for lo­
cating changes in the radiative signal (due to  in­
creases in gas concentration, tem perature change, 
or m ost likely, bo th). The chances of identifying

26 Detecting the Climatic Effects o f Increasing Carbon Dioxide



a' trend in radiances would be greatly enhanced if 
absolute calibration could be achieved. This goal 
could be achieved if a high resolution interferom e­
ter could be flown on the space shuttle. This instru­
m ent could then be used to  look a t the same field 
of view as a particu lar satellite instrum ent. Com­
parison of these two m easurem ents could be used to  
check the accuracy of the satellite instrum ent. The 
high resolution instrum ent, either on a  satellite or 
on board the space shu ttle , would also be able to  
m onitor virtually the entire longwave spectral re­
gion with very high resolution ( < 2  cm “ ^).

2.7 SUMMARY

This chapter has addressed the problem  of how 
the distribution of longwave radiation changes when 
CO 2  or trace gases increase in the E a r th ’s a tm o­
sphere. The m ajor atm ospheric param eters th a t  de­
term ine the d istribution of longwave radiation were 
reviewed. The m ajor determ inants of the spectral 
d istribution of longwave radiation were shown to  
be the tem peratu re  d istribu tion , gas composition, 
and gas concentration. The im portance of looking 
in to  different spectral intervals was also discussed. 
Changes in the d istribu tion  of longwave radiation 
were calculated from a  high spectral resolution ra­
d iation  model. Changes in radiance a t the top  of 
the atm osphere and a t the E a r th ’s surface were 
evaluated for fractional increases in CO 2  am ount. 
Changes in radiance for increases in CO 2  greater 
than  50% were sufficiently large to  be detectable by 
present day instrum entation . The various sources 
of noise were considered. It was argued th a t the 
greatest noise source arises from the natu ra l vari­
ability in atm ospheric tem peratu re  and w ater vapor 
am ount. This na tu ra l variability constrains detec­
tion to  particu lar regions of the atm osphere. The 
need for more spectroscopic d a ta  for the trace gases 
was also stressed. The need for a long-term  mon­
itoring program  employing a high resolution in ter­
ferom eter was also discussed.
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3 .i IN TRODU CTIO N

The debate over the clim atic significance of anthro- 
pogenically produced carbon dioxide (C O 2 ) began 
w ith C allendar’s (1938, 1949) studies of worldwide 
tem pera tu re  increases in the  1930s and 1940s. Em ­
pirical studies of long-term  instrum ental climatic 
d a ta  have continued to  play an im portan t role in 
a ttem p ts  to  identify causative factors in climatic 
variations. Instrum entally  recorded d a ta  have been 
used in five m ajor types of studies:
1. To produce spatially averaged tim e series of 

tem pera tu re  for large areas (e.g., N orthern Hem­
isphere averages, which are generally derived 
for continental areas only, or zonal averages for 
la titud inal strips around a  hemisphere, again 
generally continent based) (e.g. C allendar 1961; 
M itchell 1963; Vinnikov and Groism an 1981; 
Yam am oto 1980; Jones et al. 1982);

2. To identify modes of clim atic anomaly, often us­
ing principal com ponents analysis of tem pera­
tu re  or precipitation da ta , and to  relate these 
to  changes in circulation pa tte rn  and determ ine 
if changes in anomaly pa tte rn s  have occurred 
through tim e (van Loon and W illiams 1976; 
Gray 1981; Tabony 1981; Jones and Kelly 1983);

3. To verify com puter sim ulations of hemispheric 
or zonal tem perature  trends in relation to  var­
ious forcing factors including CO 2  increase, so­
lar ou tpu t variations, volcanic aerosol loading 
of the atm osphere (Reitan 1974; Schneider and 
Mass 1975; Robock 1979; Hansen et al. 1981; 
G illiland and Schneider 1984).

4. To exam ine empirically the  effects of forcing fac­
tors (particularly  volcanic aerosols) on the in­
strum ental record of clim ate (Miles and Gilder- 
sleeves 1978; Yamamoto and Hoshiai 1980; Kelly 
and Sear 1984);

5. To derive scenarios of the possible climatic ef­
fects of C 0 2 -induced warm ing by identifying 
w arm -year or warm-season anomalies in the 
long-term  instrum ental d a ta  set and using these 
as analogs for future clim ate (Wigley et al. 1980; 
W illiams 1980; P ittock  and Salinger 1982; Jager 
and Kellogg 1984).
In alm ost all of these types of studies, the focus 

heis been on m ean m onthly tem pera tu re  d a ta  from

Northern Hemisphere continental stations. Only re­
cently have efforts been m ade to  incorporate long­
term  air tem perature  d a ta  from over the oceans 
to  derive more representative hemispheric averages 
(Folland et al. 1984; see also C hapter 4 of this vol­
ume). Here, we discuss briefly the history of in­
strum entally  recorded tem peratu re  d a ta  and review 
some of the lim itations of the d a ta  and the m eth­
ods used in deriving large-scale averages. This is 
followed by a brief discussion of long-term  precip­
ita tion  and pressure d a ta  sets and the lim itations 
of these d a ta  sets. A final section discusses d a ta  
on volcanic aerosol loading of the atm osphere and 
solar irradiance variations, both of which may have 
played an im portan t role in recent tem peratu re  vari­
ations.

C hapter 4 describes analyses of the surface and 
free air tem perature  d a ta  bases. Later chapters 
in th is volume extend the scope of the search for 
the C 0 2 -induced signal to  include other climatic 
variables, including changes in the ocean (Chap­
ter 5), changes in snow and ice extent and other 
cryospheric variables (C hapter 6 ), and changes in 
precipitation (C hapter 7). The d a ta  bases needed 
for these analyses are described in those chapters.

3.2 TEM PER A TU R E DATA

3.2.1 History of Worldwide
Instrum entation  Network

Although various experim ents to  record tem pera­
ture had been made earlier, the first reliable ther­
m om eters were not developed until the mid-18th 
century (Gerland 1896). Only careful analyses have 
been able to  extend records back further into the 
past, and these require a great deal of faith  in the 
early instrum ents and their calibration scales (e.g., 
Manley (1974) compiled a central England tem pera­
tu re  series commencing in 1659) (also see Dettw iller 
1981; Schaake 1982). Some a ttem p ts  to  organize 
regional observations in a  system atic way began in 
the late  18th century, the best-known example of 
th is being the network coordinated from M annheim , 
West Germany (the m easurem ents from which were 
published as the M annheim  Ephemerides for 1781- 
1785 [Kington 1974]). Similarly, the Societe Royale
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Switzerland (Schiiepp et al. 1980), for example. S ta­
tion  d a ta  have also been published for C anada (A t­
mospheric Environm ent Service, C anada 1961) and 
Japan  (Japan  M eteorological Agency 1964). A tab ­
ulation of m ajor sources of charts and surveys has 
been given in Crane (1979).

While num erous records of snow cover exist, 
there are several deficiencies th a t affect their useful­
ness. The global (satellite-based) record is relatively 
brief, and intercom parisons are needed with con­
ventional surface observations so th a t these longer 
records can be used to  assess the spatio-tem poral 
variability more comprehensively. Up to  now, snow 
cover variability has been examined either for spe­
cific locations (U ttinger 1963) or in a  sta tistical 
sense (K arap e t’iants 1978). A further problem  is 
caused by the absence in many cases of com pact 
digital files of snow cover data . Synoptic reports of 
snowfall and snow depth are difficult and expensive 
to  retrieve because they are included w ithin large 
volume d a ta  bases of station  synoptic reports.

A more fundam ental question concerns the re­
lationship between snow cover variables observed 
a t the surface, those inferred from satellite da ta , 
and param eters needed for climatic modeling or cli­
m ate assessment purposes. The modeler is p rim ar­
ily interested in surface albedo which depends on 
snow depth , age, w ater content, and type of vegeta­
tion cover. This question is examined below. Nei­
ther surface nor space observations of snow cover 
can yet provide the inform ation desired in a  simple, 
straightforw ard m anner. More work on th is prob­
lem is required, although there m ay be no single 
best solution.

6.2.4 Snow Cover-Clim ate Interactions

Several physical properties of snow contribu te  to  its 
great significance in the clim ate system . M ost im­
p o rtan t is the  fact th a t  a snow cover reflects much 
of the solar radiation incident upon its surface. The 
reflectance is usually > 0 . 8  in the wavelength range 
0.3-1.1 /xm, where m ost solar rad iation  is concen­
tra ted , although in the near infrared th is decreases 
sharply, and a t about 1.5-1.6 /xm the reflectance 
falls below 0.1 (W arren 1982). For clean new snow, 
the in tegrated  spectral albedo under clear skies is 
between abou t 0.8 and 0.9; the figure is increased 
in the presence of cloud cover as a  result of m ultiple

reflections between the snow surface and the cloud ■ 
base. Average albedos of snow-covered terrain  are 
dependent on the snow depth and the type of vege­
ta tion  cover. Shallow snow packs expose vegetation 
and rocks, whereas a snow-covered forest generally 
has quite a  low albedo unless snow is tem porarily re­
tained on the tree canopy. In the first few days after 
a snowfall, snow albedo decreases by abou t 0 . 1  as a 
result of increasing grain size in the snow pack; the 
deposition of im purities such as soil particles, soot, 
and p lan t litte r on the surface; and the exposure of 
vegetation or rocks by wind tran sp o rt of the snow. 
As a result of these various effects, snow-covered 
land surfaces in the N orthern Hemisphere have max­
im um  albedo values (estim ated from  satellite image 
brightness) averaging 0.59 (Robinson 1982). M axi­
m um values over tu n d ra  range from  0.35 to  0.80. In 
individual 1 ° x 1 ° boxes w ith dense coniferous forest 
the estim ates are as low as 0 .2 1 .

A snow pack 30-50 cm or more thick insulates 
the underlying ground surface from  the cold air 
above, by virtue of its low therm al conductivity 
(Berry 1981; Kukla 1981). Fresh snow is much more 
effective in this respect than  older, more dense snow 
in which the conductivity may be up to  an order of 
m agnitude greater. A nother effect of w inter snow 
cover is to  elim inate virtually  all evaporative mois­
tu re  flux into the  atm osphere. Evapo-sublim ation 
from a  snow cover is generally alm ost negligible, al­
though in dry sunny clim ates sublim ation m ay ac­
count for average losses of between 1  and 6  mm of 
w ater per day during February-A pril (Rylov 1969; 
Barry 1981). In windy environm ents like the High 
Plains or Rocky M ountains, blowing snow particles 
will undergo substan tia l sublim ation losses (Tabler 
1975).

Snow m elt is prim arily accomplished by the 
absorption of solar and atm ospheric (infrared) ra­
diation, supplem ented by downw ard sensible heat 
transfer during episodes of w arm  air advection. 
However, there are no consistent relationships be­
tween the various energy flux processes th a t  con­
tribu te  to  snow m elt and characteristic  environm en­
tal properties (Male and G ranger 1981). R ather, 
the fluxes depend on air masses and large-scale cir­
culation p a tte rn s  as well as topographic conditions 
and the a ltitude  of a  particu lar site. Hence, the 
dom inant processes determ ining snow m elt may also 
vary significantly from year to  year.
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F ig u r e  6 .3 . W orld d istr ib u tio n  of snow cover. A verage d u ra tio n  in m onths is shown (m odified a fte r R ik h te r and  redraw n from  In land  
W aters D irecto rate , E n v ironm en t C an ad a). T he pro jection  is equal area.

Visible wavelength radiation penetrates several 
to  tens of centim eters into the pack, whereas in­
frared rad iation  is absorbed close to  the surface. 
Initially, the  pack is warm ed to  an isotherm al s ta te  
a t 0°C, and liquid w ater percolation and refreezing 
then com plicates the vertical distribution of m elt­
ing. M elt is the principal process of snow cover 
removal because the phase change requires only 
3.35 X 10® J kg~^ com pared w ith 2.5 x 10® J kg“  ̂ for 
vaporization. Energy balance studies indicate th a t 
evaporation seldom exceeds 5-6%  of the to ta l m elt.

The geographical d istribu tion  and duration  of 
global snow cover is sum m arized in Figure 6.3. This 
conceals the tem poral variability. Figure 6.4 il­
lustrates the fluctuations of N orthern Hemisphere 
snow cover for 1967-1984, sm oothed by a 52-week 
running mean. There is an approxim ately 10% in­
terannual variability, although variations are con­
siderably greater in Eurasia than  in North Am er­
ica. It should be noted th a t  the d a ta  for 1967-1972 
over Eurasia contain some bias tow ard lower values 
because of inconsistent m apping of snow cover over 
the T ibetan  P la teau  and Himalayas.

M onthly probability  m aps show th a t snow cov­
ers extensive areas of m idlatitude N orth America 
and Eurasia in 1  to  5 years out of 10, particularly  
in the transition  seasons (Dickson and Posey 1967).

The standard  deviation of snow exten t reaches an 
annual m axim um  in O ctober (Hahn 1981). CO 2 - 
induced warm ing effects m ight be expected to  be es­
pecially im portan t in higher latitudes during these 
transition  seasons. Early snow removal from  the 
tund ra  in spring, for example, has a m ajor effect 
in raising sum m er tem peratures according to  en­
ergy budget model calculations by L ettau  and Let- 
tau  (1975).

The effects of a  general warm ing on snowfall and 
snow cover will differ according to  latitude. In low 
and middle latitudes, where the occurrence of snow 
(rather than  rain) is frequently m arginal, warm ing 
will decrease the frequency of snowfall and the  du­
ration of snow cover on the ground, thereby shift­
ing the wide zone of low frequency of snow cover 
depicted by Dickson and Posey well to  the north. 
This zone has also been displayed in a  som ewhat 
different way by Kukla (1981, 1982). He refers to  
the Snow Transition Zone (zonally averaged around 
the E arth ) delim ited by the highest la titude  w ith­
out snow cover and the lowest la titude  w ith snow 
cover on land. For A ntarctica, a  log-linear relation­
ship exists between annual accum ulation and mean 
tem perature  (L im bert 1984). In the subarctic  of 
C anada there is a  s ta tis tica l tendency for warm er 
w inter m onths to  be more snowy as a  result of more
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frequent cyclonic incursions (Brinkm ann and Barry 
1972), bu t tem perature-snow fall relationships are 
apparently  inconsistent geographically and tem po­
rally. A t Fairbanks, Alaska, w arm er w inters tended 
to  be drier after 1930, bu t were m oist prior to  th a t 
date  (Bowling 1984). Nevertheless, tem perature 
and precipitation a t Fairbanks for January  1906- 
1980 showed a weak positive correlation. However, 
the duration  of snow cover is unlikely to be substan­
tially affected by a deeper snowpack. A t Barrow, 
Alaska, for example 30-40 cm of snow disappears 
in about 10 days from the s ta r t  of m elt (Weller and 
Holmgren 1974). W arm  summ ers in the Arctic have 
a  greater im pact on the net balance of ice caps than 
3 or 4 cold and snowy years (Koerner 1980).

Observations show th a t  the frequency of days 
w ith snow cover in B ritain  was a t a m inim um  in 
the 1920s and 1930s, corresponding to  the period of 
m axim um  w arm th (Manley 1969). Records from

four European stations since the 1890s indics^e ’ 
some regional variations in the tim ing of decades 
when m axim um  and m inim um  snow cover have oc­
curred (U ttinger 1963), bu t the causes of such vari­
ations rem ain to  be investigated. Historical records 
for Zurich suggest an average of 70 days w ith snow 
cover for 1683-1700 com pared w ith 35-42 during 
the least snowy decades of the 20th century (Pfister
1978).

Based on the empirical d a ta  discussed here, 
C 0 2 -induced changes in the snow cover should be­
come evident as a  reduced ex ten t of spring snow in 
middle and high la titude  land masses. However, 
the variability in the location of the snow cover 
boundary in middle latitudes is large over Eurasia 
in the transition  seasons according to  K arapet’iants 
(1978). In April, the standard  deviation is ju st over 
3° latitude. Accordingly, a  sustained displacem ent 
of the April snow boundary poleward by 6 ° to  67° N 
a t 30°E and 6 ° to  61°N a t 70°E would imply a  s ta ­
tistically significant shift.

Extensive snow fields exert a  significant effect 
on the atm osphere, initially through the cooling of 
the overlying air. Over the northern  G reat Plains, 
for example, surface air tem peratures are some 1 0 °C 
lower in the presence of a  snow cover than  w ithout it 
(Kukla 1981). There is also a  close correlation over 
Eurasia between the location of the 0°C isotherm  
and the isoline of 5- or 10-days frequency of snow 
cover (A fanas’eva et al. 1974). The rad iative cool­
ing of the air over snow generates a  low-level an- 
ticyclonic circulation and an upper-level cold low. 
Lamb (1955) showed th a t a snow field >2500 km 
from west to  east favors the form ation of a  broad 
cold trough above it and a w arm  ridge of high pres­
sure upstream . Such a p a tte rn  tends to  steer cy­
clones along the perim eter of the snow cover, aug­
m enting the local snowfall (W illiam s 1978), and it 
takes a  sustained and vigorous warm  air incursion 
to  remove the snow and alter the circulation regime.

A strong s ta tis tica l relationship between cyclone 
tracks and the snow margin in the N orthern Hemi­
sphere has been identified in O ctober and January  
and a  weaker (nonsignificant) one in April (Car- 
leton 1982). M oreover, during m onths of more 
extensive snow cover, C arleton finds an increased 
frequency of cyclogenesis, im plying an augm ented
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'■ surface to  atm osphere feedback. Correlations be­
tween the Eurasian snow line and an index of syn­
optic activity  (the tropospheric frontal zone) are 
also apparent in both  transition  seasons according 
to  Afanas’eva et al. (1979).

The persistence of snow cover also affects circu­
lation and clim ate. A utum n snow cover affects the 
tem peratures in the ensuing w inter, w ith a much 
more pronounced eflFect over Eurasia th an  North 
America as a  result of the large area involved and 
the persistence and dom inant effect on circulation of 
the Siberian w inter anticyclone (Foster et al. 1983). 
Conversely, the average w inter snow cover is be tter 
correlated w ith average w inter tem peratures over 
North America th an  Eurasia, implying a  closer re­
sponse of w inter tem peratures to  the presence or 
absence of snow cover. A sim ilar analysis for the 
United S tates using d a ta  for 1949-1950 to  1980- 
1981 (Walsh et al. 1982) finds th a t  the persistence 
of snow cover anom alies is greatest in the Far West, 
w ith the m axim um  lag effects on tem pera tu re  lo­
cated in the central United States. In the zone of 
m arginal snow cover some 1 0 - 2 0 % of the variance of 
the concurrent m onthly tem perature, and 5-10%  of 
th a t of the subsequent m onth , can be a ttr ib u ted  to 
the snow cover d istribu tion . The effects are largest 
in the late w inter.

There have also been suggestions of an inverse 
relationship between the extent of Eurasian win­
ter snow cover and the subsequent sum m er mon­
soon rainfall over India (Hahn and Shukla 1976; 
Dey and Bhanu K um ar 1982, 1983). Ropelewski 
et al. (1984) contend th a t  Dey and Bhanu K um ar’s 
results are biased by their m isin terpreta tion  of the 
NOAA-NESDIS data . Nevertheless, Dickson (1984) 
reconfirms the  H ahn-Shukla finding using d a ta  for 
1967-1980 which are adjusted for bias in the ana­
lyzed snow cover over the Him alayas and excluding 
the 1969 snow d a ta  shown to  be in error; he also 
found a sim ilar correlation of monsoon rainfall with 
to ta l Eurasian snow cover. A nother re-exam ination 
of the d a ta  for 1967-1980 by Ram age (1983) dis­
counts the proposed relationship on the grounds 
th a t the correlations are strongest between w inter 
snow cover and Septem ber (rather than  early sum ­
mer) rainfall over peninsular (ra ther than  N orth­
west) India. Hence, the associations seem to  lack a 
realistic physical linkage.

6.3 SEA ICE

6.3.1 Significance

Sea ice is the second-most spatially extensive com­
ponent of the cryosphere. Figure 6.5 illustrates the 
seasonal variations in its extent in the two hemi­
spheres. There is an interesting asym m etry in the 
seasonal trends of growth and decay; the  growth 
stage is faster than  the re trea t in the Arctic Ocean, 
whereas the reverse is true in the A ntarctic  (Lemke 
et al. 1980). This relates to  the geographical and 
climatic con trasts between the two polar regions. 
In the Arctic Ocean, pack ice lim its are substan­
tially constrained by the encircling land masses, 
apart from the N orth A tlantic  sector, whereas in 
the Southern Ocean the ice m argin is unconstrained 
and there is a circumglobal m arginal ice zone over 
deep ocean w aters for much of the year (Figure 6.5). 
In contrast to  th is contiguous seasonal sea ice zone 
around A ntarctica, there is seasonal freeze-up in a r­
eas well south of the m ain Arctic ice in the Sea of 
O khotsk, Hudson Bay, and the Baltic Sea, for ex­
ample, as well as ice drift in the Labrador C urrent 
southw ard to  Newfoundland (latitude 47°N) and 
wind drift of Okhotsk Sea ice to  northern  Hokkaido 
(latitude 44°N).

Sea ice insulates the atm osphere from  the ocean, 
and its seasonal growth and decay considerably 
modify the ocean mixed layer. The presence of an 
ice cover in the Arctic Ocean and adjoining seas is 
one of the m ost im portan t factors in the clim ate sys­
tem  of the N orthern Hemisphere, and the question 
of its long-term  stability  in the event of a  sustained 
warming trend  is a  key concern. Its removal, or re­
duction in ex ten t, would have a  significant im pact 
on climatic and oceanic conditions.

In economic term s, Arctic sea ice is particu­
larly significant as an obstacle and hazard to  m a­
rine transporta tion , necessitating aerial reconnais­
sance, satellite m onitoring, and the deploym ent of 
icebreakers in support of shipping operations. Con­
versely, stable, level ice affords a platform  for win­
tertim e offshore drilling operations for oil and gas 
exploration and for trad itional hunting activities of 
native peoples. The ice m argin is also the location 
of great biological productivity.
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F ig u r e  6 .5 . D istrib u tio n  of (A) N orthern  an d  (B) S outhern  H em isphere sea ice and  its average and  extrem e seasonal variab ility . Source: 
B arry  (1980), m odified from  C en tra l In telligence Agency (1978).

6.3.2 Sea Ice O bservations

Sea ice lim its have long been observed by ships, 
and harbors have reported the dates of the appear­
ance and disappearance of coastal ice. Historical 
sea ice records have been used as clim atic indicators 
by Lamb (1977) and others, although the early ob­
servations present m any problem s of in terpretation . 
An overview of such d a ta  sources has been given 
elsewhere (Barry, in press). More recently, ice con­
ditions have been reported  regularly in the marine 
synoptic observations, by special aerial reconnais­
sance flights (as coded observer reports, photogra­
phy, and rem ote sensing d a ta ), and by coastal radar. 
Since the early 1970s, satellite  rem ote sensing, par­
ticularly NOAA Very High Resolution Radiom eter 
(VHRR) and Nimbus microwave data , have been 
routinely incorporated in to  the U.S. Navy (now 
Navy-NOAA Jo in t Ice Center) weekly ice charts 
for the N orthern and Southern Hemispheres (Fig­
ure 6 .6 ).

M aps of sea ice generally depict the boundaries 
for various ice concentration classes (0 - 1 0 / 1 0 ), and 
they also may distinguish different age categories 
and the degree of ridging intensity. The complete 
nom enclature adopted by the World Meteorological 
O rganization (1970) provides for the description of

stages of ice developm ent, and ice forms; processes 
of m otion, deform ation, and m elting; and for types 
of opening. A new symbology for sea ice charts, 
known as the “Egg” code, allows for p lo tting  of ice 
concentration, age, and floe size (Danish M eteoro­
logical Institu te  1982).

6.3.3 Space-Time Coverage of D ata

The longest historical records are those of drift 
ice duration on the coasts of Iceland (Koch 1945). 
Lamb (1977, p. 583) tabulates these da ta , w ith some 
additions, annually from A.D. 1600 to  1975; the se­
ries is believed to  be complete from  1780. A new 
analysis of the Icelandic d a ta  has recently been com­
pleted, and a decadal ice index has been presented 
for 1601 to  1780 (Ogilvie 1984). A related record of 
the Storis drift (ice from the East G reenland C ur­
rent) northw ard along the west coast of Greenland 
exists from 1820 to  1930 (Speerschneider 1931; see 
Lamb 1977). The annual w inter m axim um  extent 
of Baltic Sea ice has been tabu la ted  from 1720 to 
1956 (Betin and Preobazhensky 1959; sum m arized 
by Lamb 1977, p. 586-589), and a  brief analysis of 
these records for 1830-1951 has been made by Jurva 
(1952).
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F ig u r e  6 .6 . E xam ple of a  N orthern  H em isphere weekly sea ice ch art. Source; Navy-NO AA Jo in t Ice C enter.

Numerous chart series now provide bo th  m onth­
ly and approxim ately weekly m aps of ice condi­
tions in v irtually  all seasonally ice-covered sea ar­
eas (Barry, in press). The longest series was th a t 
published for the Arctic Ocean by the Danish Me­
teorological In stitu te  (1901-1956) for 1901-1939 
and 1946-1950, w ith more lim ited coverage of the 
North A tlantic  sector from 1877 (Ryder 1896). The 
m onthly ice lim its for the N orth A tlan tic  from 1901 
have been digitized by Kelly (1979). Problem s with 
the early 2 0 th  century ice inform ation are illus­
tra ted  by the d a ta  on Arctic Ocean ice ex ten t pre­
sented by Zakharov (1981). The 57-year record of 
ice area for late  A ugust (sm oothed by a  5-year bi- 
nomially w eighted moving average) has been cor­
related (Figure 6.7) w ith sim ilarly smoothed June- 
August tem pera tu re  d a ta  for 65-85°N (Kelly and 
Jones 1981). There is a strong inverse correlation 
(-0 .8 1 ) for 1951-1980, bu t the correlation drops to 
—0.13 for the whole period 1924-1980. One m ust 
conclude either, th a t  one or both  sets of d a ta  are 
unreliable because of the lim ited spatial coverage of 
the observations in the Arctic prior to  about 1950

or th a t the strong sta tistical ice-climate relation­
ship for 1951-1980 is fortuitous and the variables 
are essentially unrelated. The tem pera tu re  d a ta  set 
is discussed by Wigley et al. (C hapter 4 of th is vol­
ume). The Soviet ice d a ta  are apparently  derived 
from the Danish charts for the Arctic, probably sup­
plem ented by other records for the Siberian N orth­
ern Sea Route.

The m ost consistent d a ta  on ice extent are prob­
ably those available in the Navy-NOAA weekly 
charts for the Arctic (from 1972) and the A ntarc­
tic (from 1973), bu t inform ation on ice concentra­
tion on these m aps is of variable quality. Figures 
6 . 8  and 6.9 show time-series of the ice area  data. 
Short-term  trends are apparent and there may be a  
negative relationship between ice ex ten t in the  two 
regions, although its significance is in doubt due to 
the secular trends (Ropelewski 1985). The Navy- 
NOAA m aps for the A ntarctic have been digitized 
to  provide d a ta  sets of ice ex ten t versus longitude 
and ice area by several different workers, including 
Jacka (1983) and Ropelewski (1983). Despite the
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F ig u r e  6 .7 . (A) A rctic  Ocean ice ex ten t in la te  A ugust 1924-1980 
(from  Z akharov  1981) an d  (B ) sum m er tem p e ra tu re  d e p artu res  
from  th e  1946-1960 m ean for la titu d e s  65°-85°N  (Kelly an d  Jones 
1981). D ashed line deno tes 5-year binom ially  w eighted  runn ing  
m ean (B arry  1983).

common source of these d a ta  sets, there are dis­
tinct differences between them  in the estim ates of 
mean annual and m onthly ice areas, especially in the 
transition  seasons (S turm an and Anderson 1985). 
The availability from  1979 of the Scanning M ultifre­
quency (dual polarization) Microwave Radiom eter 
(SMMR) d a ta  from Nimbus 7 w ith 10 channels of 
radiom etric d a ta , is now providing new inform ation 
on to ta l ice concentration, the m ultiyear ice frac­
tion, and surface tem pera tu re  (Cavalieri and Zwally 
1985). This type of d a ta  will continue to  be avail­
able in the fu ture via a  sim ilar system  on satellites 
of the Defense M eteorological Satellite Program .

F ig u r e  6 . 8 . T im e series of m onth ly  stan d ard ized  anom alies of sea 
ice a rea  (s ta n d a rd  dev ia tions from  th e  m ean) for th e  en tire  A rctic 
region. Source; Ropelew ski (1985). (R eprin ted  by perm ission of 
Pergam on P ress, L td .)

6.3.4 Sea Ice and C lim ate Interactions

Sea ice forms when the w ater tem perature, for typ­
ical salinities (~35% o)) falls to  about —1 .8 °C. Dur­
ing the course of a w inter, first year ice in the Arctic 
thickens to  between 1 . 6  and 2 . 6  m if the growth 
is undisturbed, although areas of young ice are 
highly susceptible to  deform ation and pressure ridg­
ing. Undeformed m ultiyear ice has a  steady-state  
thickness of between 2.5 and 5 m (M aykut and Un- 
tersteiner 1971) and, theoretically, can reach 12 m 
thickness in about 65 years (Walker and W adhams
1979). However, field sam pling suggests th a t  only 
25% of the ice is undeformed, and accordingly, the 
Arctic Ocean ice is a  variable m ixture of first-year 
and m ultiyear floes (Weeks and Ackley, in press). 
The age d istribu tion  and thickness are still not well 
known, and hence the mass balance of Arctic sea 
ice and its tem poral variability are uncertain. In 
the m arginal Arctic seas and in the A ntarctic most 
of the ice is first-year ice; observations a t Mawson 
(67°S) indicate annual thicknesses up to  1.3 to  1.6 m 
(Allison 1981). In the Weddell Sea, however, about 
45% of the near-edge ice surveyed by Ackley (1979) 
had a  thickness of 1.6-3.2 m, indicating m ultiyear 
ice, and a  further 17% was thicker ridged ice.

A significant factor in ice-covered seas is the 
fraction of open w ater and young ice in winter. Even 
a  small am ount of open w ater contributes greatly to
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the ocean-atm osphere tu rbu len t heat flux. For the 
Arctic, M aykut (1982) estim ates th a t  half of the re­
gional tu rbu len t heat flux occurs through 20-80 cm 
thick ice, which occupies only 6 % of the ocean area 
in w inter. Cavalieri and Zwally (1985) identify sig- 
niflcant eireas of ice divergence in the central Arctic 
in w inter from  SMMR d a ta  and show substan tia l 
in terannual variations in the m ultiyear ice edge. In 
the A ntarctic , a  m ajor area of low ice concentra­
tion and open w ater (polynya) has been observed in 
the eastern Weddell Sea sector during September- 
November (spring) in several, bu t not all, years 
w ith satellite microwave d a ta  (Carsey 1980). Its 
occurrence seems to  be related to  appropriate  a t­
mospheric w ind regimes and their effect on ice drift 
and divergence (Parkinson 1983).

The problem  of in teractions between atm o­
sphere and ice has been approached by descriptive 
synoptic case studies, by sim ulation experim ents 
w ith circulation models, and by sta tistica l analy­
ses. In the last category, Lemke et al. (1980) indi­
cate from  an  11-year d a ta  set for the  Arctic, and a 
6 -year A ntarctic  set, th a t  the space-time structure  
of m onthly sea ice anomalies can be accounted for 
by a  com bination of white-noise atm ospheric forcing 
(from w eather disturbances), seasonal forcing (rep­
resenting oceanic effects in bo th  polar regions, plus 
solar rad iation  in the A rctic), and lateral diffusion 
and advection of ice, particularly  in the  A ntarc­
tic. The location of the ice edge does respond to  
synoptic-scale atm ospheric forcing, bu t the m ajor 
tem poral com ponent of the  variability in ice area 
is dom inated by the  seasonal cycle which is m ost 
pronounced in the Weddell Sea and Ross Sea in the 
A ntarctic  and in the Baffin Bay and B arents Sea 
sectors of the  A rctic (Lemke et al. 1980). These 
sections also show the  greatest in terannual variabil­
ity.

The dram atic seasonal expansion and contrac­
tion of the A ntarctic  sea ice has been explained by 
Gordon and Taylor (1975) and Gordon (1981) in 
term s of ( 1 ) the  Ekm an divergence due to  the  curl 
of the wind stress, and (2 ) the surface heat bal­
ance. The first factor is associated w ith divergence- 
generating open w ater areas w ithin the  ice. In early 
w inter, open w ater will tend to  freeze over, and the 
ice therefore expands northw ard. In sum m er, open 
w ater will provide a  heat source and encourage la t­
eral ice decay, although G ordon’s (1981) calcula­
tions suggest th a t only half of the required heat flux 
can be provided from  the atm osphere whereas the 
rem ainder m ust come from  deep w ater below the rel­
atively weak pycnocline. Ackley (1981) sta tes th a t 
the evidence relating to  the ice advance is support­
ive of the m echanism  proposed by Gordon and Tay­
lor (1975), bu t a  m odeling sim ulation by Hibler and 
Ackley (1983) indicates greater complexity. Their 
results suggest th a t  the large seasonal fluctuation in 
ice extent in the Weddell Sea is associated w ith the 
ice dynamics. However, it  is the  rap id  decay th a t 
depends critically on the role of leads and lateral ice 
advection, whereas the ice advance is prim arily as­
sociated w ith freezing in situ, except in the western 
sector of the Weddell Sea.

Hibler and Walsh (1982) are currently exam in­
ing the response of an A rctic Ocean ice model to  
atm ospheric forcing using observed daily d a ta  from  
the N ational M eteorological Center sea level pres­
sure grids and modified tem peratu re  grids. A 20- 
year sim ulation (W alsh et al. 1984) reproduces ice 
anomalies th a t  broadly resemble the observational 
record of Zakharov (1981). However, the model 
gives an excess of sim ulated ice in the N orth A t­
lantic in w inter (as a  result of absence of oceanic 
heat tran spo rt in the model) and excess m elt in the
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central Arctic in sum m er (due to  the lack of an ex­
plicit form ulation of snow cover). Subsequently, Hi­
bler and Bryan (1984) have shown th a t more accu­
ra te  sim ulation of the ice edge location is obtainable 
given the coupling of the therm odynam ic-dynam ic 
ice model w ith a full ocean circulation model.

The causes of anom alies in ice extent in the 
N orth A tlantic sector have been examined on syn­
optic and m onthly tim e scales by many investiga­
tors (e.g., Striibing 1967; Vinje 1977). Aagaard 
(1972) has shown th a t in years w ith high pressure 
over G reenland in late-w inter and spring, there is 
enhanced southw ard current and ice tran spo rt off 
east G reenland because of the anticyclonic curl of 
the wind stress; according to  Vowinckel (1963), two- 
th irds of the to ta l ice export is due to  the current 
and only one-third is due to  wind-induced export. 
He also shows from correlation analysis of ice ex­
ten t between April and August, and August w ith 
the following April, th a t freeze and m elt processes 
tend to  dam pen variations caused by ice transport.

In the Sea of O khotsk, where the effect of ocean 
currents is weak, the early or late  appearance of ice 
on the north  coast of Hokkaido is dependent mainly 
on the strength  of the northerly wind com ponents 
(Akagawa 1973). More zonal circulation is associ­
ated  w ith late  ice appearance. Pack ice disappear­
ance is apparently  more related to  wind direction, 
with west-southwesterly winds leading to  early ice 
removal.

The effects of sea ice anomalies on the a tm o­
sphere have been examined empirically by Wiese 
(1924) and Johnson (1980) and in a  GCM  ex­
perim ent by Herman and Johnson (1978). Wiese 
showed th a t, in the N orth A tlantic , cyclone tracks 
are further south in years w ith heavy ice than  in 
years with light ice. This result has also been found 
by Herman and Johnson using the G oddard Lab­
oratory for A tm ospheres (GLA) GCM. They com­
pare a mean of two m id-w inter sim ulations for m ax­
imum ice in the northern  oceans with the m ean of 
six sim ulations given m inim um  m id-winter ice ex­
ten t as a control experim ent. They dem onstrate 
both local and hemispheric effects on the a tm o­
spheric circulation. W ith m axim um  sea ice there 
is an increase of sea level pressure over the ice in 
the B arents Sea, Sea of Okhotsk, and Davis S tra it 
areas and a southw ard shift of cyclones in the N orth

A tlantic, giving increased precipitation over no rth ­
ern Europe. On the hemispheric scale, deeper lows 
around Iceland and the Gulf of Alaska a t 700 mb 
are coupled w ith stronger subtropical anticyclones 
and enhanced poleward energy flux in m idlatitudes. 
Reduced ice would imply changes in the opposite 
sense. Herman and Johnson note, however, th a t  the 
model om its feedback processes, including changes 
in sea surface tem peratures. Moreover, observed 
ice anomalies do not tend to  occur sim ultaneously 
in all sectors (W alsh and Johnson 1979a; Lemke 
et al. 1980; Smirnov 1980; Walsh and Sater 1981). 
In another d a ta  study, Johnson (1980) com pared 5 
years each of heavy and light Arctic ice w ith the 
concurrent w inter circulation and found sim ilarity 
w ith the GLA GCM  study for the A tlantic , bu t less 
agreem ent for the Pacific. She notes the im portance 
of regional links between the atm osphere and ice ex­
ten t, w ith northerly airflows causing ice advection, 
in Davis S tra it and the Bering Sea, but indeterm i­
nate relationships for the sector east of Greenland, 
as implied by the empirical studies described ear­
lier. Oceanic anomalies in the northw estern N orth 
A tlantic  are of im portance for clim atic anomalies af­
fecting Europe, and a m ajor program —the M arginal 
Ice Zone Experim ent (M IZEX)— is being conducted 
in this region (W adham s et al. 1981).

A detailed analysis of N orthern Hemisphere 
synoptic-scale ice atm osphere interactions has re­
cently been completed by C arleton (1985). Based 
on satellite imagery analysis of cloud vortex system s 
for 2  years of mid-season m onths he shows th a t , for 
the hemisphere as a  whole, cyclones either are dis­
placed equatorw ard or are more numerous in years 
when sea ice is more extensive in January  and April. 
A reverse p a tte rn  is observed w ith the sea ice m ar­
gin in July and October, however, bu t the d istri­
bution of cyclonic activity  in October shows th a t 
surface-atm osphere interactions in the au tum n oc­
cur in relation to  the continental snow cover margin. 
These results confirm the earlier findings of Wiese 
(1924), although analysis of more years is needed to  
establish the variability of such interactions.

Results of recent studies of satellite d a ta  indi­
cate a  reduction in A ntarctic  sea ice compared w ith 
ship observations in the 1930s. Kukla and Gavin
(1981) have suggested th a t  the apparent decrease in 
sum m ertim e sea ice extent in the 1970s in the sector
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35® W -115°E com pared w ith  the 1930s m ay be asso­
ciated w ith a  warm ing trend  in A ntarctic  tem perar 
tures. A ntarctic  sta tions show a  0.6°C rise for 1958 
to  1978, bu t the  changes are still w ithin one stan ­
dard  deviation of the long term  m ean (Budd 1980). 
A lthough these changes are consistent w ith the pos­
tu la ted  C O j-induced warm ing effect, they are still 
w ithin the  range of n a tu ra l variability. Continued 
m onitoring of sea ice ex ten t over the next 10-15 
years should establish w hether or not these trends 
are significant. Zwally et al. (1983a) have shown 
th a t there is no long-term  decrease in A ntarctic  sea 
ice extent over the 1973-1981 satellite record. Re­
gional in terannual variability is found to  be large, 
and changes in atm ospheric circulation or other cli­
m atic factors seem more likely to  be responsible for 
the changes in ice conditions (Cavalieri and Parkin­
son 1981; Zwally et al. 1983b). As a  result of 
th is large in terannual variability, the  Com m ittee 
on Glaciology (N ational Research Council [NRC] 
1984a, p. 36) suggests th a t  “the signal-to-noise ra­
tio of the southern sea ice ex ten t m ay not be large 
enough to  provide a  useful tool to  detect the early 
development of CO 2  effects.”

Using em pirical d a ta  for Laurie Island (Scotia 
Bay, 60°S), Budd (1975) calculated th a t  a  ±1°C  
change in annual m ean tem peratu re  corresponds to  
a  ±70-day range in the duration  of sea ice a t its 
m axim um  extent. Assuming th is to  be generally 
representative for the Southern Ocean, Budd indi­
cated th a t a  1°C increeise in m ean annual tem per­
a tu re  corresponds approxim ately to  a  2.5° latitude 
re trea t a t  la titude  67°S. A  1° la titude  change in the 
ice lim it represents a  change of abou t 15% in hemi­
spheric sea ice cover according to  S treten (1973). 
However, R aper et al. (1984) have shown th a t ice 
conditions a t Laurie Island are poorly correlated 
w ith hemispheric ice anomalies. Ice ex ten t is corre­
lated  significantly w ith tem peratures in spring when 
the ice is near its  m axim um  exten t bu t the corre­
lation is positive, no t inverse as proposed by Budd. 
Ice duration  a t Laurie Island seems to  depend par­
ticularly on the developm ent of the pressure trough 
in the  lee of the  Andes, w ith  longer duration  as­
sociated w ith a  deep trough and w ith weaker sea 
level westerly winds (Rogers 1983). Accordingly, 
the relationships between clim ate and hemispheric 
ice ex ten t m ust be complex.

In the N orthern Hemisphere, where the overall 
pa tte rn  of ice extent is strongly influenced by the 
interactive oceanic and atm ospheric circulations, 
m ost investigations have been regional in charac­
ter, although Zakharov (1981) provides an overview 
of Russian work on long-term  ice-climate trends in 
the Arctic. For the Arctic Ocean ice in summer, 
the  d a ta  of Zhakarov suggest an average decrease of 
about 1 0 ® km^ in annual m inim um  ice area for each 
1° rise in sum m er tem peratu re  in the zone 65-85° N. 
Soviet workers have found th a t  in terannual Arctic 
ice anomalies correlate more highly w ith tem pera­
tu re  anomalies in summ er th an  in the cold season 
(Zakharov and Strokina 1978). W alsh and Johnson 
(1979b) have also shown the strongest tendency for 
ice anomalies to  respond to  atm ospheric forcing be­
tween late  February and late  July w ith lags of up 
to  several m onths.

The north  polar region experienced significant 
warming in the 1920-1930s w ith a  three-fold am ­
plification above the N orthern Hemisphere annual 
average (Kelly et al. 1982). Sea ice observations in 
the Soviet Union indicate a  northw ard shift of the 
summ er pack ice lim its in the Barents-K ara-Laptev 
seas (Zakharov and Strokina 1978) bu t, as discussed 
above (cf. Figure 6.7), d a ta  lim itations prevent the 
establishm ent of long-term  climate-ice relationships 
over a  longer th an  30-year tim e scale.

Simple estim ates of changes in sea ice thickness 
th a t are due to  warm ing can be based on empiri­
cal relationships w ith freezing degree days (Bilello 
1961). Under present w inter conditions a t Barrow, 
Alaska, Bilello’s equation gives an ice thickness of 
247 cm. Assuming an ice growth period of 270 days, 
a 5°C rise would lead to  reduction of 15%, and a 
10°C rise a  reduction of 34%, in ice thickness. Anal­
ogous empirical relationships have been developed 
for late  summ er re trea t of the pack ice m argin off 
Barrow. There is a  correlation of 0.81 between dis­
tance to  the lim it of 4 /8  ice concentration north  of 
Point Barrow on 15 Septem ber and the thaw ing de­
gree day to ta l (see Barry 1977). The m ean distance 
for 1953-1975 was 155 km. A rise in m ean summer 
tem peratu re  of 5°C would increase th is to  600-km, 
if the relationship is linear, and a  600 km  retrea t 
around the A rctic Basin would leave a  core of pack 
ice only about 1500 km  in diam eter. A sim ilar cal­
culation was m ade earlier by Zubenok (1963) for
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Experim ents w ith a GFD L model version, in­
cluding seasonal solar radiation variations, realis­
tic geography, and a simple ocean m ixed-layer, for 
a  quadrupling of CO 2 , show strong seasonal dif­
ferences in warm ing effects (M anabe and Stouffer 
1980). W ith this model, the Arctic Basin experi­
ences the greatest tem peratu re  effect in early win­
ter, thereby reducing the annual tem peratu re  vari­
a tion, with a secondary warming in April around 
65°N. The sea ice cover is greatly reduced in extent 
and thickness w ith no ice present in the A rctic from 
August through October (Figure 6.11). However, 
the experim ent is still not fully realistic, particu ­
larly w ith regard to  prescribed clouds (see Shine 
and Crane, 1984), surface albedos, and sea ice ther­
modynamics.

a 2°C summ er warming; Figure 6.10 illustrates his 
results.

The long-term  stab ility  of Arctic and A ntarc­
tic pack ice to  clim atic change has been considered 
from a modeling standpoin t by Parkinson and Kel­
logg (1979) and Parkinson and Bindschadler (1984). 
By using a large-scale therm odynam ic-dynam ic sea­
sonal sea ice model w ith mean m onthly atm ospheric 
forcing (tem perature, wind stress), a reasonable 
sim ulation of the annual ice cycle has been achieved 
(Parkinson and W ashington 1979). W hen a  5°C 
warming is incorporated, the Arctic pack ice is re­
duced (after 5 model years) to  a  seasonal ice cover 
which is absent in summ er bu t reforms in the winter. 
However, in this model, which has lim ited tre a t­
m ent of ice dynamics and dynamical interactions, 
the ice lim it is unrealistically forced by the m onthly 
mean air tem perature. The A ntarctic  experim ents 
(Parkinson and Bindschadler 1984) use a modified 
version of the model. The sea ice area decreases 
by about half for a 5°C warm ing, essentially disap­
pearing in summer; re trea t rates are nonlinear with 
change of tem perature , w ith the sensitivity decreas­
ing a t higher tem peratures (partly  as a  result of 
the smaller perim eter of the rem aining w inter ice). 
These results are suggestive of the qualitative effects 
to be expected for a  CO 2  doubling, bu t coupled ice- 
ocean-atm osphere models are required to  establish 
the quan tita tive  effects more precisely.
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The GFDL and m ost other GCM s essentially 
tre a t none of the sea ice therm odynam ical processes. 
Sem tner (1984) dem onstrates th a t  the use of his 
1976 zero-layer model, which neglects heat stor­
age in the ice but adjusts the ice conductivity and
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albedo' values to  obtain  a correct mean annual ice 
thickness, gives significant errors in the annual am ­
plitude of ice thickness and its phase. Sem tner de­
scribes a detailed three-layer ice model th a t includes 
the  effects of la ten t heat storage (in brine pockets 
in the ice) and of the  cold content (sensible heat) 
of the snow and ice in spring. For a  CO 2  quadru­
pling, sim ulations w ith this model did not lead to 
to ta l m elting of the ice a t la titude  85°N in summer, 
in con trast to  the M anabe and Stouffer (1980) re­
sults shown in Figure 6.11. Sem tner’s three-layer 
ice model also shows a  more realistic sim ulation of 
the Arctic ice regime (locally) for the present CO 2  

level.
In the curren t GCM s th a t  tre a t sea ice, the pre­

diction of sea ice extent is generally successful in 
the Arctic, b u t is much less realistic in the South­
ern Ocean. The errors here are considerably larger 
if the ocean heat tran spo rt is om itted  as in the work 
of M anabe and Stouffer (1980). A m ajor problem  in 
m odeling Southern Ocean ice is the poor sim ulation 
of A ntarctic  climatology in general by current a t­
mospheric GCM s (Schlesinger 1984). Sea ice extent 
and its seasonal variation are well portrayed in the 
G oddard In stitu te  for Space Studies (GISS) GCM 
of Hansen et al. (1983), and the modeled surface 
energy budgets in the Arctic com pare well w ith the 
observational d a ta  set used by M aykut and Unter- 
steiner (1971), as discussed by Barry e t al. (1984).

6.4 FRESHW A TER ICE

6.4.1 Significance

Ice forms on rivers and lakes in response to  sea­
sonal cooling. The sizes of the ice bodies involved 
are too small to  exert o ther th an  localized clim atic 
effects. However, the freeze-up and break-up pro­
cesses respond to  large-scale and local w eather fac­
tors, such th a t  considerable interannual variability 
exists in the dates of appearance and disappearance 
of the ice. This is of economic significance in connec­
tion w ith hydroelectric facilities, river traflfic, sports 
fishing, and w inter recreation. From  an assessment 
point of view, long series of ice observations can 
serve as a  proxy clim atic record, and the m onitor­
ing of trends in freeze-up and break-up may pro­
vide a convenient in tegrated  and seasonally specific

index of C 0 2 -induced clim atic perturbations. In­
form ation on river ice conditions is less useful as a 
clim atic proxy because ice form ation is strongly de­
pendent on the river flow regime which is affected 
by precipitation, snow m elt, and w atershed runoff 
as well as being subject to  hum an interference th a t 
directly modifies the channel flow or th a t indirectly 
affects the runoff via land use practices.

6.4.2 Observations

D ata  tabulations usually refer to  the establishm ent 
and disappearance of a  stable ice cover, and some 
also give the first appearance and initial break-up 
of ice. Problem s exist in the somewhat subjective 
natu re  of these observations® and, for large lakes, 
in the uncertain range of view from the observ­
ing point. In older records, the precise location 
of observations may be unknown and the site may 
have been moved. The establishm ent of ice cover 
on a lake is influenced not only by climatic fac­
tors bu t also by topographic location, surface area 
(wind fetch), depth, and w ater inflow and outflow. 
This inform ation—especially lake depth— is com­
monly not available, although, according to  Mellor
(1983), some indication of the depth  of shallow lakes 
in the  Arctic can be obtained from airborne radar 
imagery during late  w inter. The tim ing of break­
up is modified by snow depth  on the ice as well as 
by ice thickness. A ltitude effects on mean freeze-up 
and break-up dates have been examined for lakes 
in the  eastern Alps by Eckel (1955). On average, 
freeze-up is 4 days earlier per 100 m increase in al­
titude  and break-up is 7 days later.

The appearance and disappearance of lake ice 
is readily observed by satellite. Even small lakes 
(a few km®) can be m onitored because the freeze- 
up usually occurs after the development of a  snow 
cover and the  breakup after the disappearance of 
the snow. Up to  now, however, th is technique has 
not been system atically applied, although the use 
of aerial reconnaissance for lake ice conditions in 
subarctic C anada was developed in the 1960s a t the 
University of Wisconsin (M cFadden 1965).

’ B. Singh, 1973. “B reak-up  and Freeze-up O ates: A Case Study 
of Inconsistencies in C lim atological D a ta .” U npublished  M.A. 
thesis, U niversity  of M an itoba , W innipeg.
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6.4.3 Space-Time Coverage of D ata

A part from a  few isolated long records of lake and 
river freeze-up and break-up in Europe and Japan , 
m ost observations span about 30-100 years. There 
are extensive lake ice records from Finland and more 
recently from C anada (Allen 1977). The longest 
lake records th a t have been analyzed are those of 
freeze-up of Lake Suwa, Japan , from the mid-15th 
century (Tanaka and Yoshino 1982) and of Lake 
Kallavesi, F inland (Simojoki 1961). In N orth Amer­
ica, there are records for lakes in Wisconsin (W ing 
1943), although these may lack homogeneity, and 
also in Maine (Fobes 1948). Records of river freeze- 
up and break-up exist for the Neva a t St. Petersburg 
(Leningrad) for 1718-1834 (Jackson 1835) and the 
Memel, 1811-1914 (Sperling 1956), bu t these have 
not yielded clim atic assessments.

Lake records in N orth America and Eurasia are 
potentially  of considerable value as they provide 
d a ta  over a  wide latitud inal and longitudinal range 
where the meteorological sta tion  network is sparse.

6.4.4 Lake Jce-Climate Interactions

Lake freeze-up depends on the heat storage in the 
lake and therefore its depth , the ra te  and tem per­
atu re  of any inflow, and w ater-air energy fluxes 
(Michel 1971). Useful empirical relationships have 
been developed between tem peratu re  indices and 
the date  of ice form ation (Simojoki 1940; W illiams 
1971). Simojoki reported a  detailed study of d a ta  
from Finnish lakes for 1892-1931. He determ ined 
the correlation of freeze-up and break-up w ith pen­
tad  tem peratures, individually and cumulatively, 
for up to  50 days before these events. He also ex­
amined the role of other meteorological and non- 
meteorological factors. In general, the m ean daily 
tem perature  is found to  correlate well w ith freeze-up 
and break-up, although W illiams (1971) used freez­
ing degree days. Thawing degree days are found to  
be less satisfactory for break-up, especially where 
river inflow and wind are im portan t factors or where 
there is considerable year-to-year variability in the 
depth of snow pack on the ice.

For 27 lakes widely d istributed across Canada, 
Tram oni et al. (in press) have carried out regres­
sion analyses of freeze-up and break-up dates in re­
lation to  several different tem perature  indices for

nearby meteorological stations. They fburid th a t • 
freezing degree day to ta ls gave the highest correla­
tions (0.42 to  0.81) for 13 lakes, whereas the num ­
ber of days below freezing gave the highest correla­
tions (0.35 to  0.95) for 11 lakes located m ostly in the 
prairies and boreal forest zones. In general, the date 
of break-up correlates less well w ith the  tem pera­
tu re  indices, bu t it is less likely to  show extremes 
and, consequently, may provide a  more coherent cli­
m atic index. Prelim inary analyses of C anadian and 
Finnish d a ta  indicate considerable decadal variabil­
ity in freeze-up and break-up.

There is clearly a  useful potential for lake ice 
cover d a ta  to  serve as an integrative index of sea­
sonal tem pera tu re  trends, particularly  for the tra n ­
sition seasons. More work is needed, however, to 
convert the results described above into predictive 
indices in the reverse sense. Based on the study of 
Tanaka and Yoshino (1982) for Lake Suwa, Japan , a 
range of abou t 60 days in freeze-up date  corresponds 
to  a  4°C range in Decem ber-January mean tem per­
ature. Simojoki (1959) showed about a  10-day ad­
vance in the break-up of Lake Kallavesi, F inland, in 
the 1940-1950s compared w ith the 1860s; th is was 
associated w ith a warming of about 2°C. For lakes 
in C anada (45-53°N) and Finland (61-65°N) a  1°C 
tem peratu re  change for the 80 days before the nor­
mal freeze-up and break-up would delay th is event 
by about 9 days (Palecki et al. 1985).

6.5 GROUND ICE AND PER M A FR O ST

6.5.1 Significance

In high la titude  and high m ountain areas where the 
m ean annual air tem perature  is below about — 1°C, 
a  layer in the ground will rem ain frozen throughout 
the year, overlain by a  seasonally frozen active layer 
th a t  thaw s in sum m er (French 1976). The global 
ex ten t of perennially frozen ground (perm afrost) is 
still not completely known, bu t it underlies approx­
im ately 20% of the northern  land area (Gavrilova 
1981; Pewe 1983). Figure 6.12 shows the general 
distribution. Thicknesses exceed 600 m along the 
Arctic coast of northeastern  Siberia and Alaska, but 
tow ard the m argins, perm afrost becomes thinner 
and horizontally discontinuous. The m arginal zones 
will be more im m ediately subject to  any melting
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EXPLANATION
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F ig u r e  6 .1 3 . D is tr ib u tio n  of perm afrost in th e  N orthern  Hem i­
sphere  (P ^w i 1983). In  th e  S o u th ern  H em isphere, sm all a reas of 
a lp ine perm afrost exist along th e  A ndean  C ordillera and  all of 
A n ta rc tic a  is believed to  be  u n d erla in  by perm afrost.

caused by a w arm ing trend  (Brown and Andrews
1982).

Only a  fraction of the perm afrost zone con­
sists of actual ground ice. The rem ainder (dry 
perm afrost) is simply soil or rock a t subfreezing 
tem peratures. The ice volume is generally great­
est in the upperm ost perm afrost layers (Pollard and 
French 1980) and m ainly comprises pore and segre­
gated ice in earth  m aterial. Estim ates of ice vol­
ume by Shumskiy and V tyurin (1963) were in the 
range 0.2-0.5 x  10® km®. Newer d a ta  have been 
used to  determ ine the equivalent global sea level 
contribution (Table 6 . 1 ). Estim ates of perm afrost 
area and ice volume for northern  Alaska (Brown 
1968), the M ackenzie delta  (Pollard and French
1980), and w estern Siberia (V tyurin 1978) indicate 
conversion factors for volum e-area of 0.0035, 0.0043,

and 0.0027, respectively. Use of a  value of 0.0027 
for continuous perm afrost, and weighting the th in ­
ner discontinuous perm afrost additionally by 0.25, 
gives a global ground ice volume of 0.033 x  10® 
km® and a  sea level equivalent of 8  cm. The higher 
value given in Table 6.1 is based on the m axim um  
volume-area ratio  cited by V tyurin (1978) for west­
ern Siberia. The tim e scale for release of th is con­
tribu tion  as a  result of a  warming trend  would be a 
few hundred years because m ost of the ice volume 
is near the surface.

Across much of Alaska, C anada, northern  and 
western China, and Siberia, including the A rctic off­
shore areas of subsea perm afrost, perm afrost is a 
m ajor environm ental factor. Seasonal frost heav­
ing of the active layer and the induced m elting of 
the perm afrost by buildings, highways, and other 
structures, as well as by removal of vegetation cover 
(Grave 1983), present serious problems for all kinds 
of construction unless special techniques are used. 
In addition, mining, oil and gas drilling, and agri­
cultural activities are ham pered, and w ater supply 
and sewage disposal problems augm ent the costs of 
northern  developm ent projects.

6.5.2 Observations

Inform ation on perm afrost occurrence has been as­
sembled by geographers and geologists from  field 
observations, w ith extensive recent d a ta  collected 
through mining exploration, engineering construc­
tion activities, and geophysical surveys in the Arctic 
and sub-Arctic. However, the boundaries of discon­
tinuous and patchy perm afrost are still subject to  
revision, especially in m ountain areas and offshore. 
Reliable m aps of perm afrost extent date  from about 
1950, and therefore large-scale tem poral changes are 
scarcely detectable. Perm afrost thickness is deter­
mined from  bore holes drilled in connection w ith 
m ining or o ther engineering activities (Osterkam p 
and Payne 1981), a lthou th  much of th is inform a­
tion rem ains proprietary. Thickness also can be es­
tim ated  from  knowledge of the geotherm al tem per­
a tu re  gradient and the mean annual ground (or air) 
tem perature.

M easurem ents of bore hole tem peratures in per­
m afrost can be used as an indicator of net changes in 
tem pera tu re  regime. Gold and Lachenbruch (1973) 
infer a  2-4°C warm ing over 75-100 years a t Cape
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Thom pson, Alaska, where the upper 25% of the 
400-m thick perm afrost is unstable with respect to  
an  equilibrium  profile of tem perature  w ith depth 
(for the  present m ean annual surface tem perature 
of — 5°C). M aritim e influences may have biased this 
estim ate, however. A t Prudhoe Bay sim ilar d a ta  
imply a  1.8®C w arm ing over the last 100 years 
(Lachenbruch et al. 1982).

6.5.3 Space-Time Coverage of D ata

As a  result of the long history of Russian and 
later Soviet exploration, settlem ent, and scientific 
study in Siberia, there  is considerable inform ation 
on Eurasian perm afrost ex ten t and thickness. Con­
ditions in T ibet and western China, however, are 
less well known. Perm afrost studies only began in 
the  1940s in N orth Am erica. Inform ation for m oun­
tain  areas is sketchy (H arris 1979; Pewe 1983), and 
offshore subsea perm afrost in the Arctic is still being 
m apped (Vigdorchik 1980a,1980b; Neave and Sell- 
m an 1983). The m apping of perm afrost d istribution 
and thickness still m ust rely heavily on clim atic pre­
dictive m ethods. C onditions beneath the Greenland 
and A ntarctic  ice sheets are known prim arily by in­
ference and ice m odeling calculations.

G eotherm al d a ta  for C anada are routinely pub­
lished by the E arth  Physics Branch of the D epart­
m ent of Energy, M ines and Resources, and there are 
no o ther com parable readily accessible archives.

6.5.4 Perm afrost-C lim ate Interactions

Perm afrost m ay occur where mean annual air tem ­
peratures (MAAT) are  less th an  - 1  or - 2 °C and is 
generally continuous where M AAT < -7 °C . In ad­
dition, its ex ten t and thickness are affected by mois­
tu re  content in the ground, vegetation cover, w inter 
snow depth , and aspect. Much of the perm afrost 
th a t  presently exists has formed during previous 
colder conditions and is therefore relic, bu t it  is 
also forming under present-day polar clim ates where 
glaciers re trea t or land emergence exposes unfrozen 
ground. W ashburn (1973) concluded th a t  m ost con­
tinuous perm afrost is in balance w ith the present cli­
m ate a t  its  upper surface, bu t changes a t the base 
depend on the present clim ate and geotherm al heat 
flow; in con trast, m ost discontinuous perm afrost

is probably unstable or “in such delicate equilib­
rium  th a t  the slightest clim atic or surface change 
will have drastic disequilibrium  effects” (W ashburn 
1973, p. 48). However, in northern  areas, deepen­
ing of the summer active layer may also have sig­
nificant im pacts (Goodwin et al. 1984). Thawing 
and re trea t of perm afrost has been reported  in the 
upper Mackenzie Valley (Mackay 1975) and along 
the southern m argin of its occurrence in M anitoba 
(Thie 1974), bu t such observations are not readily 
quantifled and generalized. Based on average la t­
itudinal gradients of air tem perature, an average 
northw ard displacem ent of the southern perm afrost 
boundary by 150 ±  50 km  could be expected for a 
1°C warming. Harris (in press) considers th a t  by 
using available ground tem peratu re  d a ta  and a  sim­
ple classification of stability , it is feasible to  m ap 
zones of perm afrost th a t  are stable (tem peratures 
below — 5°C), m etastable (—2° to  — 5°C), and un­
stable (above -2 ° ) .  Figure 6.13 shows th a t  much 
of C anada is underlain by unstable perm afrost, in­
cluding not only m ost of the discontinuous zone, bu t 
also some continuous perm afrost west of the  Hudson 
Bay.

SOOKm

G ro u n d  T em p e ra tu re  s ta b le  (c o ld e r th an  -5 -C ) M e ta s ta b le  (-2 ‘ C -S 'C )

I U n s ta b le  (w arm er th a n  -2 ‘ C)  Lim it of P e rm afro st

F ig u r e  6 .1 3 . T he d istr ib u tio n  of zones o f stab le  an d  un stab le  
perm afrost in N orth  A m erica. Source: H arris (in press).
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The sensitivity of perm afrost thaw ing to  the sea­
sonal p a tte rn  of clim ate change has been addressed 
by Sm ith and Riseborough (1983) using a micro­
clim ate model. D egradation is shown to be m ost 
rapid for a  uniform  w arm ing in all m onths, whereas 
w inter warm ing has less effect due to  the insulat­
ing effect of snow cover. Using a  one-dimensional 
surface-equilibrium  tem peratu re  model for a rep­
resentative soil profile a t  sites devoid of trees a t 
Barrow and Fairbanks, Goodwin et al. (1984) sim­
u lated  the  effects of seasonal changes in tem pera­
tu re , w inter snow depth , and summer dryness on 
thaw  depth  and ground tem peratures. A t Barrow, 
a  6 °C summer-only warm ing is shown to  be more 
effective in increasing thaw  depth  than  a  3°C year- 
round warm ing, whereas a t  Fairbanks, where there 
is a  deeper active layer and long snow-free season, 
the two cases are equally effective. In general, the 
sensitivity of thaw  depth to  a  climatic warm ing in­
creases northw ard. Changes in snow depth, between 
a  50% reduction and a doubling, give only small 
changes in thaw  depth, bu t drier summers resulting 
in higher soil tem peratures would greatly degrade 
perm afrost in interior Alaska.

The poten tia l rates of perm afrost thaw ing have 
been established by O sterkam p (1984) to  be of the 
order of 2 centuries or less for 25-m-thick perm afrost 
in the discontinuous zone of interior Alaska, assum ­
ing warm ing from —0.4 to  0°C in 3-4 years, followed 
by a  further 2.6°C rise.

6 . 6  GLACIERS AND ICE SHEETS

6 .6 . 1  Significance

decades. However, glaciers have no feedback effects 
on global clim ate, although their recession may have 
contributed one th ird  to  one half of the observed 
20th century rise in sea level (Meier 1984). Rapid 
glacier recession may lead to  significant long-term  
hydrological effects where the runoff from glacier- 
ized basins is used for irrigation or hydropower.

A m ajor concern, first addressed by M ercer 
(1978), involves the possibility of a  collapse of the 
West A ntarctic ice sheet, which is grounded on 
bedrock below sea level (Figure 6.14), leading to  
a potential rise in world sea level of 6 -7  m in a 
few hundred years w ith flooding of coastal lowlands 
(Schneider and Chen 1980).
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F ig u r e  6 .1 4 . G eneralized m ap  of subglacial to p o g rap h y  in 
A n ta rc tic  show ing extensive a reas below sea level. Source: B entley  
(1983).

Ice sheets are the greatest po ten tia l source of global 
freshw ater, holding approxim ately 8 8 % of the global 
to ta l. This corresponds to  80 m of world sea level 
equivalent, w ith A ntarctica  accounting for 90% of 
this, Greenland alm ost 10% and other ice bod­
ies and glaciers less th an  0.5% (Table 6.1). Be­
cause of their size in relation to  annual rates of 
snow accum ulation and m elt, the  residence tim e 
of w ater in ice sheets is of the order of 1 0 ®-1 0 ® 
years. Consequently, any clim atic perturbations 
produce slow responses on the tim e scale of glacial- 
interglacial periods. Valley glaciers respond rapidly 
to  clim atic fluctuations, and significant changes in 
length and volume occur on the  tim e scale of a  few

6.6.2 Observations

Direct observations of land ice extent have been 
m ade prim arily during th is century, and in only a 
few cases are changes in ice masses routinely m on­
itored. The European Alps, where the changes of 
a few glaciers have been docum ented over several 
centuries, is an exception. M easurem ents of ice vol­
ume and changes in mass balance are considerably 
scarcer, and prior to  the beginning of the In terna­
tional Hydrological Decade (1965) there are records 
for only 37 glaciers worldwide (Meier 1984).
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Ice volume can be determ ined on the basis of 
airborne radio-echo sounding transects of bedrock 
elevation (Robin 1975); these now cover much of 
Greenland bu t only abou t 25% of A ntarctica. The 
standard  techniques cannot be used on tem perate 
glaciers because of m eltw ater effects. Conventional 
mass balance studies have been performed by mea­
suring w inter accum ulation and summ er ablation 
(UNESCO /IASH 1970d), bu t the field techniques 
are slow, approxim ate, and inapplicable to  large ice 
sheets, in which iceberg calving is a  m ajor contrib­
u to r to  m ass loss. For th is reason, we do not know 
w hether the Greenland and A ntarctic ice sheets 
are growing or shrinking. The Greenland ice sheet 
seems close to a  balanced sta te , whereas compu­
tations for the A ntarctic  ice sheet indicate th a t it 
may be growing (Meier 1983; Bentley 1984). Satel­
lite techniques to  determ ine the elevation of an ice 
sheet w ith high vertical and horizontal resolution 
via radar a ltim etry  have been developed, bu t up to 
now the satellite coverage has provided only for the 
m apping of southern Greenland and East A ntarc­
tica  north  of 72°S (Zwally et al. 1983c). Repeated 
surveys, a t intervals of about 1 0  years, would make a  
m ajor contribution to  resolving much of the present 
uncertain ty  concerning ice volume changes.

6.6.3 Space-Time Coverage of D ata

D ata  on glacier balance and volume change span­
ning more than  50 years are available for about 25 
glaciers (Muller 1977; Meier 1983, 1984), bu t these 
are mostly in m idlatitudes of the N orthern Hemi­
sphere. D irect m easurem ents of mass balance began 
only in 1945-1946. There are more num erous and 
longer records of glacier advance and re trea t (Muller 
1977), b u t these are unreliable indicators of volume 
change. Com posite sta tistics of such advances and 
re trea t for the Alps (Figure 6.15), however, pro­
vide a  general m easure of the response of glaciers 
to  clim atic fluctuations (Hoinkes 1968; G am per and 
Suter 1978). On the geological tim e scale, the ad­
vances of glaciers during colder epochs are quite well 
docum ented, b u t the m axim um  re trea t of ice during 
the Holocene is poorly determ ined because of sub­
sequent ice advance and the covering or obliteration 
of the geomorphological evidence (Hollin and Barry 
1979; Gibbons et al. 1984).
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F ig u r e  6 .1 5 . P e rcen tag e  of Swiss glaciers show ing te rm in a l ad* 
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6.6.4 C lim ate and Ice Sheet/G lacier Interactions

Relationships between global clim ate and ice sheet 
growth or decay are complex. For a  land-based ice 
sheet, the mass balance is determ ined by cold sea­
son accum ulation of snow and w arm  season abla­
tion, which prim arily is due to  net rad iation  and 
tu rbu len t heat fluxes to the ice during w arm  air ad­
vection. Results of model studies have shown th a t 
over long tim e scales ( 1 0 ^ - 1 0 ® years), ice growth 
and decay probably resulted from  changes in the 
E a r th ’s orbital param eters, which affected the in­
coming solar radiation in higher m idlatitudes, plus 
vertical movem ent of the E a r th ’s crust because of 
the  ice load, acting together w ith ice-albedo feed­
back, and changes in precipitation produced by the 
ice sheet itself (Budd and Sm ith 1981). Neverthe­
less, questions relating to  in ternal ice oscillations 
still arise. Van der Veen and Oerlem ans (1984) havt 
shown th a t two alternative flow regimes can be gen­
erated  in a  two-dimensional polar ice sheet model by 
tem perature-ice flow feedbacks. These m ay result 
from tem perature-dependent changes in ice strain 
ra te  or through the acceleration of the flow and the 
augm ention of the mass discharge by basal m elt­
w ater. Cyclical behavior could not be investigated 
although the tim e scales involved in such feedbacks 
will be long.

W here ice masses term inate  in the ocean, ice­
berg calving is a m ajor contribu tor to  the mass 
loss. In this situation , the ice m argin m ay extend 
out into deep w ater as a  floating ice shelf, such as
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th a t in the Ross Sea. Further complexity exists in 
West A ntarctica  where much of the bedrock is well 
below sea level (Figure 6.14). The West A ntarc­
tic ice sheet is stable so long as the Ross Ice Shelf 
is constrained by drag along its lateral boundaries 
and pinned by local grounding. It has been argued 
(Hughes 1973; M ercer 1978) th a t  a  re trea t of the 
grounding line or unpinning either by a  rise in sea 
level or by a  thinning of the ice shelf could lead to 
rapid and irreversible re trea t of the W est A ntarc­
tic ice sheet and a  6-7  m rise in sea level. Mercer 
(1978) postulates th a t  th is situation  pertained dur­
ing the last interglacial (centered about 125,000 yr 
B.P.) as a result of slightly greater global w arm th, 
whereas Hughes (1983) considers from geological ev­
idence th a t the West A ntarctic  ice sheet extended 
to  the edge of the continental shelf during the last 
glaciation, when sea level was lower, and th a t  two- 
th irds of it d isin tegrated  between 17,000 and 7,000 
years B.P. as the sea level rose due to  the melt of 
the northern ice sheets. A tim e-dependent model 
sim ulation of th is re trea t (Fastook 1984) predicts 
th a t the present configuration, w ith ice shelf bu t­
tressing of the m arine-based west A ntarctic  ice, is 
stable except in the Amundsen Sea sector.

M ost of the discharge of the West A ntarctic  ice 
sheet is via the  five m ajor ice stream s (faster flow­
ing ice) entering the Ross Ice Shelf, the Rutford Ice 
S tream  entering Ronne-Filchner shelf of the Wed­
dell Sea, and the Pine Island glacier entering the 
Amundsen Ice Shelf. There is a  wide diversity of 
opinion as to  the present mass balance of these 
systems (Bentley 1983, 1985; NRC 1984a) princi­
pally because of the lim ited data . Calculations by 
Thom as et al. (1979, 1980) indicate th a t  the m a­
jo r ice shelves will buffer against ice sheet collapse, 
by lengthening the tim e scale to  som ething of the 
order of 3-4 centuries. M oreover, Bentley (1985) 
dem onstrates the physical constrain ts on iceberg re­
moval. A tim e-dependent num erical model study of 
ice stream  E, which enters the Ross Ice Shelf, indi­
cates th a t, following an extensive re trea t during the 
Holocene, the  ice stream  is now close to  dynamic 
equilibrium (Lingle 1984). This conclusion is based 
on the good agreem ent between the observed back 
pressure of the ice shelf and the model calculations. 
The model ice stream  is shown to be more sensitive 
to  changes in th is back pressure than  to  changes in 
accum ulation rate .

The sensitivity of the West A ntarctic  ice sheet 
to  a warm ing is quite uncertain, because the ef­
fects involve air and ocean tem peratures, sea ice 
extent, and changes in accum ulation rate . The 
accum ulation ra te  may increase in the coastal a r­
eas of A ntarctica  (see Oerlem ans 1982a; Lim bert
1984), which would favor a  more positive balance. 
A rise in air tem peratu re  of up to  5°C would prob­
ably have little  direct effect in view of the very low 
mean annual and summ er air tem peratures over all 
of A ntarctica, including the Ross Ice Shelf, although 
estim ates of surface heating are required to  quantify 
this effect (Thom as 1984). Paterson (1984) notes 
th a t intervals of positive air tem peratures in West 
A ntarctica a t present are associated w ith specific 
synoptic events and th a t any m elt refreezes. Basal 
heating of the ice shelves by the ocean is also uncer­
ta in , bu t M acAyeal (1984) considers th a t  the  Ross 
Ice Shelf is well buffered against changes in bo ttom  
m elt. (See also the separate DOE-sponsored report 
prepared by the National Research Council [1985]).

Much less a tten tion  has been given to  the Green­
land Ice Sheet. Ambach (1980) considers th a t  a 
tem perature rise of 1.5°C could give a substan tia l 
change in its m ass balance, although the tim e scale 
of response would be long. However, recent abla­
tion estim ates for Greenland are much lower than  
those assum ed by Ambach (Radok et al. 1982). A 
m ajor problem  in estim ating to ta l net ablation in 
Greenland is caused by the refreezing of m eltw ater 
and its reappearance as superimposed ice below the 
equilibrium  line.

The relationships between glacier mass balance 
and meteorological param eters are complex (Krenke 
1974; Kuhn 1981). Glaciers in m idlatitudes are con­
trolled largely by summ er ablation, although small 
ice caps in the C anadian Arctic are m ostly accu­
m ulation controlled (Koerner 1979). Summer abla­
tion, which is determ ined by solar rad iation , warm  
air advection, and condensation, as well as accu­
m ulation, will be affected by direct and secondary 
effects of a C 0 2 -induced warming. If we utilize 
simple empirical correlations between tem pera tu re  
and glacier behavior (Hoinkes and Steinacker 1975; 
Posam entier 1977), quan tita tive  estim ates of the ef­
fect of any particu lar degree of warm ing can be 
made. Grosval’d and Kotlyakov (1980) concluded 
th a t, on alpine glaciers in the Caucasus and Soviet 
C entral Asia, the shorter accum ulation period will
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be counter-balanced by increased w inter precipita­
tion, a t least up to  about the year 2020. However, 
they consider th a t small glaciers and ice caps on the 
Arctic islands may disappear because of increased 
summ er m elting. Using tem pera tu re  predictions of 
Budyko et al. (1979), for a 12°-15°C rise in high- 
latitude  tem pera tu res by 2 0 2 0 , and an ablation for­
m ula of Krenke and Khodakov (1966):

ablation (mm w.e.) =  (T  +  9.5)* (6 .1)

where T  is the mean July tem perature  (°C); abla­
tion rates of 4-6  m y “  ̂ of w ater equivalent (w.e.) 
are estim ated for Franz Josef Land and Novaya 
Zemlya. Such rates, if sustained, could lead to  the 
disappearance of m ost small A rctic ice bodies (150- 
250 m thick) w ithin abou t 50 years. However, the 
tem peratu re  increase postu lated  by Budyko is con­
siderably higher th an  m ost consensus estim ates of 
C 0 2 -induced warming.

Observational evidence for the Alps shows th a t 
glaciers did respond strongly to  the general warming 
between 1920 and 1950 (Hoinkes 1968). Results of 
G am per and Suter (1978) and Orombelli and Porter
(1982) indicate th a t  1°C changes in mean tem pera­
tu re  give rise to  fluctuations of the order of 1  km  in 
Alpine glacier term ini locations. Similar evidence 
exists in several o ther glacierized m ountain ranges. 
Nevertheless, the re trea t and advance of individual 
glaciers may be asynchronous to  the same clim atic 
forcing because of differences in glacier length, ele­
vation, slope, and speed of m otion (Paterson 1982), 
although surge behavior in glaciers does not appear 
to  be clim atically induced. Glacier flow regimes 
have been analyzed using a  tim e-dependent model 
by Nye (1960), Sm ith and Budd (1981), and others. 
Using changes in observed param eters for four Eu­
ropean glaciers of differing characteristics and re­
sponses, Sm ith and Budd estim ated th a t average 
summer tem peratures increased between 0.5° and 
1.0°C since the L ittle Ice Age about 300 years ago. 
Such models can be used in a  reverse sense to  pre­
dict possible fu ture changes in individual glaciers, 
bu t regional p a tte rn s  of ice response are probably 
best assessed via sim pler, more general regression 
relationships of the types described above. For ex­
ample, in southern Alaska, the Wolverine Glacier 
thickened substantially  between 1976 and 1981 dur­
ing a  period of warm er and more snowy w inters 
(Mayo and T raban t 1984). They concluded th a t

global warm ing need not result in a  simple world­
wide glacier recession, bu t in a  complex mix of 
growth and thinning w ith asynchronous advances 
and retreats.

The question of the ice m elt contribution to  
global sea level change cannot be answered defini­
tively a t present. Reasons for th is include the inad­
equacy of d a ta  on ice volumes in the w orld’s glaciers 
and two m ajor ice sheets and on the tim e change of 
their mass balances; the lim ited observations on, 
and incomplete theoretical understanding of, the 
floating ice shelves (in the Ross Sea and other parts 
of A ntarctica) and their role in the stab ility  of the 
West A ntarctic ice sheet; the lim ited understand­
ing of possible warming effects on A ntarctic clim ate. 
Southern Ocean tem peratures and circulation, and 
the mass balance of the A ntarctic ice sheet and ice 
shelves. A special DOE-sponsored report prepared 
by the Polar Research Board (NRC 1985) addresses 
the role of the various components of global sea level 
change and their uncertainties.

Considering first the com putations of mass bal­
ance for the whole A ntarctic ice sheet m ade since 
the In ternational Geophysical Year (1957-1958), 
five determ inations range from -+-240 to  +1320 km® 
of w ater per year w ith an average value of +900 
km® (Meier 1983). This corresponds to  an annual 
sea level drop of 2.25 mm (22.5 cm /cen tury), w ith 
possible extremes of 0.6 and 3.3 mm. A new cal­
culation by Budd and Sm ith (1985) indicates a net 
influx of 2 0 0 0  km® per year nearly balanced by ou t­
flow w ith a  discrepancy of 0 to  ±20% . The positive 
mass balance implies a sea level decrease of about 
0 to  1.2 mm y“ .̂ Bentley (1985) presents addi­
tional evidence for the current buildup of the West 
A ntarctic  inland ice. However, the first results from 
an iceberg-m onitoring program  indicate an iceberg 
calving ra te  of 2.3 x  10̂ ® kg y” ,̂ which is 3-4 tim es 
higher than  previous estim ates (Kristensen 1983) 
and probably in excess of net accum ulation (Orheim 
1985). This illustrates the need for additional, care­
ful determ ination of all mass balance components. 
The inform ation is similarly lim ited for Greenland, 
bu t the evidence suggests a near zero change (Radok 
et al. 1982; Meier 1983).

M ountain glaciers and ice caps th a t account 
for only 3.5% of the land ice areas and 0.4% of 
the ice volume may be losing mass a t a  ra te  of 
about 6 6 6  km® of w ater per year according to  Meier
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(1984). 'This corresponds to  an annual sea level rise 
of 0.46 (±0.26) m m  and could, therefore, account 
for the discrepancy between the observed rise of
1.2 ±  0.3 m m  and the calculated therm al ex­
pansion effect of 0.6 ±  0.3 (Meier 1983, 1984; also 
see C hapter 5 of th is volume). However, it m ust 
be emphasized th a t  these calculations are based on 
a  m arginally adequate d a ta  set of long-term  glacier 
balance and volume change (see Section 6.6.3) th a t 
has been scaled to  derive global estim ates. M oun­
ta in  glaciers in coastal Alaska, central Asia, and the 
southern Andes appear to  con tribu te  60% of the to ­
tal.

As a  basis for fu ture assessm ents, Meier (1984) 
notes th a t a 1.5-4.5°C warm ing could lead to  a  sea 
level rise of 1.7 to  5.2 mm y “ * due to  the m elting of 
m ountain glaciers (based on the observed range of 
m elt ra te  coefficients per 1°C rise in summ er air 
tem peratures). If th is  warm ing occurred in 100 
years, the sea level rise would be 9 to  26 cm, as­
suming a linear increase in annual m eltw ater.

6.7 SUMMARY AND RESEARCH 
RECOM M ENDATIONS

Global snow and  ice phenom ena can be subdivided 
in to  categories th a t  respond either rapidly or slowly 
to  changes in clim ate. Snow cover and floating 
ice are in the first category; ground ice, glaciers, 
and ice sheets are in the second. Hence, the moni­
toring requirem ents to  detect changes are substan­
tially different. Table 6.3, which is based on several 
assessments of requirem ents for large-scale clim ate 
research, illustrates the m ajor variables th a t need 
m onitoring and the needed accuracies and resolu­
tions for the d a ta  (N ational Aeronautics and Space 
A dm inistration 1979; Jenne 1982). The specified 
accuracies and resolutions should be taken as gen­
eral guides ra ther than  as firm standards. For 
example, higher resolution sea ice da ta , routinely 
available from passive m icrowave sensors, are nec­
essary for clim ate m onitoring according to  a  recent 
report (W orld M eteorological O rganization 1984). 
Detailed records of global snow and ice are gener­
ally of much shorter duration  th an  those for m ost 
o ther clim ate system  param eters, and consequently, 
there are m any unknowns in term s of their variabil­
ity  and uncertain ties abou t the  representativeness 
of short-term  empirical studies and modeling results

of clim ate-cryosphere interactions. These questions 
are sum m arized in Table 6.4. In m ost areas there 
is a  need both  for the im provem ent of existing d a ta  
bases and their availability and for the continuation 
of the collection of consistent d a ta  in the future.

The scientific priorities th a t can be identified 
from the  foregoing discussion are listed below in un­
ranked order. It should be noted th a t  recent reports 
(NRC 1983a; 1983b, 1984b) address the needs for 
snow, ice, and perm afrost research in a  wider con­
text.

F irst, there are the factors controlling longer 
term  fluctuations in sea ice ex ten t and thickness 
and, particularly , the stab ility  of the Arctic pack 
ice to  changes in clim atic, oceanic, or hydrologic 
regimes. Sea ice ex ten t plays a  dom inant role in 
snow and ice-climate feedback effects and, there­
fore, th is variable is of m ajor significance for global 
clim ate. There is a  need for m ore rem ote sensing 
and field d a ta  on ice thickness, summer snow melt 
on the ice, and the age d istribution of ice (see also 
NRC 1983a). Coordinated m easurem ents of oceano­
graphic, atm ospheric, and ice variables are needed 
in high latitudes of both hemispheres on a  more ex­
tensive and continuing basis than  the present Arctic 
MIZEX program  provides. U ntersteiner (1984), for 
example, has docum ented a scientific plan for air- 
sea-ice research in the 1980s. Coupled ice-ocean- 
atm osphere models will need to  take in to  account 
m any of the  detailed physical processes known to  
be im portan t in determ ining the annual cycle of ice 
growth and decay. A t present, there are no ade­
quate coupled models for predicting the changes in 
sea ice area  and thickness th a t can be expected for 
a  CO 2  doubling. Given the complex factors control- 
ing sea ice cover, any C 0 2 -signal is unlikely to  be 
detected from this variable over a t least the next 
several decades.

Second, is the m onitoring of the annual freeze- 
up and break-up of inland lakes, particularly  in 
N orth Am erica and Eurasia. Following further 
checking of s ta tis tica l relationships between lake 
freeze-up and break-up and clim atic variables, it 
should be feasible to  m onitor trends in freeze-up and 
break-up dates from  satellite m easurem ents. These 
can provide an in tegrated  index of therm al effects 
resulting from  the  C 0 2 -signal in the  transition  sea­
sons over large areas of the northern continents.
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T able 6.3
C ryospheric D a ta  R equirem ents for C lim ate  R esearch

Variable P urpose

C u rren t
C lim atic
C ondi­
tions

M onth-
Decade

C hanges

Longer-
Term

C hanges
H um an
Im p ac ts

A ccuracy
D esired /

Basic

H orizontal
R esolution

(km)

Tim e
R esolu­
tion

Snow C over E x ten t V,M X X X X 3/5% 250 3 d
Snow W ater C o n ten t V X X X X 0.5 /1  cm w.e.*" 250 1  wk
Surface A lbedo V X X X 0.02/0 .04 250 3 d
Sea Ice B oundary M (X) (X) (X) 20/50  km 1  wk
Sea Ice C o ncen tra tion V,M X X X X 3/5% 250 1  wk
D rift of Sea Ice P (X) 2 /5  km d~* 500 3 d
Sea Ice Thickness V,M (X) (X) 1 0 - 2 0  cm 250 1  mo
Sea Ice M elting P (X) (X) N ot defined 250 1  wk
M u ltiy ea r F raction* M ,P (X) (X) O .l/O .l 250 1  wk
Ice Sheet E levation M X X 0 . 1 / 1  m 2 - 2 0 0 1 - 1 0  y
Ice Sheet B oundary M X X 1/5  km 1 - 1 0  y
Ice M ovem ent P,M X X 1 - 1 0 / 1 0 0 P oin t 1  y

m y ~ ’ ta rg e ts
Ice Sheet Thickness* M X X 1 0 / 1 0 0  m 250 1 - 1 0  y
Perm afrost B oundary* M (X) (X) (X) 10/50 km 1 - 1 0  y
Lake Ice D ura tion* M (X) (X) (X) (X) Not defined Selected 3 d

lakes (250 km)
N ote: M odified a fte r Jenne  (1982). M — m onito ring  requ irem ent; P -  
( )— req u irem en t no t listed  in Jenne (1982).
“ V ariable no t listed  in Jenne  (1982).
* w.e. =  w a te r equ ivalen t.

-process s tu d y  requ irem ent; V—verification  of m odels requ irem ent

T able 6.4
Sum m ary of Knowns, Unknow ns and  A ctions Needed

Snow C over Sea Ice F reshw ater Ice

1 ) Know n
A p prox im ate  sh ift in 
hem ispheric snow line for 
2  X  C O j (in absence of 
cloudiness change).

Forcing m echanism s of 
seasonal cycles and  synoptic  
scale anom alies of ice ex ten t

N a tu ra l variab ility  of ice cover 
d u ra tio n  for 25-50-f years 
for some lakes

2) Unknow n
C hanges in regional, and  
seasonal snow cover for 
2 X  C O 2 .

C hanges in a rea  an d  th ickness 
for 2 X  C O 2 ; A rctic  ice 
stab ility .

R egional changes in ice cover 
d u ra tio n  for 2  x  C O 2 .

3) U ncerta in

L ong-term  n a tu ra l variability . 
Feedback effect on clouds 
clouds an d  circu lation .

C auses of v a ria tio n s in ex ten t, 
th ickness, age s tru c tu re , 
m ass balance (GCM s highly 
pa ram ete rized ). A rctic  snow 
m elt and  cloud in te rac tio n s .

G enera lity  of regression equations 
(freeze/b reak -u p  an d  tem p e r­
a tu re )  for ind iv idual sites.

4) D a ta  (tools) A vailable

H em ispheric d a ta  since 1966, 
longer s ta tio n  records. GCM s 
w ith surface hydrology and 
pred ic ted  cloud cover.

Ice lim its since 1972/3; longer 
records for some sea  areas.
Sea ice models-—dynam ic 
and  therm odynam ic.

D a ta  s ta tu s  u n certa in  ou tside  
N o rth  A m erica and  Scandinavia.

5) D a ta  (tools) R equired
E x ten d ed  d ig ita l d a ta  se ts 
Surface a lbedo  d a ta  p ro d u c ts . 
B e tte r  snow /c loud  
d iscrim ination  algorithm s.

Long-term  a rea  and  m ass 
balance changes. Fully 
coupled a tm osphere-ocean-ice 
models.

Iden tifica tion  of rep resen ta tiv e  
lakes for m onitoring

6 ) R ecom m ended R esearch

D a ta  set com pilation . Snow 
(and  c loud) d iscrim ination  
a lgorithm s. A lbedo algorithm  
developm ent. EBM  and  GCM  
experim ent.

C o n tin u a tio n  of passive 
m icrow ave rem ote  sensing; 
ra d a r  and  so n ar surveys; 
upgraded  p o lar m eteorological 
d a ta  and  archives.

C om pila tio n /an a ly sis  o f lake ice 
and  c lim ate  d a ta .

7) Im p ac ts on 1,2,3
B e tte r  defin ition  of (3). 
Im proved m odeling assessm ent 
of (2). H igher q u a lity  d a ta  
for (3).

B e tte r  u n d e rs tan d in g  of (3). 
Im proved m odeling of (2). 
B e tte r  d a ta  for (1) and  (3).

Im proved  pred iction  o f (2) to 
m ake m onito ring  fu tu re  changes 
feasible
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- ■ ’
T a b le  6 .4  
C ontinued .

G round  Ice /P e rm afro s t G laciers Ice Sheets
1) Know n A p prox im ate  shift of 

boundaries for 2 X  C O 2 .
R esponse of glacier length  to 
c lim atic forcing

Large-scale flow behav io r of 
idealized ice sheets.

2) U nknow n
R ate  of change of thickness, 
especially  in  m arg inal areas.

R egional responses of ice 
volum e to  2 X  C O 2 .

S tab ility  of ice shelves and 
W . A n ta rc tic  ice sheet to  
2 X  C O 2 ; co n trib u tio n s to  
g lobal sea level change.

3) U ncerta in
Age of ice /p erm afro s t and  R a te  of volum e change and 
its stab ility  for p resen t clim ate, sea level im pact.

Volume changes of en tire  
G re en la n d /A n ta rc tic  ice sheets; 
ice sheet histories.

4) D a ta  (tools) A vailable
A p prox im ate  ex ten t of 
con tinuous, d iscon tinuous 
perm afrost.

G lobal inven tory ; a  few mass 
balance records.

N um erical ice sheet models. 
L im ited  accu m u la tio n /ab la tio n  
and  flow d a ta .

5) D a ta  (tools) R equired
B e tte r  d a ta  on thickness, 
th erm al profiles.

G lobal netw ork of m ass 
b alance in re la tio n  to  clim ate.

M ore d a ta  on tem p era tu re  
and  velocity  profiles, ice history, 
especially  of shelves.

6) R ecom m ended R esearch

E x trac tio n , com pilation  of 
d a ta , m odeling of clim atic 
effects for various g round 
conditions.

E xtension  of case-specific 
m odeling of g lacier response 
to  clim ate. A ugm ented  glacier 
m onitoring .

C om plete a ltim e try  survey a t 
5 -10  y ear in tervals; ad d itio n a l 
surveys of m otion , e tc . in 
boreholes.

7) Im pact on 1,2,3
Im proved definition of (3) 
and  pred ic tion  of (2).

B e tte r  assessm ent of sea level 
trends.

B e tte r  assessm ent of sea level 
tren d s  and  m odel assessm ents 
of ice sh e lf/sh ee t stab ility .

Their po ten tia l in o ther land areas rem ains to  be 
explored.

Third , the assessment of the regional and sea­
sonal responses of snow cover ex ten t, depth, and 
duration  to  CO 2  doubling should be studied. Bet­
ter understanding of the natu ra l variability over 
m ost of th is century could be obtained by extrac­
tion and com pilation of the relevant d a ta  from me­
teorological archives. The necessity for global snow 
cover d a ta  in relation to  the CO 2  problem  is rec­
ommended strongly by the Com m ittee on Glaciol­
ogy (NRC 1983a). Reductions in hemispheric snow 
cover ex ten t and duration  could be indicative of a 
C 0 2 -signal w ithin the next several decades.

Fourth, m odeling studies, supported  by addi­
tional field m easurem ents should be conducted, to 
ascertain the stab ility  of the West A ntarctic  ice 
sheet and adjacent ice shelves to  a  CO 2  doubling. 
This question is critical to  the longer tim e scale 
(~100 years) of global sea level change. This topic 
has been the subject of recent special workshops 
(NRC 1984a).

F ifth , b e tte r  observational d a ta  are necessary to 
determ ine m ass balance and volume changes on the 
two m ajor ice sheets and a  representative coverage 
of the w orld’s glaciers to  assess their actual and po­
ten tia l contributions to  sea level rise as global tem ­
peratu res increase. A recent Polar Research Board

workshop specifically addressed this topic (NRC
1985).

Finally, improved m apping and observation of 
perm afrost are critical to  be able to  m onitor long­
term  changes in ground tem pera tu re  (NRC 1983b).

In sum m ary, from the detection point-of-view, 
the clearest indication of C 0 2 -induced clim ate 
changes in the cryosphere will be provided by trends 
in annual lake freeze-up and break-up dates. These 
show a  strong relationship to  transition  season tem ­
peratures. Snow cover and sea ice are im portan t 
com ponents of the global clim ate system , but these 
cryospheric variables are each affected by many cli­
m atic factors and show large in terannual and re­
gional variability. Trends in the N orthern Hemi­
sphere snow-covered area would, however, be the 
second m ost likely source of cryospheric evidence 
for a  CO 2  signal by the early p a rt of the 2 1 st cen­
tury. Inform ation on changes in land ice volumes, 
ground ice and perm afrost conditions is needed for 
assessing long-term  clim atic trends over periods of 
50 to  100 years, especially relating to  global sea level 
changes. However, these param eters cannot yet be 
m onitored on a  routine global basis.

The Cryosphere and Climate Change 139



ACKNOW LEDGM ENTS

Preparation  of th is survey has been supported in 
part under U.S. D epartm ent of Energy C ontract 
DE-AC02-83ER60106. Thanks are due to  M argaret
Strauch for typing the original m anuscript.

REFEREN CES

Aagaard, K. 1972. “On the Drift o f the Greenland Pack Ice.” 
17-22. In T. Karlsson (ed.), Sea Ice. National Research  
Council, Reykjavik, Iceland.

Ackley, S. F . 1979. “M ass Balance A spects of W eddell Sea 
Pack Ice.” Journal o f Glaciology 2.^(90):391-405.

Ackley, S. F . 1981. “A  Review of Sea-Ice Weather Relation­
ships in the Southern Hem isphere.” 127-159. In I. A l­
lison (ed .). Sea Level, Ice and Climatic Change. Inter­
national A ssociation of Scientific Hydrology, Publication  
No. 131. lA H S, Wallingford, Oxfordshing, United King­
dom.

Ackley, S. F ., and Keliher, T. E. 1976. “Antsirctic Sea Ice 
Dynamics and Its Possible Clim atic Effects.” A ID J E X  
B ulletin  55;53-76.

Afanas’eva, V . B ., Esakova, N. P ., and T itov, V. M. 1974. 
“Statisticheskie Svyazi Mezhdu Termicheskimi i Tsirkul- 
yatsionnym i U sloviyam i i Polozheniem  Granitsy Snezh- 
nogo Pokrova.” Trudy Glavnaia Geofizicheskaia Observa- 
torii 293:130-134.

Afanas’eva, V. B ., Esakova, N. P., and K lim entova, R. V. 
1979. “Relation of the Planetary Upper-Air I^Vontal 
Zone to the Position of the Snow Limit During Fall and 
Spring.” Soviet Meteorology and Hydrology 9;87-89.

Akagawa, M. 1973. “The Characters of Atmospheric Circu­
lation in the Years W ith Abnormal Sea Ice Conditions 
Along the Okhotsk Coast of Hokkaido, Japan.” Oceano­
graphical M agazine 24'81~I00.

Allen, W. T . R. 1977. “Freeze-up, Break-up, and Ice Thick­
ness in Canada.” Fisheries and Environment Canada, 
C Ll-1-77.

A llison, 1 .1981. “A ntarctic Sea Ice Growth and Oceanic Heat 
Flux.” 161-170. In I. A llison (ed.). Sea Level, Ice and  
Climatic Change, International A ssociation of Hydrolog­
ical Sciences. Publication No. 131. lA H S, Wallingford, 
Oxfordshire, U nited Kingdom.

Ambach, W. 1980. “A nstieg der COz-K onzentration in der 
Atmosphare und Klimaanderung: M ogliche Auswirkun- 
gen auf den Gronlandischen Eisschild.” W etter und Leben 
S2: 135-142. [Treinslated by P.P. Weidhaas, Lawrence 
Livermore N ationid Laboratory Report, UCRL-Trans- 
11767, 1982.]

Atmospheric Environm ent Service, Canada 1961. Snow  
Cover D ata for Canada. Annual, 1961-present. Environ­
ment Canada, D ownsview, Ontario, Canada.

Barry, R. G. 1977. “Study of C lim atic Effects on Fast Ice Ex­
tent and Its Seasoned Decay Along the Beaufort-Chukchi 
C oasts.” 574-743. Environm ental A ssessm ent of the A las­
kan Continental Shelf. 14, Nationed Oceetnic and A tm o­
spheric A dm inistration, Environmental Research Labo­
ratories, Boulder, Colorado.

Beirry, R. G. 1980. “M eteorology and C lim atology of the Sea- ' 
sonal Sea Ice Zone.” Cold Regions Science and Technology 
2:133-150.

Barry, R. G. 1981. M ountain Weather and Climate. M ethuen, 
London, U nited Kingdom.

Barry, R. G. 1983. “Arctic Ocean and Clim ate: Perspectives 
on a Century of Polar Research.” Annals o f the A ssocia­
tion o f A m erican Geographers 72:485-501.

Barry, R. G. (ed.). 1984a. “Snow and Ice.” Chapter 9. CO ­
D ATA D irectory of Data Sources for Science and Technol­
ogy. (B ulletin  No. 53) Pergamon Press, Oxford.

Barry, R. G. (ed .). 1984b. “Workshop on A ntarctic Climate 
D ata .” Glaciological Data. Report GD-15. World D ata 
Center-A for Glaciology, U niversity of Colorado, B oul­
der, Colorado.

Barry, R. G ., in press. “The Sea Ice D ata B ase.” In N. 
Untersteiner (ed.). The Geodynamics o f Sea Ice. Plenum  
Press, New York, New York.

Barry, R. G., Henderson-Sellers, A ., and Shine, K. P. 1984. 
“C lim ate Sensitivity and the M 2irginal Cryosphere.” 
221-237. In J. E. Hansen and T . Takahashi (ed.). Climate 
Processes and Climate Sensitivity  (G eophysical M ono­
graph 29), American Geophysical Union, W ashington, 
D .C.

Bentley, C. R. 1983. “The West Antarctic Ice Sheet: D i­
agnosis and Prognosis.” IV 3-IV 50. In Proceedings: Car­
bon Dioxide Research Conference: Carbon Dioxide Science 
and Consensus (CONF-820970). U .S. Departm ent of En­
ergy, W ashington, D .C . Available from N TIS, Spring­
field, Virginia.

Bentley, C. R. 1984. “Some A spects of the Cryosphere and 
Its Role in C lim atic Change.” 207-220. In J. E. Hansen 
and T Takeihashi (ed.). Climate Processes and Climate 
Sensitivity  (G eophysical Monograph 29), American Geo- 
physiced U nion, W ashington, D .C.

Bentley, C. R. 1985. “GlaciologiceJ Evidence: The Ross 
Sea Sector.” Workshop on Land-Ice/O cean Interactions. 
C om m ittee on Glaciology, Polar Research Board, N a­
tional Research Council, W ashington, D .C .

Berry, M. O. 1981. “Snow eind C lim ate.” 32-59 . In D. M. 
Gray and D . H. Male (eds.). Handbook of Snow. Perga­
mon Press, Toronto, Canada.

Betin, V. V ., and Preobazhensky, Yu. V. 1959. “Variations 
in the State of the Ice on the B altic Sea and in the Danish 
Sound.” Trudy Gosudarstvennie Okeanograficheskii Insti- 
tut 37:3-13. [In Russian, Trans. 102, U .S. Navy Hydro- 
graphic Office, 1961.]

Bilello, M. A . 1961. “Formation, Growth and Decay of Sea 
Ice in the Canadian A rctic Archipelago.” A rctic 14:2-25.

Birchfield, G. E. 1977. “A Study of the Stability of a Model 
Continental Ice Sheet Subject to Periodic Variations in 
Heat Input.” Journal of Geophysical Research 82:4909- 
4913.

Birchfield, G. E ., W eertman, J., and Lunde, A . T . 1982. “A 
M odel Study of the Role of H igh-Latitude Topography in 
the C lim atic Response to Orbital Insolation A nom alies.” 
Journal o f the Atm ospheric Sciences 29:71-87.

Bowling, S. A . 1984. “The Variability of the Present C li­
mate of Interior Alaska.” 67-75. In J. H. M cBeath (ed.). 
The P oten tia l Effects of Carbon Dioxide-Induced Climatic

140 Detecting the Climatic Effects o f Increasing Carbon Dioxide



ir

Changes in Alaska. (M isc. Publ. 832), School of Agri­
culture and Lsuid Resources M anagem ent, U niversity of 
Alaska, Fairbanks, Alaska.

Brinkmann, W. A. R. and Barry, R. G. 1972. “Palaeoclim ato- 
logical A spects of the Synoptic Clim atology of Keewatin, 
North Territories, Canada.” Paiaeogeography, Palaeocli- 
matology, Palaeoecology 7J;77-91.

Brown, J. 1968. “An Estim ation of the Volume of Croimd 
Ice, Coasted Plain, Northern Alaska, U .S .A .” Technical 
N ote, U .S. Army Cold Regions Research and Engineering 
Laboratory, Hanover, New Hampshire.

Brown, J., and Andrews, J. T. 1982. “Influence of Short- 
Term C lim ate Fluctuations on Perm afrost.” Environ­
m ental and Societal Consequences of a Possible CO2- 
Induced Climate Change. Volume 2, Part 3 (D O E /E V / 
10019-02), U .S. Departm ent of Energy Research, Wash­
ington, D .C .

Budd, W. F. 1975. “Antarctic Sea-Ice Variations From Satel­
lite R em ote Sensing in Relation to C lim ate.” Journal of 
Glaciology 75:417-427.

Budd, W. F . 1980. “The Importance of the Polar Regions 
for the Atmospheric Carbon Dioxide C oncentrations.” 
115-128. In C. I. Pearman (ed.). Carbon Dioxide and 
Climate. Australian Research, Australian Academy of 
Science, Canberra, Australia.

Budd, W. F . 1981. “The Importance of Ice Sheets in Long 
Term Changes of Clim ate and Sea Level.” 441-471. In 
I. A llison (ed.). Sea Level, Ice and Climatic Changes. 
(Publication No. 131) International Association of Scien­
tific Hydrology, lA H S, Wallingford, Oxfordshire, United  
Kingdom.

Budd, W . F ., Jenssen, D ., and Sm ith, I. N. 1984. “A Three- 
Dim ensional T im e-Dependent M odel of the West Antarc­
tic Ice Sheet.” Annals of Glaciology 5:29-36.

Budd, W. F ., and Sm ith, I. N . 1981. “The Growth and 
Retreat of Ice Sheets in Response to Orbital Radiation  
Changes.” 369-409. In I. A llison (ed .). Sea Level, Ice and 
Climatic Change (Publication No. 131). International 
A ssociation of Scientific Hydrology, lA H S, Wallingford, 
Oxfordshire, U nited Kingdom.

Budd, W . F ., and Smith, I. N. 1985. “The State of Balcince 
of the Antarctic Ice Sheet. An U pdated A ssessm ent.” 
Workshop on Land-Ice/O cean Interactions. Com m ittee 
on Glaciology, Polar Research Board, National Research 
Council, W ashington, D .C.

Budyko, M. I. 1969. “The Effect of SoIm  R adiation Varia­
tions on the Clim ate of the Earth.” Tellus ;87.-611-619.

Budyko, M. I., V innikov, K. Ya., Drozdov, O. A ., and Yefi­
mova, N. A. 1979. “Im pending Clim atic Change.” Soviet 
Geographer ;S9:395-411.

Carleton, A. M. 1985. “Synoptic Cryosphere-Atm osphere In­
teractions in the N orthern Hemisphere from  DMSP Im ­
age Analysis.” International Journal o f Rem ote Sensing 
6:239-261.

Carsey, F. D . 1980. “Microwave Observation of the WeddeU 
P olynya.” M onthly Weather Review  766:2032-2044.

Cavalieri, D . J., and Parkinson, C. L. 1981. “Large Varia­
tions in Observed A ntarctic Sea Ice E xtent and A ssoci­
ated Atm ospheric C irculation.” M onthly Weather Review  
769.2323-2336.

Cavalieri, D. J., and Zwally, H. J. 1985. “Satellite Observa­
tions of Sea Ice.” Advances in  Space Research 5:247-295.

Central Intelligence Agency 1978. Polar Regions Atlas. N a­
tional Foreign A ssessm ent Center, Central Intelligence 
Agency, W ashington, D .C .

Chappell, J. 1981. “R elative and Average Sea Level Changes, 
amd Endo-, Epi-, and Exogenic Processes on the Eairth.” 
411-430. In I. A llison (ed .). Sea Level, Ice and Climatic 
Change (Publication No. 131). International Association  
of Scientific Hydrology, lA SH , Wallingford, Oxfordshire, 
U nited Kingdom.

Colbeck, S. C ., Meier, M. F ., Benson, C., Male, D. H., Mar- 
tinelli, M ., Jr., M eiman, 3. R ., Peck, E. L., Santeford,
H. S., Smith, J. L., W ashichek, J., amd W illis, W. O. 
1979. “Focus on U .S. Snow Research.” 41-52. Snow  
Cover, Glaciological Data, Report GD-6. World D ata  
Center-A for Glaciology, U niversity of Colorado, B oul­
der, Colorado.

Crane, R. C . (compiler). 1979. “Inventory of Snow Cover and 
Sea Ice D ata.” Glaciological Data, Report GD-7, World 
D ata Center-A for Glaciology, U niversity of Colorado, 
Boulder, Colorado.

Crane, R. C. 1983. “Atm osphere-Sea Ice Interactions in the 
B eaufort/Chukchi Sea and in the Europeam Sector of the  
A rctic.” Journal o f Geophysical Research  66:4505-4523.

Danish M eteorological Institute. 1901-1956. The State o f the 
Ice in the Arctic Seas. Annual Appendix to Nautical- 
M eteorological Annuals, Charlottenlund, Copenhagen, 
Denmark.

Danish Meteorologicad Institute. 1982. International Ice Sym ­
bols: “The Egg Code." Copenhagen, Denmark.

Dewey, K. F ., and Heim, R .J. 1981. “Satellite Observations 
of Variations in Northern Hemisphere Seasonal Snow  
Cover.” National Oceanic amd Atmospheric A dm inis­
tration Technical R eport, NESS 87, W ashington, D .C .

Dewey, K. F ., and Heim, R. J. 1982. “A Digital Archive 
of Northern Hemisphere Snow Cover, November 1966 
Through December 1980,” Bulletin of the Am erican M e­
teorological Society 65(10):1132-1141.

Dewey, K. F ., and Heim, R. J. 1983. “Satellite Observa­
tions of Southern Hemisphere Snow Cover.” National 
Oceamic and Atmospheric Adm inistration Technical R e­
port, NESDIS-1, Nationad Oceanic and Atmospheric A d­
m inistration, W ashington, D .C .

Dey, B ., amd Bhanu Kumau-, O. A . R. U. 1982. “An Appar­
ent Relationship B etw een Eurasian Spring Snow Cover 
amd the Advance Period of Indian Summer M onsoon.” 
Journal o f Applied Meteorology 27:1929-1932.

Dey, B ., and Bhamu Kumar, O. A. R. U. 1983. “Hi­
m alayan W inter Snow Cover Area and Summer M on­
soon Rainfall Over India.” Journal o f Geophysical R e­
search 66(C9);5471-5474.

Dickson, R. R. 1984. “Eurasiam Snow Cover Versus Indiam 
M onsoon Rainfall— An Extension of the Hahn-Shukla 
R esults.” Journal of Climate and Applied Meteorology 
26:171-173.

D ickson, R. R ., and Posey, J. 1967. “M aps of Snow-Cover 
Probability for the Northern Hem isphere.” M onthly W ea­
ther Review  95:347-353.

The Cryosphere and Climate Change 141



Drewry, D. J. (ed.) 1983. Antarctica: Glaciological and Geo­
physical Folio. U niversity of Cambridge, Scott Polar Re­
search Institute. Cambridge, U nited Kingdom.

Eckel, O. 1955. “Statisches zur Vereisimg der Ostalpenseen.” 
W etter und Leben 7:49-57.

Fastook, J. L. 1984. “West A ntarctica, the Sea-Level Con­
trolled Marine Instability: Past and Future.” 275-287. 
In J. E. Hemsen and T . Takahashi (ed.). Climate P ro­
cesses and Climatic Sensitivity  (Geophysical Monograph 
29), American Geophysical Union, W ashington, D .C.

Fobes, C. B . 1948. “Extrem es of Ice Clearing D ates Cal­
culated From New D ata of Maine and New Hampshire 
Lakes.” Archiv fur Meteorologie, Geophysik und Bioklima- 
tologie B J.138-148.

Foster, J., Owe, M ., and Rango, A. 1983. “Snow Cover and 
Temperature Relationships in North America etnd Eura­
sia.” Journal of Climate and Applied Meteorology 22:460- 
469.

Foster, J. L., Hall, D. K., Chang, A. T. C., and Rango, A. 
1984. “An Overview of Passive Microwave Snow Re­
search and R esults.” Jtevieuis of Geophysics and Space 
Physics 2;2;195-208.

French, H. M. 1976. The Periglacial Environment. Longman, 
London, U nited Kingdom.

Gamper, M ., and Suter, J. 1978. “Der Einfluss von Tem- 
peratuTM denmgen auf die L w g e  von Gletscherzungen.” 
Geographica Helvetica 55:183-189.

Gavrilova, M. R. 1981. Sovrem ennyi K lim at i vechnaia Mer- 
d o ta  na Kontinentakh. Nauka, Novosibirsk, U .S.S.R .

Ghil, M. 1981. “Internal C lim atic M echanisms Participating  
in Glaciation C ycles.” 539-558. In A. Berger (ed.). Cli­
matic Variatioru and Variability: Facts and Theories. D. 
Reidel, Dordrecht, The Netherlands.

Ghil, M ., and LeTreut, H. 1981. “A C lim ate M odel W ith  
Cryodynamics emd Geodynsimics. Journal of Geophysical 
Research 86C.'5262-5270.

Gibbons, A. B ., M egeath, J. D ., and Pierce, K. L. 1984. 
“Probablity o f Moraine Survival in a Succession of 
Glacial Advances.” Geology 12:327-330.

Gold, L. W ., and Lachenbruch, A . H. 1973. “Thermal Condi­
tions in Permafrost— A Review of North American Lit­
erature.” 3-25. In Second International Conference on 
Permafrost, North Am erican Contribution. W ashington, 
D .C.

Goodison, B. E. 1981. “C om patibility of Canadian Snow­
faU and Snow Cover D ata.” W ater Resources Research 
17:893-900.

Goodison, B. E., Ferguson, H. L., and McKay, G. A. 1981. 
“M easurement and D ata A nalysis.” 191-274. In D . M. 
Gray and D. H. Male (eds.). Handbook of Snow. Perga­
mon, Toronto, Ciinada.

Goodwin, C. W ., Brown, J., and O utcalt, S. I. 1984. “P o­
tential Responses of Permafrost to  Clim atic Warming.” 
92-105. In J. H. M cBeath (ed .). The Potential Effects 
of Carbon Dioxide-Induced Climatic Changes in Alaska. 
M isc. Pub. 83-1. U niversity of Alaska, Fairbemks, School 
of Agriculture and Land Resources Management.

Gordon, A. F. 1981. “Seasonably of Southern Ocejin Sea 
Ice.” Journal o f Geophysical Research  56:4193-4197.

Gordon, A. F ., and Taylor, H. W . 1975. “Seasonal Change 
of A ntarctic Sea Ice Cover.” Science 157:346-347.

Grave, N. A . 1983. “Stability of the Surface in Mechanical 
Disturbance A ssociated w ith Northern D evelopm ent.” 
Polar Geography and Geology 7:175-186.

Grosval’d, M. G., and Kotlyakov, V. M. 1980. “Impending 
CUmatic Change and the Fate of Glaciers.” Polar Geog­
raphy and Geology 4.'65-78.

Hahn, D. G., 1981. “Summary Requirements of GCMs for 
Observed Snow and Ice D ata.” 45-53. In G. Kukla, A. 
Hecht, juid D . W iesnet (ed.). Snow Watch 1980, Glacio­
logical Data. Report GD-11, World D ata Center-A for 
Glaciology, U niversity of Colorado, Boulder, Colorado.

Hzdm, D. G., cind Shukla, J. 1976. “An Apparent R elation­
ship Betw een Eurasian Snow Cover and Indian M onsoon  
Rainfall.” Journal o f the Atm ospheric Sciences 55:2461- 
2462.

Hansen, J., RusseU, G ., Rind, D ., Stone, P ., Lacis, A ., Lebed- 
eff. S., Ruedy, R., and Travis, L. 1983. “Efficient Three- 
Dimensional Global M odels for C lim ate Studies: M odels 
I and II.” M onthly Weather Review  lJJ:609-662.

Hansen, J., Lacis, A ., Rind, D ., RusseU, G ., Stone, P ., Fung,
I., Ruedy, R., and Lemer, P. 1984. “CUmate Sensitivity: 
Analysis of Feedback M echanisms. 130-163. In J. E. 
Hansen and T. Tzdcahashi (ed.). Climate Processes and 
Climate Sensitivity. Geophysical Monograph 29, Ameri­
can Geophysical Union, W ashington, D .C.

Harris, S. A. 1979. “Ice Caves and Permafrost Zones in  
Southwest A lberta.” Erdkunde 55.‘61-70.

Harris, S. A. in press. “Distribution and Zonation of Per- 
metfrost Along the Eastern Ranges of the CordiUera in 
North Am erica.” Biuletyn Peryglacjalny SO.

Hartmann, D. L. 1984. “On the Role of Global-Scale Waves 
in Ice Albedo and Vegetation Albedo Feedback.” 18-28  
In J. E. Hansen and T. Takahashi (ed.). Climate P ro­
cesses and Climatic Sensitivity. Geophysical Monograph 
29, American Geophysical Union, W ashington, DC.

Henderson-Sellers, A ., and W ilson, M. F. 1983. “Surface 
Albedo D ata for CUmate ModeUng. Reviews of Geo­
physics and Space Physics 5 i : l  743-1778.

Herman, G. F ., and Johnson, W. T. 1978. “The Sensitiv­
ity  of the General Circulation to Arctic Sea Ice Bound­
aries: A  Numerical Experim ent.” Monthly Weather R e­
view  J06.T649-1664.

Hibler, W. D ., I ll, and Walsh, J. E. 1982. “On ModeUng 
SeasonEil and Interannual Fluctuations of Arctic Sea Ice.” 
Journal of Physical Oceanography J5.T514-1523.

Hibler, W. D ., I ll, and Ackley, S. F . 1983. “Numericsd Simu­
lation of the WeddeU Sea Pack Ice.” Journal o f Geophys­
ical Research 55:2873-2887.

Hibler, W. D ., I l l , and Bryan, K. 1984. “Ocean Circula­
tion: Its Effects on Seasonal Sea-Ice Sim ulations.” Sci­
ence 25^:489-492.

Hoinkes, H. C. 1968. “Glacier Variations cind W eather.” Jour­
nal of Glaciology 7:3-19.

Hoinkes, H. C., and Steinacker, R. 1975. “Zur Paramater- 
isierung der Beziehung KUma-Gletscher.” R ivista  Italiana 
di Geofisica e Science A ffini J(Spec.):97-104.

HoUin, J., and Beury, R. G. 1979. “Empirical and Theoret­
ical Evidence G oncem ing the Response of the Eeirth’s 
Ice cind Snow Cover to a Global Temperature Increase.” 
Environm ent International 2:437-444.

142 Detecting the Climatic Effects o f Increasing Carbon Dioxide



Hughes, T . J. 1973. “Is the West A ntarctic Ice Sheet D isinte­
grating?” Journal o f Geophysical Research 75:7884-7910.

Hughes, T. J. 1983. “The Stability of the West A ntarctic Ice 
Sheet: W hat Has Happened and W hat W ill H appen.” 
1V51-1V73. Proceedings: Carbon Dioxide Research Con­
ference: Carbon Dioxide Science and Consensus. (CONF- 
820970). U .S. Departm ent of Energy, W ashington, D .C . 
Avedlable from N T IS, Springfield, Virginia.

Hughes, T . J., D enton, G. H., Anderson, B. G., Schilling, 
D . H., Fastook, J. L., and Lingle, C. S. 1981. “The 
Last Great Ice Sheets: A Global V iew .” 263-317. In 
G. H. Denton and T. J. Hughes (eds.). The Last Great 
Ice Sheets. J. W iley & Sons, New York, New York.

Hydrographischer D ienst in Osterreich. 1962. “Der Schnee 
in Osterreich im  Zeitraum 1901-1950.” Beitrage zur Hy- 
drographie Osterreich S i:  V ieim a, Austria.

Jacka, T. H. 1983. “A Computer D ata Base for A ntarctic 
Sea Ice E xtent” (A N A R E  Research Notes IS). Australian  
N ational Antarctic Research Expeditions, Antarctic D i­
vision, Depeirtment of Science and Technology, Kingston, 
TasmEuiia, Australia.

Jackson, Colonel 1835. “Congelation of the Neva at St. Pe- 
tersburgh and Temperature of Its Waters, When Covered 
W ith Ice.” Journal o f the R oyal Geographical Society, Lon­
don 5:1-23.

Japan M eteorological Agency. 1964. Climatic Tables of 
Snow Cover in Japan for the Whole Period of Observa­
tion. (Technical Report No. 34), Japan M eteorological 
Agency, Tokyo, Japan. [In Japanese.]

Jenne, R. L. 1982. “Plaim ing Guidance for the World Cli­
m ate D ata System .” World C lim ate Programme, W CP- 
19, World M eteorological Organization, Geneva, Switzer- 
Icund.

Johnson, C. M. 1980. “W intertim e Arctic Ice Extrem es and 
the Sim ultaneous Atm ospheric Circulation.” M onthly 
Weather Review  105:1782-1791.

Jurva, R. 1952. “A bout the Veiriations and Changes of Freez­
ing in the B altic During the Last 120 Years.” Fennia 
75:17-24.

K arapet’iants, E. H. 1978. “Klim aticheskie Osobennosti 
Polozheniia Granitsy Rasprostraneniia Snezhnogo Pok­
rova Territorii SSSR.” Trudy Glavnaia Ceofizicheskaia 
Observatoria 404:16-29.

Kellogg, W. W ., 1975. “C lim ate Feedback M echanisms In­
volving the Polar Regions.” 111-116. In G. Weller and 
S.A. Bowling (ed .). Climate o f the Arctic. U niversity of 
Alaska, Fairbanks, Alaska.

Kelly, P. M. 1979. “A n A rctic Sea Ice D ata Set, 1901-1956.” 
101-106 . In Workshop on Snow Cover and Sea Ice Data 
(Glaciological D ata Report GD-5) World D ata Center- 
A for Glaciology, U niversity of Golorado, Boulder, Col­
orado.

Kelly, P. M ., and Jones, P. D . 1981. “Summer Temperatures 
in the Arctic, 1881-1981.” Climate M onitor 10:66-67.

Kelly, P. M ., Jones, P. D ., Sear, S. B ., Cherry, B. S. G., and 
Tsikavol, R. K. 1982. “Veu’iations in Surface Air Tem­
peratures: Part 2. A rctic Regions, 1881-1980.” Monthly 
Weather Review 110:71-63.

K lein, E. 1966. A Comprehensive Etymological D ictionary of 
the English Language. Vol. 1. 379. A-K, Elsevier, A m s­
terdam, The N etherlands.

Koch, L. 1945. “The East Greenland Ice.” Meddelelser om  
Cronland J50(3):l-374 .

Koerner, R. M. 1979. “A ccum ulation, Ablation, and Oxygen  
Isotope Variations on the Queen Elizabeth Islands Ice 
Caps, Canada.” Journal o f Glaciology 22(86):25-41.

Koerner, R. M. 1980. “Instantaineous Glacierization, the 
R ate of Albedo Change, and Feedback Effects a t the Be­
ginning of the Ice Age.” Quaternary Research 15:153-159.

Krenke, A. N. 1974. “Clim atic Existence Conditions for 
Glaciers and the Shaping of Glacial C lim ates.” 179-224. 
In J. P. D anilina and A. P. Kapitsa (eds.). M eteorology 
and Climatology, Vol. S. [Translation of IT O G l N A U K l. 
1971. G. K. Hall and Company, Boston.]

Krenke, A. N ., and Khodakov, V. G. 1966. “R elation B e­
tween the Surface M elting on Glaciers and Air Temper­
ature.” M aterialy Glatsiologicheskikh Issledovanii, Khro- 
nika, Obsuzhedeniia 15:153-164.

Kristensen, M. 1983. “Iceberg Calving and Deterioration in  
A ntarctic.” Progress in Physical Geography 7:313-328.

Kuhn, M. 1981. “C lim ate and Glaciers.” 3-20 . In 1. Allison  
(ed.), Sea Level, Ice and Climatic Change. (Publication  
No. 131) International Association of Hydrologicsil Sci­
ence, Wallingford, Oxfordshire, U nited Kingdom.

Kukla, G. J. 1981. “Clim atic Role of Snow Covers.” 79- 
109. In 1. A llison (ed.). Sea Level, Ice and Climatic 
Change. (Publication No. 131) Internationzd A ssocia­
tion of Hydrological Sciences, Wallingford, Oxfordshire, 
United Kingdom.

Kukla, G. J. 1982. “Carbon Dioxide and Polar C lim ates.” 
237-288. Proceedings of the Workshop on F irst D etection  
of Carbon Dioxide Effects (D O E /C O N F -8106214). U .S. 
Department of Energy, W ashington, D .C.

Kukla, G. J., and Gavin, J. 1979. “Snow and Pack Ice In­
dices.” 9-14 . Snow Cover, Glaciological Data, Report 
GD-6, World D ata Genter-A for Glaciology, U niversity  
of Colorado, Boulder, Colorado.

Kukla, G. J., and Robinson, D. 1980. “Annucil Cycle of Sur­
face Albedo.” M onthly Weather Review  108:56-68.

Kukla, G. J., and Gavin, J. 1981. “Summer Ice and Carbon 
Dioxide.” Science 51.^:497-503.

Kukla, G. J., and Robinson, D. 1981. “Clim atic Value of O p­
erational Snow Euid Ice C harts.” 103-119. G. Kukla, A. 
Hecht, and D. W iesnet, (ed.). Snow Watch 1980. Glacio­
logical D ata R eport GD-11, World D ata Center-A  for 
Glaciology, University of Colorado, Boulder, Colorado.

Kunzi, K. F ., P atil, S., and Roth, H. 1982. “Snow-cover P a­
rameters R etrieved From Nimbus-7 Sceinning M ultichan­
nel Microwave Radiometer (SMMR) D ata .” IE E E  Trans­
actions, Geoscience and Remote Sensing GE-20:A52-A67.

Lachenbruch, A. H., Sass, J. H., MarshEill, B. V., and Moses, 
T. H. 1982. “Perm afrost, Heat Flow, the Geotherm al 
Regime at Prudhoe Bay.” Journal o f Geophysical R e­
search 57.9301-9316.

Lamb, H. H. 1955. “Two-way Relationship Between the Snow 
or Ice Limit and 1,000-500 m b Thickness in the Overly­
ing Atm osphere.” Quarterly Journal of the Royal M eteo­
rological Society 51:172-189.

Lamb, H. H. 1977. Climate: P ast, Present and Future. Vol. 2. 
515-520, 580-589. M ethuen, London, United Kingdom.

The Cryosphere and Climate Change 143



Lemke, P ., Trinkl, E. W ., and Hasselm an, K. 1980. “Stochas­
tic D ynam ic Analysis of Polar Ice Veu-iability.” Journal 
of Physical Occanogrphy 10:2100-2120.

Lettau, H. H., and L ettau, K. 1975. “Regional Clim atonom y  
of Timdra and Boreal Forests in  Canada.” 209-221. In
G. Weller, and S. A . Bowling, (ed .). Climate o f the A rctic. 
U niversity of Alaska, Fairbanks, Alaska.

Lian, M. S., and Cess, R. D . 1977. “Energy-Beilance Clim ate 
Models: A  Reappraisal of Ice-Albedo Feedback.” Journal 
of the Atm ospheric Sciences 5.<;1058-1062.

Limbert, D . W . S. 1984. “W est A ntarctic Temperatures, R e­
gional Differences, and the Nom inal Length of Summer 
and W inter Seasons.” 114-139. In Environm ent of West 
Antarctica: P otential COi-Induced Changes. Com m ittee 
on Glaciology, Polar Research Board, N ational Research 
Council, N ational Academ y Press, W ashington, D .C .

Lingle, C. S. 1984. “A Numerical M odel of Interactions B e­
tween a Polar Ice Stream and the Ocean: Application to 
Ice Stream  E, West A ntarctica.” Journal of Geophysical 
Research  89:3523-3549.

Lorius, C. 1984. “D ata From  A ntarctic Ice Cores on C O j, Cli­
m ate, Aerosols and Changes in Ice Thickness.” 49-62. In 
Environm ent o f West Antarctica: P otential COi-Induced  
Changes. Com m ittee on Glaciology, Polar Research 
Board, National Research Council, National Academy 
Press, W ashington, D.C.

MacAyeed, D . R. 1984. “Thermohaline Circulation Below the 
Ross Ice Shelf: A  Consequence o f T idally Induced Ver­
tical M ixing and Based M elting.” Journal o f Geophysical 
Research  89:597-606.

Mackay, J. R. 1975. “The Stability o f Permedrost emd R e­
cent C lim atic Change in the M ackenzie Vedley, N .W .T .” 
Geological Survey Paper 75-J.T73-176. O ttaw a, Canada.

M acKinnon, P. K. (com piler). 1980. “Ice Cores.” In Glacio­
logical Data, R eport GD-8, World D ata Center-A  for 
Glaciology, U niversity of Colorado, Boulder, Colorado.

Male, D. H., and Granger, R. J. 1981. “Snow Surface Energy 
Exchange.” W ater Resources Research  77:609-627.

M anabe, S., emd Holloway, J. L., Jr. 1975. “The Seasonal 
Variation of the Hydrologic Cycle eis Sim ulated by a 
Global M odel of the A tm osphere.” Journal of Geophysical 
Research  89:1617-1649.

Manabe, S., and Stouffer, R. J. 1980. “Sensitivity of a 
Global C lim ate M odel to  etn Increase of C O j Concentra­
tion in  the A tm osphere.” Journal o f Geophysical Research 
85:5529-5554.

Manabe, S., and W etherald, R. T . 1975. “The Effects of 
Doubling the C O 2  Concentration on the Clim ate of a 
General Circulation M odel.” Journal o f the Atm ospheric 
Sciences 88:3-15.

M anabe, S., and W etherald, R. T . 1980. “On the Distribution  
of C lim te Change R esulting From an Increaae in the C O 2  

Content of the A tm osphere.” Journal o f the Atm ospheric 
Sciences 87.’99-118.

M anabe, S., W etherald, R. T ., and Spelm an, M. J. 1979. “A  
Global O cean-Atm osphere Clim ate M odel w ith Seasonal 
Variation for Future Studies of C lim ate Sensitivity.” D y­
namics o f A tm ospheres and Ocearss 8:393-426.

M aidey, G. 1969. “SnowfaU in Britain Over the Past 300 
Years.” WerUher S4.-428-437.

M atson, M ., emd W iesnet, D . R. 1981. “New D ata Base for 
C lim ate Studies.” Nature 889:451-456.

M aykut, G. A. 1982. “Large-Scale Heat Elxchange and Ice 
Production in*the Central A rctic.” Journal o f Geophysical 
Research  87:7971-7984.

M aykut, G. A ., in press. “Surface Heat and M ass Balance.” 
In N. Untersteiner (ed.). The Geodynamics o f Sea Ice. 
Plenum  Press, New York, New York.

M aykut, G. A ., and U ntersteiner, N . 1971. “Some Resulte 
From a T im e-Dependent Thermodyneunic M odel of Sea 
Ice.” Journal o f Geophysical Research  76:1550-1576.

Mayo, L. R ., and Trabemt, D . C. 1984. “Observed and Pre­
dicted Effects of Clim ate Change on W olverine Glacier 
Southern Alaska.” 114-123. In J. H. M cBeath (ed.) 
The P otential Effects o f Carbon Dioxide-Induced Climatit 
Changes in Alaska. (M isc. Pub. 83-1) U niversity o; 
Alaska-Fairbanks, School of Agriculture and Land Re- 
sources M anagem ent, Fairbamks, Alaska.

McFadden, J. D . 1965. The Interrelationship of Lake Ice am 
Climate in Central Canada. (D octoral dissertation, Uni 
versity of W isconsin, M adison, W I). (U niversity Micro 
films 65-10 , 636).

McKay, G. A ., amd Adams, W. P. 1981. “Snow and Livin) 
T hings.” 3-31 . In D . M. Gray and D . H. M ale (ed.) 
Handbook o f Snow. Pergamon Press, Toronto, Canada.

Meier, M. F. 1983. “Snow and Ice in a Changing Hydrologica 
W orld.” Hydrological Sciences Journal 88:3-22.

Meier, M. F. 1984. “Contribution of Smadl Glaciers to  Globa 
Sea Level.” Science 886:1418-1421.

Mellor, J. C. 1983. “Use of Seasoned W indows for Rada  
and Other Image A cquisition and A rctic Lake Regioi 
M anagem ent.” 832-837. In Proceedings: Fourth Inter 
national Conference on Permafrost. Nationad Academ; 
Press, W ashington, D .C.

Mercer, J. H. 1978. “West A ntarctica Ice Sheet and CO  
Greenhouse Effect: A  Threat of D isaster.” Nature 87J 
321-325.

M ichel, B . 1971. “W inter Regim e of Rivers and Lakes. 
Cold Regions Science and Engineering Monograph III I 
la .  Cold Regions Research amd Engineering Laboratory 
U .S. Army, Hanover, New Hampshire.

M iyakoda, K. 1982. “Surface Boundary Forcings.” 51 
78. In Physical Basis for Climate Prediction. WCF  
47, World C lim ate Programme, International Counc: 
of Scientific U nions/W orld Meteorologicad Organizatioi 
Geneva, Switzerlamd.

M iiller, F . (com piler). 1977. Fluctuatioru o f Glaciers, 1970 
1975. Vol. I ll, International Commission on Snow an 
Ice of the International A ssociation of Hydrological Sci 
ences emd U N E SC O , Paris, France.

Nam ias, J. 1962. “Influences of Abnormal Surface Hea 
Sources amd Sinks on A tm ospheric Behavior.” 615 
627. Proceedings: International Symposium on Numer. 
col Weather Prediction, 1960, M eteorological Society < 
Japan, Tokyo, Japam.

National Aeronautics and Space Adm inistration 1979. ICEJ 
Ice and Climate Experim ent. Goddaurd Space Flight Cei 
ter, G reenbelt, Mauylamd.

N ational Research Council 1983a. “Snow and Ice Researcl 
An A ssessm ent.” Polar Research Board, C om m ittee o 
G laciology, N ational Academy Press, W ashington, D.C

144 Detecting the Climatic Effects o f Increasing Carbon Dioxio



N ational Research Council, 1983b. “Permafrost Research: 
An A ssessm ent of Future N eeds.” Polar Research Board, 
C om m ittee on Perm afrost, Nationed Academy Press, 
W ashington, D .C .

N ational Research Council, 1984a. “Environment of West 
A ntarctica: P otential C 02-Induced Changes.” Polar 
Research Boeu-d, C om m ittee on Glaciology, National 
Academ y Press, W ashington, D .C .

N ational Research Council, 1984b. “The Polar Regions and 
C lim atic Chemge.” Polsu- Research Board, Com m ittee 
on the Role of the Polar Regions in C lim atic Change, 
N ational Academ y Press, W ashington, D .C .

N ational Research Council, 1985. Glacier), Ice Sheets, and 
Sea Level: Effects of a C 02-lnduced Climatic Change. 
(D O E / ER-60235.) Polar Research Board for U .S. D e­
partm ent of Energy, W ashington, D .C . Available from  
N TIS, Springfield, Virginia.

N eave, K. G ., and Sellmem, P. V. 1983. “Seismic Velocities 
and Subsea Permafrost in the Beaufort Sea, Alaska.” 
894-898. In Proceedings: Fourth International Confer­
ence on Perm afrost. N ational Academy Press, W e llin g ­
ton, D .C .

Neilson, W . A . (ed.) 1958. W ebster’s New International
D ictionary of the English Language. Second Edition. 
Unabridged. Vol. II. G. and C. Merriam. Springfield, 
M assachusetts.

N ye, J. F . 1960. “The Response of Glaciers emd Ice Sheets 
to S e e o n a l suid Clim atic Changes.” Proceedings of the 
R oyal Society o f London A  5 Il(l5 0 6 ):4 4 6 -4 6 7 .

Oerlemans, J. 1979. “A  M odel of a Stochasticidly Driven Ice 
Sheet W ith Planetswy Wave Feedback.” Tellus 57:469- 
477.

Oerlemans, J. 1982a. “Response of the Antarctic Ice Sheet 
to a C lim atic Warming: A  M odel Study,” Journal o f Cli­
matology 2:1-12.

Oerlemans, J. 1982b. “Glacial Cycles sind Ice-Sheet M od­
elling.” Climatic Change .^.-353-374.

Oerlemans, J ., and van der Veen, C. J. 1984. Ice Sheets and 
Climate. D . Reidel, Dordrecht, The Netherlands.

Oeschger, H., Beer, J. Siegenthaler, U ., Stauffer, B ., Dans- 
gaard, W ., and Langway, C. C. 1984. “Late Glacisd Cli­
m ate History From Ice Cores.” 299-306. In J. E. Hansen 
and T . Takahashi (eds.). Climate Processes and Climatic 
Sensitivity  (G eophysical Monograph 29). American Geo- 
physiced Union, W ashington, D .C .

Ogilvie, A. E  .J. 1984. “The P ast C lim ate and Sea-Ice 
Record From Icelsind, Part I: D ata to A .D . 1970.” Cli­
matic Change 6:131-152.

Orheim, O. 1985. “Iceberg Discharge and the Mass Bed- 
ance of A ntarctica.” Workshop on Land Ice/O cean In­
teractions. C om m ittee on Glaciology, P oIm  Research 
Board, N ational Research Council, N ational Academy 
Press, W ashington, D .C.

Orom belli, G ., and Porter, S. C. 1982. “Late Holocene Fluc­
tuations of Brenva Glacier.” Geografia Fisica Dinamica 
Quaternaria 5:14-37.

Osterkamp, T. E. 1984. “P otential Impact of a Warmer 
Clim ate on Permsdrost in A laska.” 106-113. In J. H. 
M cBeath (ed .). The Potential Effects o f Carbon Dioxide- 
Induced Climatic Changes in Alaska. M isc. Pub. 83-1. 
U niversity of Alaska, Fairbeinks. Fairbanks, Alaska.

Osterkamp, T . E., and Payne, M. W. 1981. “E stim ate of Per­
mafrost Thickness from Well Logs in Northern Alaska.” 
Cold Regions Science and Technology 5:13-27.

Pedecki, M ., Barry, R. G., and Tramoni, F . 1985. “Lake 
Freeze-up and Break-up Records as a Temperature In­
dicator for D etecting C lim ate Change.” 29-30. Third 
Conference on Climate Variatioru and Symposium on 
Contemporary Climate 1850-S100. Extended Abstracts. 
American M eteorological Society, Boston, M assachusetts.

Parkinson, C. L. 1983. “On the D evelopm ent and Cause of 
the Weddell Polynya in a Sea Ice Sim ulation.” Journal of 
Physical Oceanography 15:501-511.

Parkinson, C. L., and Kellogg, W . W. 1979. “Arctic Sea Ice 
D ecay Sim ulated for a C 02-Induced Temperature R ise.” 
Climatic Change 2:149-162.

Parkinson, C. L., and W ashington, W. M ., Jr. 1979. “A  
Large-Scale Numericsd M odel of Sea Ice. Journal o f Geo­
physical Research 5.<:311-337.

Parkinson, C. L., and Bindschadler, R. A. 1984. “Response of 
A ntarctic Sea Ice to Uniform Atmospheric Temperature 
Increases.” 254-264. In J.E . Hansen and T . Tsikahashi 
(eds.). Climate Processes and Climatic Seruitivity  (Geo­
physical Monograph 29) American Geophysical Union, 
W ashington, D.C.

Paterson, W . S. B. 1982. The Physics of Glaciers. 2nd ed., 
Pergamon Press, Oxford, United Kingdom

Paterson, W. S. B. 1984. “Present and Future M elting on 
A ntarctic Ice Shelves.” 149-154. In Environm ent of West 
Antarctica: Potential C02-Induced Changes. Com m ittee 
on Glaciology, Polar Resesirch Board, National Resestrch 
Council, National Academy Press, W ashington, D .C .

Pease, C. H. 1980. “East Bering Sea Ice Processes.” Monthly 
Weather Review  105:2015-2023.

Peltier, W . R. 1981. “Ice Age Geodynsunics.” Annual Review  
of Earth and Planetary Sciences 9:199-225.

Pershagen, H. 1969. “Snotacket: Sverige 1931-60.” Sveriges 
Meteorologiska Hydrologiska Irutitut. M eddelande Series 
A , No. 5.

P^w^, T . L. 1983. “Alpine Permafrost in the Contiguous 
U nited States: A R eview .” A rctic and Alpine Research 
15:145-156.

Pfister, C. 1978. “Fluctuations in the Duration of Snow Cover 
in Switzerland Since the Late Seventeenth Century.” 1 -  
8. In K . Frydendahl (ed.). Proceedings: Nordic Sympo­
sium, Climatic Changes and Related Problerru. Danish  
M eteorological Institute, Copenhagen, Denmark.

PoUard, D. 1983. “Ice Age Sim ulations w ith  a Calving Ice- 
Sheet M odel. Quarternary Research 20:30-48.

Pollard, D ., Ingersoll, A .P ., and Lockwood, J.G . 1980. “R e­
sponse of Zonal Ice Sheet M odel to  the Orbited Pertur­
bations During the Quaternary Ice A ges.” Tellus 52:301- 
319.

Pollard, W . H., and French, H. M. 1980. “A First A p­
proxim ation of the Volume of Ground Ice, Richards Is- 
lemd, P leitocene M ackenzie D elta, N orthwest Territories, 
Canada.” Canadian Geotechnical Journal 17.'509-515.

Posam entier, H. W. 1977. “A New Clim atic M odel for Glacier 
Behavior of the Austrian A lps,” Journal of Glaciology 
18:57-65.

The Cryosphere and Climate Change 145



Radok, U ., Barry, R .‘G ., Jenssen, D ., Keen, R. A ., Kiladis,
G. N ., and M clnnes, B. 1982. Climate and Physical Char­
acteristics o f the Greenland Ice Sheet. Cooperative Insti­
tute for Research in Environm ental Sciences, University  
of Colorado, Boulder, Colorado.

Ramage, C. S. 1983. “Teleconnections and the Siege of 
T im e.” Journal of Climatology S;223-232.

Rango, A. (ed.). 1980. M icrowave Rem ote Sensing of Snow- 
pack Properties. N ational Aeronautics Jind Space A d­
m inistration Conference Publication 2153, W ashington, 
D.C.

Raper, S. C. B ., W igley, T. M. L., M ayes, P. R ., Jones, 
P. D ., and Salinger, M. J. 1984. “Variations in Surface 
Air Temperatures; Part 3. The Antjirctic, 1957-1982.” 
M onthly Weather Review  iJ2;1341-1353.

Robin, G. de Q. 1975. “Radio-Echo Sounding: Glaciological 
Interpretations and A pplications.” Journal of Glaciology 
15:49-63.

Robinson, D. 1982. “M axim um  E stim ated Surface Albedo of 
Snow Covered N orthern Hemisphere Lands.” 308-315. 
In Rem ote Sensing and the Atmosphere. The Remote 
Sensing Society, University of Reading, Reading, United 
Kingdom.

Robock, A. 1980. “The Seasonzd Cycle of Snow Cover, Sea Ice 
and Global A lbedo.” M onthly Weather Review  108:267- 
285.

Robock, A. 1983. “Ice and Snow Feedbacks and the Latitu­
dinal and Seasonal D istribution of Clim ate Sensitivity.” 
Journal of the Atm ospheric Sciences 40:986-997.

Rogers, J. C. 1983. “Spatial Variability of Antarctic Temper­
ature Anomalies and Their Association W ith the South­
ern Hemisphere Atm ospheric C irculation.” Annals of the 
A ssociation of A m erican Geographers 78:502-518.

Ropelewski, C. F . 1983. “Spatial and Tempered Variations 
in A ntarctic Sea-lce (1973-82).” Journal o f Climate and 
Applied Meteorology SS:470-473.

Ropelewski, C. F. 1985. “Satellite-D erived Snow and Ice 
Cover in C lim ate D iagnostics Studies.” Advances in Space 
Research 5:275-278.

Ropelewski, C. F ., Robock, A ., and M atson, M. 1984. “Com­
m ents on ‘An Apparent Relationship Between Eurasian 
Spring Snow Cover and the Advance Period of the Indian 
Summer M onsoon’.” Journal o f Climate and Applied M e­
teorology SS:341-342.

Ryder, C. 1896. “Isforholdene i Nordhavet 1877-1892.” 
Tidsskrift for Sovaesen (Copenhagen) 1896:11-36.

R ylov, S. P. 1969. “Snowcover Evaporation in the Semidesert 
Zone of Kazakhstan.” Soviet Hydrology, Selected Papers 
8:258-270.

Schlesinger, M. E. 1984. “Atm ospheric General Circulation  
M odel Sim ulations of the M odem  A ntarctic C lim ate.” 
155-196. In Environm ent o f the West Antarctic: P o ten ­
tial CO2 -Induced Changes. C om m ittee on Glaciology, Po- 
Isu- Research Board, N ational Research Council, National 
Academy Press, W ashington, D .C.

Schneider, S. H., and Chen, R. S. 1980. “Carbon Dioxide 
Warming M d Coastline Flooding: Physical Factors and 
Clim atic Im pact.” Annual Reviews o f Energy 5:107-140.

Schiiepp, M. Gensler, G ., and B ouet, M. 1980. “Schneedecke 
und Neuschnee.” Klimatologie der Schweiz. Heft 24 /F ,

Schweizerischen M eteorologischen A nstalt, Zurich, Sw it­
zerland.

Sellers, W. D. 1969. “A Global Clim atic Model Based on 
the Energy Balance of the Earth-Atmosphere System .” 
Journal of Applied Meteorology 8.-392-400.

Semtner, A. J., Jr. 1984. “On M odelling the Seasonal 
Thermodynamic Cycle of Sea Ice in Studies of C lim atic 
Change.” Climatic Change 6:27-37.

Shine, K. P ., and Crane, R. G. 1984. “The Sensitivity of 
a One-Dimensional Thermodynamic Sea Ice M odel to  
Changes in C loudiness.” Journal o f Geophysical Research 
89(C8):10.615-10.622.

Shumskiy, P. A ., and Vtyurin, B. 1. 1963. “Underground 
Ice.” 108-113. Proceedings: International Conference on 
Permafrost. Publication No. 1287, Nationed Academy 
Press, W ashington, D .C.

Simojoki, H. 1940. “Uber die Eisverhaltnisse der Binnenseen  
Finnlands.” Annales Academiae Scientiarum Fennicae. 
A 52(6).

Simojoki, H. 1959. “Kallavaden Pitka Jaahaveiintosarja.” 
Terra 71:156-161.

Simojoki, H. 1961. “Clim atic Change and Long Series of 
Ice Observations at Lake K allavesia.” 20-24. Interna­
tional A ssociation of Scientific Hydrology, General A ssem ­
bly of the International Union of Geodesy and Geophysics, 
Helsinki, Finland.

Smirnov, V. 1. 1980. “O pposition in Ice Redistribution in the 
Waters of the Foreign A rctic.” Soviet Meteorology Hyrol- 
ogy 8:73-77.

Sm ith, 1. N ., and Budd, W. F . 1981. “The Derivation of Past 
Clim ate Changes From Observed Changes of G laciers.” 
31-52. In 1. A llison (ed .). Sea Level, Ice and Climatic 
Change, International A ssociation of Hydrological Sci­
ences, Publication No. 131, lA H S, Wallingford, Oxford­
shire, U nited Kingdom.

Sm ith, M. W ., and Riseborough, D. W. 1983. “Permafrost 
Sensitivity to Clim atic Change. 1178-1183. Proceedings 
of the Fourth International Conference on Permafrost. 
National Academy Press, W ashington, D.C.

Speerschneider, C. 1. H. 1931. “The State of the Ice in Davis 
Strait, 1820-1930.” Meddelelse Danske Meteorologisk In- 
stitut 8:1-53.

Sperling, W. 1956. “Die langjahrigen Eiserscheinung der 
Memel m it Eiskalender 1811-1914.” Bundersanstalt fur 
Gewasserkunde, Koblenz, M itteilung 8J:2-10.

Stauflfer, B ., Hofer, H., Oeschger, H., Schwande, J ., and 
Siegenthaler, U. 1984. “Atmospheric CO 2  Concentra­
tion During the Last G laciation.” Annals of Glaciology 
5:160-164.

Steppuhn, H. 1981. “Snow and Agriculture.” 60-125. In 
D . M. Gray and D. H. Meile (ed.). Handbook o f Snow. 
Pergamon, Toronto, Canada.

Streten, N. A. 1973. “Satellite Observations of the Summer 
Decay of the A ntarctic Sea Ice.” Archiv fur Meteorologie, 
Geophysik und Bioklimatologie AS2:119-134.

Striibing, K. 1967. “On the R elation Betw een the Ice TrEuis- 
port in the East Greenland Current and the Atmospheric 
Circulation Over the A rctic Ocean.” Deutsche Hydro- 
graphische Zeitschrift 20(6). ([Draft Translation 752], 
U.S. Army Cold Pegions Research and Engineering Lab­
oratory, Hanover, New Hampshire.

146 Detecting the Climatic Effects o f Increasing Carbon Dioxide



Sturman, A . P. and Anderson, M. R. 1985. “A Comparison 
of Antarctic Sea Ice D ata Sets and Inferred Trends in 
Ice Area.” Journal of Climate and Applied Meteorology, 
24:2J ^ - 2%Q.

Tabler, R. D. 1975. “Estim ating the Transport and Evapora­
tion of B lowing Snow .” 85-104. Snow M anagem ent on the 
Great Plains. Publication 73, Agriculture Experim ental 
Station, Lincoln, Nebraska.

Tauiaka, M ., and Yoshino, M. M . 1982. “Re-exam ination of 
the Clim atic Change in Central Japan Based on Freezing 
D ates of Lake Suwa.” Weather S7.-252-259.

Thie, J. 1974. “D istribution and Thawing of Permafrost in 
the Southern Part of the D iscontinous Permafrost Zone 
in M anitoba.” A rctic  27.-189-200.

Thom as, R. H. 1984. “Ice Sheet Margins and Ice Shelves.” 
265-274. In J.E . Hansen and T. Takahashi (eds.). Cli­
mate Processes and Climatic Sensitivity. (G eophysical 
Monograph 29). American Geophysical Union, W ash­
ington, D .C.

Thom as, R. H. Sanderson, J. T. O., and Rose, K. E. 1979. 
“Effect of C lim atic Warming on the West Antarctic Ice 
Sheet.” Nature 277.355-358.

Thom as, R. H., Sanderson, J. T. O., and Rose, K. E. 1980. 
“Clim atic Warming of the West A ntarctic Ice Sheet.” 
Nature 2«7;759-760.

Tramoni, P ., Barry, R. G ., and Key, J. in press. “Lake 
Ice Cover as a Temperature Index for M onitoring C li­
m ate Perturbations.” Zeitschrift fur Gletscherkunde und 
Glazialgeologie.

U N E SC O /IA SH  1970a. “Perennial Ice and Snow M ass.” 
Technical Papers in Hydrology 1. UNESCO , Paris, France

UN ESCO/IASH 1970b. “Seasonal Snow Cover.” Technical 
Papers in Hydrology 2. UNESCO, Paris, France.

UNESCO/IASH 1970c. “Variations in E xisting G laciers.” 
Technical Papers in Hydrology 3. U NESCO , Paris, France.

U N E SC O /IA SH  1970d. “Combined Heat, Ice and Water B al­
ances at Selected Glacier Basins.” 20 Technical Papers 
in Hydrology 5. U NESCO , Paris, France.

U N E SC O /IA SH  1973. “Combined H eat, Ice and Water B al­
ances at Selected Glacier Basins. Part II. Specifications, 
Standards and D ata Exchange.” Technical Papers tn Hy­
drology 5. U NESCO , Paris, France.

University of Oulu 1972. “Die Schneedeckenzeit im  Nordlic- 
hen K alottengebiet in der Normal Periode 1931-1960.” 
Ovlun Yliopeston M aantieten Laitos Julkaisuja 40.

U ntersteiner, N. 1975. “Sea Ice and Ice Sheets and their 
Role in Clim atic Variations.” 205-224. In The Physical 
Basis o f Climate and Climate Modelling. G A R P Publi­
cation Series No. 16). World M eteorological Organiza­
tion/International Council of Scientific Unions, Geneva, 
Switzerland.

U ntersteiner, N. (ed .). 1984. “Air-Sea-Ice. Research Pro­
gram for the 1980s. Scientific Plan 1983.” Appendix  
J. World C lim ate Research Programme, IC SU /W M O , 
Geneva, Switzerland.

U.S. Departm ent of Commerce auid U.S. Departm ent of Agri­
culture 1983. Weekly Weather and Crop Bulletin. W ash­
ington, D .C .

U ttinger, H. 1963. “D ie Dauer der Schneedecke in Zurich.” 
Archiv fur Meteorologie Geophysik and Bioklimatologie 
B  12:404-421.

Van der Veen, C. J., cind Oerlemans, J. 1984. “Global Ther­
m odynam ics of a  Polar Ice Sheet.” Tellus S6A.-228-235.

Vigdorchik, M. E. 1980a. A rctic Pleistocene H istory and the 
Development of Submarine Permafrost. W estview Press, 
Boulder, Colorado.

Vigdorchik, M. E. 1980b. Submarine Perm afrost on the A las­
kan Continental Shelf. Westview Press, Boulder, Col­
orado.

Vinje, T. E. 1977. “Sea Ice Conditions in The European 
Sector of the Marginal Seas of the Arctic, 1966-1975.” 
163-174. In Norsk Polarinstitut Arbok 1975. Oslo, Nor­
way.

Vowinckel, E. 1963. “Ice Transport Betw een Greenland and 
Spitsbergen, and Its Causes.” Publications in Meteorology 
No. 59. Arctic M eteorological Research Group, M cGill 
University, M ontreal, Canada.

Vtyurin, B. I. 1978. “Patterns of D istribution and Q uantita­
tive E stim ate of the Ground Ice in the U SSR .” 159-164. 
In F. J. Sanger and P. J. Hyde (eds.), USSR Contri­
bution. Second International Conference on Permafrost. 
National Academ y of Sciences, National Academ y Press, 
W ashington, D .C .

Wadhams, P., M artin, S., Johannessen, O. M ., Hibler, W. D. 
Ill, and Cam pbell, W . J. (ed.). 1981. “Research Strat­
egy.” M IZEX. A Program for Mesoscale Air-Ice-Ocean In­
teraction Experiments in A rctic Marginal Ice Zones. (CR- 
REL, Special Report 81-92). U .S. Army Cold Regions 
Research and Engineering Laboratory, Hanover, New  
Hampshire.

Walker, E. R ., and W adhams, P. 1979. “Thick Sea-lce F loes.” 
Arctic  52:140-147.

Walsh, J. E. 1983. “The Role of Sea Ice in C lim atic Variabil­
ity: Theories and Evidence.” Atm osphere-Ocean 21:229- 
242.

Walsh, J. E. 1984. “Snow Cover, Soil M oisture and A ssoci­
ated Atmospheric Variability.” 336-360. In H. van Loon 
(ed.). Studies in Climate. (N C A R /T N -227-l-ST R ) N a­
tional Center for Atmospheric Research, Boulder, Col­
orado.

Walsh, J. E., Hibler, W. D ., I ll, and Ross, B. 1984. “A Model 
Sim ulation of 20 Years of Northern Hemisphere Sea-lce 
F luctuations.” Annals o f Glaciology 5:170-176.

Walsh, J. E., and Johnson, C. M. 1979a. “An A nalysis of 
Arctic Sea Ice Fluctuation, 1953-77.” Journal o f Physical 
Oceanography 9:580-591.

Walsh, J. E., and Johnson, C. M. 1979b. “InterM nual A t­
mospheric Variability eind A ssociated Fluctuations in 
Arctic Sea-lce E xten t.” Journal of Geophysical Research 
«^.-6915-6928.

Walsh, J. E., and Sater, J. E. 1981. “M onthly and Seasonal 
Variability in the Ocean-Ice-Atmosphere System s of the 
North Pacific and the North A tlantic.” Journal o f Geo­
physical Research  56(C8):7425-7445.

Walsh, J. E ., Tucek, D. R ., and Peterson, M .R. 1982. “Sea­
sonal Snow Cover and Short-term Clim atic F luctua­
tions Over the U nited States.” Monthly Weather Review  
110:1474-1485.

Warren, S. G. 1982. “O ptical Properties of Snow.” Reviews 
of Geophysics and Space Physics 20:67-89.

W ashburn, A. L. 1973. Periglacial Processes and Environ­
ments. St. M artin ’s Press, New York, New York.

The Cryosphere and Climate Change 147



W ashington, W. M ., and M eehl, G. A. 1983. “General Circu­
lation M odel Experim ents on the Clim atic Effects Due to 
a D oubling and Quadrupling of Carbon Dioxide Concen­
tration.” Journal o f Geophysical Research 88:6600-6610.

W ashington, W. M ., and M eehl, C. A. 1984. “Seasoned Cycle 
Experim ent on the Clim ate Sensitivity Due to a Doubling 
of CO 2  ■with an Atmospheric General Circulation Model 
Coupled to  a Simple M ixed-Layer Ocean M odel.” Journal 
o f Geophysical Research 8P(D6):9475-9503.

W ashington, W . M ., Semtner, A . J., M eehl, C . A ., Knight, 
D . J., and Mayer, T .A . 1980. “A General Circulation Ex­
perim ent W ith A Coupled Atm osphere, Ocean and Sea 
Ice M odel.” Journal of Physical Oceanography JO.-1887- 
1908.

W eeks, W . F ., and Ackley, S., in press. “The Growth, Struc­
ture, and Properties o f Sea Ice.” In N. Untersteiner (ed.) 
The Geodynamics o f Sea Ice. P lenum  Press, New York, 
New York.

W eertman, J. 1976. “M ilankovitch Solar Radiation Varia­
tions and Ice Age Ice Sheet Sizes.” Nature 261:17-20.

W eller, C ., and Holmgren, B. 1974. “The M icroclim ates 
of the A rctic Tundra.” Journal of Applied Meteorology 
18:854-862.

W iese, W . 1924. “Polareis und atm ospharische Schwankun- 
gen.” Geografiske Annaler 8:273-299.

W illiam s, C . P. 1971. “Predicting the D ata of Lake-Ice 
Break-Up.” W ater Resources Research  7:323-333.

W illiam s, J. 1975. “The Influence of Snow Cover on 
the Atm ospheric Circulation and Its Role in Climatic 
Change: An A nalysis Based on R esults From the N CA R  
Global C irculation M odel.” Journal of Applied M eteorol­
ogy 14:137-152.

W illiams, L. D. 1978. “Ice Sheet Initiation and Clim atic In­
fluences of Expanded Snowcover in  Arctic Canada.” Qua­
ternary Research 10:141-149.

W ing, L. 1943. “Freezing and Thawing D ates of Lakes and 
Rivers as Phenological Indicators.” M onthly Weather R e­
view  71:149-158.

World M eteorological Organization. 1970. W M O Sea-lce 
Nomenclature. WMO No. 259 T P145, Secretariat of the 
World M eteorological Orgemization, Geneva, Switzer­
land.

World M eteorological Organization. 1984. “Report of 
the M eeting of Experts on Sea Ice and C lim ate M od­
elling.” World Clim ate Resesirch Programme, W CP-77, 
IC SU /W M O , Geneva, Switzerlzmd.

Zakharov, V. F. 1981. “L’dy Arktiki i Sovremeimie Prirodnye 
Protsessy.” Gidrometeoizdat. Leningrad, U .S.S.R .

Zakharov, V. F ., and Strokina, L. A . 1978. “Recent Varia­
tions in E xtent of A rctic Ocean Ice Cover.” Soviet M ete­
orology and Hydrology 1978, No. 7.

Zubenok, I. I. 1963. “V liianie Anomalii Temperatury N a Le- 
dianoi Pokrov Arktike.” Meteorologia i Gidrologiia 8:25- 
30.

Zwally, H. J., Comiso, J. C ., Parkinson, C. L., Campbell, 
W. J., Carsey, F. D ., and Gloersen, P. 1983a. Antarctic 
Sea Ice, 197S-1976: Satellite Passive-M icrowave Observa­
tions SP-459. Nationed Aeronautics and Space Adminis­
tration, W ashington, D .C.

Zwally, H. J., Parkinson, C. L., and Comiso, J. C. 1983b. 
“Variability of Antarctic Sea Ice and Changes in  Csu’bon  
D ioxide.” Science 220:1005-1012.

Zwally, H. J., Bindschadler, R. A ., Brenner, A. C ., Martin, 
T. V ., and Thomas, R. H. 1983c. “Surface Elevation  
Contours of Greenland and Antarctic Ice Sheets.” Jour­
nal o f Geophysical Research 88:1589-1596.

148 Detecting the Climatic Effects o f Increasing Carbon Dioxide



7. LONG-TERM CHANGES IN 
PRECIPITATION PATTERNS

Tim P. Barnett 
Scripps Inst i tu t ion  o f  Oceanography



CONTENTS

7.1 INTRO D U CTIO N  151

7.2 DATA 152
7.2.1 Abundance 152
7.2.2 Problem s 152

7.3 REGIONAL VARIATIONS IN PRECIPITA TIO N  153
7.3.1 C ontinental United States: Region 1 154
7.3.2 Europe and W estern Asia: Region 2 155
7.3.3 India: Region 3 156
7.3.4 Africa: Region 4 157
7.3.5 A ustra lia /Indo  Pacific: Region 5 158
7.3.6 O ther Regions 159

7.4 NEAR-GLOBAL VARIATIONS 159

7.5 CONCLUSIONS AND RESEARCH RECOM M ENDATIONS 160

ACKN OW LED GM EN TS 161

R EFEREN CES 161



7.1 INTRODUCTION

A stable precipitation clim ate seems a  prerequisite 
for stable economic structu res and agricultural sys­
tem s. Less obvious perhaps, is the  use of the rain 
w ater for replenishm ent of ground w ater supplies, 
drinking w ater, hydroelectric power, and so forth. 
Furtherm ore, a change in the precipitation clim ate 
in one area can have significant effects in d istan t re­
gions through the tran sp o rt m echanism  provided by 
rivers. Perhaps m ost subtle is the fact th a t evapo­
ration /condensation  processes have fundam ental ef­
fects on the energy budgets of bo th  the oceans and 
the atm osphere. In the case of the la tte r, condensa­
tion provides heat energy to  help drive the system. 
Substantial changes in position and am ount of this 
heat release could a lter the “typical” atm ospheric 
clim ate as we know it today.

Model projections of atm ospheric conditions 
w ith increased levels of carbon dioxide (CO 2 ) all 
seem to  suggest a small increase in the intensity of 
the hydrological cycle (cf. N ational Research Coun­
cil [NRG] 1983). This presum ably means slightly 
m ore precipitation on a global average basis. How­
ever, it seems likely th a t regional changes will dom ­
inate  this average signal, for example, a tendency 
tow ard summ er dryness in m idlatitude areas (Man- 
abe et al. 1981; Hayashi 1982). The implications 
of these precipitation changes are not as obvious as 
one m ight guess. For instance, Revelle and Wag­
goner (1983) have suggested th a t, in the absence 
of com pensating effects, a m odest warm ing (2°C) 
could reduce runoff by 15-30-f-% in drainage basins 
in the western United States. They have also esti­
m ated th a t the reduction in runoff due to  a  warming 
can be doubled by a  small decrease ( 1 0 %) in precip­
ita tion . A lternatively, the reduction in runoff could 
presum ably be cancelled by an increase in rainfall 
by the same am ount (cf. NRG 1983, Tables 1.7 and 
1.8,) or even increasedhy  40-60%  by reduced evap- 
o transpiration  (Idso and Brazel 1984). Such scenar­
ios are highly speculative, a t best, and a t th is stage 
do not seem to  find general acceptance in the scien­
tific comm unity. M ore im portan tly , the model pro­
jections of such small precipitation changes which 
give rise to  the scenarios are a ttended  by large un­
certainties.

To determ ine w hether increasing am ounts of 
GO 2  are changing the d istribu tion  of precipitation.

it is necessary to  know first the past history of the 
rainfall regime. On a  global average basis th is ap­
pears impossible because the  m ajority of the  ocean 
regions (72% of the E a r th ’s surface) have inad­
equate observations of rainfall. The situation  is 
apparently  be tte r over some portions of the land 
masses, so it may be feasible to  detect regional 
changes in precipitation th a t  are due to  GO 2  effects. 
However, as will become evident, sampling and m ea­
surem ent problems and the discontinuity of the pre­
cip itation process itself, plus relatively large, n a tu ­
ral decade-to-decade variability, make such analyses 
highly uncertain.

The purpose of th is chapter is to  summ arize 
briefly w hat is known about the large-scale pa tte rns 
of precipitation. No a ttem p t will be made to  detect 
a  “GO 2  signal” ; indeed, the tex t should convince 
the reader th a t this may be impossible for the case 
of precipitation. W ith these facts in m ind, the fol­
lowing sections of this chapter briefly describe avail­
able precipitation d a ta  and some of the associated 
m easurem ent problem s (see also G hapter 3 of this 
volume). Selected studies of regional precipitation 
changes since the tu rn  of the century will then be 
reviewed. These sum m aries are augm ented, when­
ever necessary, by a  set of new regional studies car­
ried out specifically for inclusion in this chapter. A 
subsequent section investigates the possibility of a 
coherent precipitation signal in the set of regional 
averages themselves. The chapter closes w ith a  set 
of conclusions and recom mendations.

It is im portan t here to  note two significant 
shortcomings in the following text. A decision was 
m ade to  discuss annual averaged precipitation data . 
This should provide a  general view of the space and 
tim e structu re  of precipitation. However, as pointed 
out by E.B. Kraus (1954), the precipitation process 
is highly seasonal, so th a t the annual average may 
embody a  variety of different physical situations, for 
example, both  monsoon and extra-tropical frontal 
activ ity  over A ustralia. Suppose GO 2  affected only 
one of these situations (e.g., the monsoon). The use 
of the annual average would tend to  obscure this ef­
fect. A second problem  has to  do w ith the initial 
selection of regional areas for analysis. The goal of 
the paper was to  look a t large-scale change, and for 
th a t purpose, regional selection was used. A be t­
ter approach, a t the next level of detail, would be
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to  select the regions based on the type of physi­
cal situation  which gives rise to  rainfall over them . 
Both the seasonal and regional stratification pro­
cess will be im portan t considerations in a  formal 
a ttem p t to  detect a  CO 2  signal in the precipitation 
regime. However, th a t is beyond the scope of this 
chapter.

7.2 DATA

7.2.1 Abundance

There are a  surprising num ber of long tim e series 
of rainfall m easurem ents. For instance, a search of 
one source of such d a ta  (World W eather Records) 
revealed 186 sta tions around the globe th a t had 80 
concurrent years of d a ta  w ith less than  5% miss­
ing values. Corona (1978) found over 1300 usable 
station  records, albeit w ith gaps, for his study of 
N orthern Hemisphere precipitation changes. The 
regional d istribu tion  of d a ta  can be even more im­
pressive when m ultiple archives are used; for exam ­
ple, Tabony (1981) obtained 182 stations in Europe 
alone covering the period 1861-1970. The geograph­
ical d istribu tion  of the long precipitation records 
is relatively good, w ith northern C anada and the 
higher latitudes of Asia representing the main areas 
void of da ta . In sum m ary, there are a lot of pre­
cipitation d a ta  over m ost of the w orld’s continents. 
However, no single, in tegrated  precipitation da ta  
archive seems to  exist a t this tim e, although there 
is work in th a t direction (e.g., Bradley et al. 1984).

The m ajor gap in the precipitation d a ta  sets oc­
curs over the oceans. Ships report synoptic w eather 
and include precipitation inform ation in a qualita­
tive m anner (e.g., clear sky, showers, heavy contin­
uous rain). A ttem pts have been m ade to  convert 
these observations to  quan tita tive  precipitation es­
tim ates (e.g.. Tucker 1961; Reed and E llio tt 1977; 
Reed 1979) w ith some success. For example, Dor­
m an and Bourke (1979) have used the ship d a ta  to 
compute a precipitation climatology for the Pacific 
Ocean from 30° S to  60° N, whereas E llio tt and Reed 
(1984) have a ttem pted  to  construct a sim ilar esti­
m ate for all of the w orld’s oceans. However, the 
conversion procedure used to  obtain these clima­
tologies is fraught w ith problems, and m ost authors 
agree th a t the  procedure does not work well in areas

with sparse da ta , for instance, in m ost of the South­
ern Hemisphere oceans. Finally, the estim ation of 
a  stable climatology over the oceans does not mean 
th a t we can detect variations relative to  the  long­
term  mean. In short, our knowledge of precipitation 
changes over the oceans is minimal.

The problems discussed above, plus the proba­
ble poor confidence lim its on the precipitation cli­
matology, mean th a t it  is unlikely th a t  the rela­
tively small precipitation changes expected from a 
CO 2  increase could ever be detected on a  global ba­
sis. D etection of regional changes would seem more 
promising and will be discussed in Section 7.3. For 
now, however, one can only hope th a t promising 
satellite system s may one day allow tru ly  global es­
tim ates of the p lanet’s precipitation regime. But 
these system s m ust be in operation for a t least sev­
eral decades before they will produce enough d a ta  
to  begin to  study variations about a climatological 
mean th a t  they themselves m ust define.

7.2.2 Problem s

A large num ber of problems a tten d  the m easure­
m ents of precipitation over the land masses, per­
haps more so than  m ost surface climatological vari­
ables. Some of these difficulties are discussed below. 
Rodda (1969), Rainbird (1967), and others list and 
discuss m ore completely many of the problem s as­
sociated w ith the rainfall data.
1. Representativeness^—Precipitation is a discon­

tinuous process. Thus, given tw o closely located 
m easurem ent stations, one may record a  signif­
icant am ount of rain while the other records 
none. It is thought th a t a  representative value 
of rainfall over a region can be obtained by av­
eraging together the m easurem ents from  a  large 
num ber of stations. Few places in the  world 
have the required station  density to  m ake one 
com fortable w ith this process, particularly  in 
convective rain regimes. Interesting reviews of 
different m ethods used to  obtain  regional aver­
ages from individual sta tion  d a ta  have been pro­
vided by Singh and Birsoy (1975) and Corona 
(1978). It is clear from these works th a t  the 
m ethod of obtaining the areal averages can sig­
nificantly affect the eventual d a ta  analysis, yet 
there appears to  be no generally agreed upon 
averaging method.
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2. S tation location— Local orographic conditions 
' can strongly affect the rates and am ounts of pre­

cipitation. In recent tim es, the location of the 
m easurem ent site relative to  large urban cen­
ters also has been im portan t because the pollu­
tan ts  and heat from such centers may alter rain­
fall in the  region downwind of the center (e.g. 
Changnon 1969).

3. Instrum entation— Precip itation  is m easured by 
collecting rain in a graduated “bucket.” The lo­
cation of the bucket relative to  the ground and 
to  surrounding structures can be critical to  the 
observations. Hence, changes in instrum ent (or 
station) location can affect the da ta . These and 
other problem s are particularly  im portan t in re­
mote areas and early in the records of many 
stations. Even in m odern tim es diflferent na­
tions use different rain gauges. These different 
instrum ents do not give the same estim ates of 
precipitation (cf. Larson 1971; Sanderson 1975). 
The m easurem ent errors can be in the range 1- 
20+%.
In sum m ary, the num erical estim ates of precip­

ita tion  available to  us from the historical archives 
likely contain num erous, potentially  serious prob­
lems. In view of this likelihood, it seems essential 
to  rem ain highly skeptical of virtually  any analy­
sis of these types of d a ta  (including th a t  reported 
here).

7.3 REGIONAL VARIATIONS 
IN PRECIPITA TIO N

The in ten t of th is section is to  investigate changes 
in precipitation on the largest regional scales pos­
sible, because one can speculate th a t  COg induced 
changes are m ost likely to  occur on these scales. Re­
sults of recent studies on precipitation variations in 
regions where the d a ta  density is relatively high are 
examined first. New results from a  uniform study 
on the long-term  changes in coherent precipitation 
pa tte rns in these areas are reported  where appro­
priate.

The procedures used in this la tte r  study are 
based upon a  m ethod of determ ining the  existence 
of a  spatially coherent signal of uniform sign in a set 
of tim e series from different locations, in this case, 
yearly averaged d a ta  on rainfall am ounts a t differ­
ent stations for the period 1891-1970. The study

regions are shown in Figure 7.1. The results of the 
analysis are then used to  form a single tim e series 
representative of changes in strength  of the coherent 
precipitation signal. In m ost cases, th is signal con­
stitu tes  a  relatively small fraction of the variance 
in the regional precipitation data . The implicit as­
sum ption in the approach is th a t  any C 0 2 -induced 
signal will appear in th is m easure of coherent pre­
cip itation. Additional details on the m ethods are 
given by B arnett (1983).

2 0 "

L O N G I T U D E

F ig u r e  7 .1 . D efinition of s tu d y  regions.

The annual average precipitation d a ta  were 
com puted from m onthly averages listed in the World 
W eather Records sum m aries (available in digital 
form from  the National Center for Atm ospheric Re­
search). Missing m onthly d a ta  resulted in missing 
annual average data . Missing annual values were re­
placed by the long-term  sta tion  mean; a procedure 
required for less than  5% of the annual averaged 
data . Each of the original tim e series was visually 
inspected for abnorm alities.

Let the  annual rainfall d a ta  be denoted by R i j , 
where t is spatial location and j  is 1 , 2  . . . ,  80 a  year 
counter. The fractional departu re  in rainfall is then.

C D _ {^j)i
-  - m r (7.1)

which normalizes the d a ta  to  account for the wide 
range of annual precipitation am ounts.

Next, com pute the correlation m atrix

{6Rii6Rji)i
(7.2)
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and then its eigenvectors (Bm) and eigenvalues 
(A„). The variance associated w ith the n th  mode 
is ju st A „/EA „.

It can be shown th a t if there exists a signal th a t 
is coherent and has the same sign over the entire 
dom ain of i, then all com ponents of B u  will have the 
same sign (Backus and Preisendorfer 1978). Thus, 
the elem ents of are inspected for like sign and a 
sta tem ent m ade as to  the existence (or lack thereof) 
of a signal coherent and of the same sign among the 
set of precipitation sta tions under analysis.

The tim e series of the strength  of the large-scale 
signal was com puted according to

It
T

6R[.

i:\Bu
(7.3)

where (SR ',T j)  are in units of standard  deviations. 
Note th a t Tj is very closely allied w ith the first prin­
cipal com ponent and, when there are no missing 
da ta , differs only by a norm alization factor. The 
Tj were sm oothed w ith a 5-year running mean filter 
prior to  presentation in the m ain body of the tex t.

This m ethod of analyzing the d a ta  is applied to 
a  num ber of different regions in the following sub­
sections.

7.3.1 C ontinental United States: Region 1

The d a ta  coverage over the United S tates is gen­
erally excellent so it is little  wonder th a t num er­
ous studies of precipitation variability over th is area 
have been m ade. For purposes of this report, it is 
appropriate to  concentrate on the results associated 
w ith large-scale, long-term  changes. Results of pre­
vious studies w ith this emphasis suggest th a t  there 
exists a coherent p a tte rn  of variation in annual aver­
age precipitation over the entire continental United 
S tates (W alsh and M ostek 1980; Diaz and Fulbright 
1981; Karl and Koscielny 1982; Vines 1984). The 
strength  of this p a tte rn  in term s of the variance it 
accounts for in the to ta l precipitation field is 1 0 -  
30%. Given the natu re  of the precipitation process 
and the d a ta  problem s noted above, the existence 
of such a p a tte rn  is rem arkable. The central p a rt 
of the country contributes more variance to  the co­
herent p a tte rn  than  do other regions, whereas the 
eastern seaboard is only m arginally represented (cf.

Figure 7.2; Walsh et al. 1981; Karl and Koscielny 
1982).

The tim e variation of the p a tte rn  described 
above is of key im portance if one aims to  detect 
a CO 2  effect. Diaz and Quayle (1980) have shown 
th a t, over m ost of the country, changes in the mean 
annual precipitation from 1921 to  1954 and from 
1955 to  1977 are generally not significant. This is in 
agreem ent w ith the results of Corona (1978, 1979). 
One of the reasons for this result may well be the 
high variance of yearly means w ithin each of their 
base periods. In contrast, M itchell et al. (1979), 
using a 300-year proxy record of precipitation, sug­
gest th a t  a  significant fraction of rainfall variance in 
the central and western United S tates may be due 
to  solar effects. The results of Corona (1978) and 
Vines (1984), based on the far shorter instrum ental 
record, are in broad agreem ent w ith th is conclusion. 
However, W illiams (1978), working w ith a  64-year 
record, finds the power spectra of these sta tion  d a ta  
to  be indistinguishable from a  w hite noise process. 
The same result was found by Karl and Koscielny 
(1982) using 8 6  years of data.

In an a ttem p t to  resolve the above discrepan­
cies, empirical orthogonal function (EOF) analy­
sis was applied to  the averaged, normalized annual 
precipitation anomalies for nine continental United 
S tates clim atic divisions. The results were as fol­
lows:
1. The first eigenvector had com ponents of like sign 

in all nine subdivisions, supporting the existence 
of a  coherent pa tte rn  of spatial variability of 
the same sign in annual average precipitation 
anomalies over the United S tates, in agreement 
w ith the work of Walsh and M ostek (1980), Diaz 
and Fulbright (1981), and K arl and Koscielny
(1982). The pa tte rn  accounted, on the average, 
for 31% of the normalized variance and was s ta ­
tistically distinct from the o ther eigenfunctions. 
As noted above, the eastern seaboard had a 
meager participation in this p a tte rn , whose cen­
ter of action was the middle th ird  of the country 
(Figure 7.2).

2. An area average precipitation index for the con­
tinen ta l United States was com puted using the 
mode 1 EOF com ponents as weights and then 
sm oothed with a  5-year running m ean (Fig­
ure 7.3). Two features of the  curve are ap­
parent: decadal variations of the order of one
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F ig u r e  7 .2 . T he heavy lines show th e  nine clim atic divisions used 
to  s tu d y  p rec ip ita tio n  in th e  c o n tin en ta l U nited  S ta tes . T h e  n u m ­
bers in each division rep resen t th e  m ode 1  e igenvector com ponents 
(x  1 0 0 ).

standard  deviation are superimposed on a de­
creasing trend in precipitation ( - 0 . 2  standard  
deviations per century). The decade-to-decade 
changes make th is trend  value statistically  in­
significant, which is in agreem ent w ith previous 
results. Note the strong drought signature in 
the 1930s and 1950s, which is in agreem ent w ith 
the results of M itchell et al. (1979). However, 
no such signal exists in the 1910s, thus m aking 
the existence of a 20-f year cycle in th is U.S.- 
wide index open to  question. Unfortunately, the 
existence of such a  periodicity is very difficult to 
determ ine from a relatively short instrum ental 
record containing only three to  four realizations 
of the period of interest.
In summ ary, there appears to  be a spatially co­

herent signal in the normalized precipitation anom ­
aly field over the continental United States. The 
tim e dependence of th is signal is characterized by 
large decade-to-decade fluctuations of the order of 
one standard  deviation. These variations represent 
a very large natu ra l noise, against which detection 
of a  relatively small C 0 2 -induced signal will be ex­
ceedingly difficult.

7.3.2 Europe and W estern Asia: Region 2

The coherent properties of the precipitation field 
in Europe have been dem onstrated  in the study of 
Tabony (1981). He performed an EOF analysis on
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d a ta  from 182 sta tions spanning the period 1861- 
1970. The first EO F p a tte rn  is shown in Figure 
7.4 and accounts for 28.1% of the variance in the 
d a ta  set. The fact th a t all com ponents of the first 
eigenvector had the same sign showed the existence 
of a p a tte rn  of uniform  rainfall variation over m ost 
of Europe. G radients in the pa tte rn  only appear 
in the northw est portion of the British Isles and 
in the M editerranean area. Wigley et al. (1984),

Long- Term Changes in Precipitation Patterns 155



among others, have shown th a t the coherency of the 
p a tte rn  does indeed include all of the British Isles.

The tim e variation of the coherent European 
pa tte rn  was exam ined by Tabony (1981) using sev­
eral different tools. Of in terest here is the long­
term  behavior of the coherent precipitation pattern . 
This is shown in Figure 7.5 by decadal means of 
the EO F principal component am plitudes associ­
ated  w ith the first eigenvector. These d a ta  suggest 
a  weak, positive, bu t statistically  insignificant trend 
of increasing precipitation (cf. Tabony 1981, Table 
II). M ore prom inent in the record are fluctuations 
on in terannual tim e scales, which show significant 
spectral peaks around periods of 5 years and 2.1-2.4 
years, which are tim e scales com parable w ith those 
of the Southern Oscillation and Quasi-Biennial Os­
cillation, respectively.
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F ig u r e  7 .5 . D ecadal m eans of first p rincipal com ponent of p a t­
te rn s  of E u ro p ean  ra in fall, in re la tive  un its . T he percen tage  of 
variance explained is given for an n u al and sem i-annual tim e p e ri­
ods. Source: T abony  (1981).

G ruza and Apasova (1981) also examined long­
term  (1891-1979) trends in Eurasian precipita­
tion and found positive values th a t appear to be 
m arginally significant. The increasing trends were 
dom inated by w inter (January) precipitation; this 
result is in m oderate agreem ent w ith those of 
Tabony. However, exam ination of the spatial dis­
tribu tion  of “raw ” trend values given by G ruza and 
Apasova did not show the large spatial coherence 
found in the EO F analysis. This disagreem ent is 
not particularly  surprising given the noisy nature  
of the precipitation field, the strength  of the coher­
ent signal, and the difference in areas and periods 
of d a ta  coverage.

In sum m ary, the large m ulti-year and decadal 
fluctuations in the coherent European precipitation 
pa tte rn  will m ake detection of a small C 0 2 -induced 
signal very difficult in this region.

7.3.3 India: Region 3 - .

The precipitation pa tte rns over India have been in­
tensively studied over the years. These studies have 
often centered on prediction of the monsoon rain­
fall, see, Blanford (1884), W alker (1924), and m any 
others in recent tim es. The strong dependence of 
the economy of th is area on the monsoon precipita­
tion, plus excellent d a ta  coverage, have both  been 
responsible for th is interest.

Studies regarding long-term  variation in Indian 
precipitation are in reasonable accord. Kidson 
(1975) and Stoeckenius (1981) present results th a t 
suggest coherent precipitation variations exist over 
the subcontinent. Weare (1979) and Rasmusson and 
C arpenter (1983) performed EO F analyses of s ta ­
tion and divisional d a ta , respectively, and found co­
herent precipitation patterns over all of India west 
of 90°E. These results appear to  be stable as the pe­
riods of record analyzed were 26, 105, and 80 years, 
respectively.

The reasons for the variations in year-to-year 
precipitation are largely related to  waxing and wan­
ing of the summ er monsoon (e.g., Bhalme and 
Mooley, 1980). Both variations are intim ately 
associated w ith global scale Southern Oscillation 
events (e.g. W alker 1924; P an t and P arthasara thy  
1981; Angell 1981; Rasmusson and C arpenter 1983). 
However, more local processes also seem im portan t 
(e.g., Bhalme and Mooley 1980; Weare 1979).

The tim e dependence of the coherent rainfall 
pa tte rn  discussed above has been examined by Moo­
ley et al. (1981) using 306 rain gauges and is repro­
duced in Figure 7.6. The au thors s ta te  th a t  this 
series is bo th  homogeneous and random . Its serial, 
or lag one, correlation is 0.013. This value is so 
low as to  suggest no significant trend  in the Indian 
precipitation field. It also prom pts their conclusion 
th a t  the year-to-year variations in precipitation are 
indeed random . Furtherm ore, the large noise levels 
seen in Figure 7.6 (e.g. the 90% confidence levels on 
the m ean) again suggest the difficulty of detecting 
the ra ther small changes th a t may be due to  CO 2  

effects.
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7.3.4 Africa; Region 4

The sem iarid areas of Africa are regions w ith highly 
variable rainfall and histories of recurrent and in­
tense droughts. The m ost notable characteristics 
of the droughts are a  random  distribution in tim e, 
spatial coherence over large areas, and, in some re­
gions, persistence for many years. In some years 
the spatial scale of drought seems to  encompass the 
entire continent (W M O 1983).

The quan tita tive  details supporting the s ta te ­
m ents presented above are both  num erous and im­
pressively robust. Strong spatial coherence seems 
characteristic of the precipitation field over Africa. 
This has been amply dem onstrated  for the subtrop­
ical region by Nicholson (1978, 1979, 1980, 1983), 
Stoeckenius (1981), K raus (1977), and others. A 
larger scale coherence of continental dimension has 
been well docum ented by Nicholson (1980, 1981). 
She also shows th a t the coherency has been in ter­
rupted a t the northern  fringes of the continent, as 
well as tow ard its eastern lim its.

The recent severe drought in the Sahel caused 
num erous investigators to  study the past variation 
of rainfall in th a t region and elsewhere in Africa. 
Nicholson (1980, 1983) has shown th a t the region 
has experienced prolonged drought during the pe­
riods 1910-1915, the 1940s, and since 1960. By 
con trast, the  periods around 1900, the  1920s, and 
1950s were tim es of relatively plentiful precipitation. 
These results are in general agreem ent w ith those of

Bunting et al. (1976), K raus (1977), Lamb (1985), 
and Dyer (1982).

The causes of the periodic droughts and wet 
spells seem partially  associated w ith massive m od­
ulations of the Hadley cell over the continent (cf. 
Nicholson 1981; K anam itsu and K rishnam urti 1978; 
Kidson 1977). In a  series of papers. Lamb (1978a, 
1978b, 1983) showed th a t  the  anomalies associated 
w ith these wet and dry spells involve key atm o­
spheric and oceanic features of the entire tropical 
A tlantic. The long tim e scales of these oscillations 
are not explained. More recently, Charney (1975) 
and others have suggested the existence of a  bio­
physical feedback to  explain the persistent drought 
of the last two decades, i.e., overgrazing enhances 
the (already) negative rad iation  balance, thereby in­
creasing subsidence, reducing rainfall, and m aking 
the region less suitable for vegetation.

The regional calculations for Africa produced 
results sim ilar to  those noted above.
1. A coherent signal was found to  exist over the 

continent. However, the current analysis, be­
cause of initial dem ands on the length of record 
required for analysis, tended to  have a  m ajority 
of stations in the southern half of the continent. 
The regions generally studied by authors men­
tioned above were not particularly  well repre­
sented. The study should be redone using the 
more voluminous d a ta  described by Nicholson.^

S.E. Nicholson, personal com m unication, 1981.
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2. The tem poral variations of the coherent pa tte rn  
(Figure 7.7) show a  m arked sim ilarity to  those 
described by the au thors noted above. In ad­
dition, a strong trend  ( - 0 . 8 6  ±  0.18 in units of 
standard  deviations (<r) per century) is evident. 
The d a ta  lim itations noted above suggest this 
strong trend should be considered critically. It 
is only m oderately apparen t in the regional tim e 
series (e.g., Nicholson 1981; Dyer 1982; Lamb 
1985) bu t quite clear in measures of the Nile 
discharge (e.g. , K raus 1956).
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F ig u r e  7 .7 . T im e series of a n n u a l average p rec ip ita tio n  anom aly 
for Africa. T he average is a  linear com bination  of th e  s ta tio n  d a ta  
constructed  according to  E q u atio n  7.3 and  expressed in u n its  of 
s ta n d a rd  dev ia tions (o).

In summ ary, the precipitation field over Africa 
is characterized by very large-scale, spatially coher­
ent structures. These p a tte rn s  of drought and w et­
ness persist for years and thus constitu te a large 
background noise against which to  a ttem p t to  de­
tect a C 0 2 -induced effect. The strong trend tow ard 
decreasing rainfall over the continent, i f  real, rep­
resents a na tu ra l low-frequency signal th a t requires 
explanation: Is it the result of na tu ra l variation or 
could it be due to  increasing CO 2  concentration?

7.3.5 A ustra lia /Indo  Pacific: Region 5

Studies of large-scale precipitation patterns in Re­
gion 5 are fairly common in the literatu re  because 
much of this area encompasses the domain of the 
Southern Oscillation. The results of Kidson (1975)

suggest th a t  a large-scale, coherent p a tte rn .o f rain­
fall anomaly exists over the area. The sense of this 
pa tte rn  is exactly opposite th a t  which is occurring 
in the central equatorial Pacific. This p a tte rn  was 
also noticed partially  by W alker (1924) and num er­
ous o thers since then (see Rasmusson and C arpenter
[1983] for a review). In general, annual precipita­
tion variations are coherent over all of A ustralia , 
although the signal is stronger in the eastern part 
of th a t country (cf. Gentilli 1971; P ittock  1975).

The tem poral variations of precipitation in the 
A ustralia and Indo Pacific area have a  wide ranging 
character. Along the equator the rainfall spectra  are 
“red” ; th a t  is, the rainfall variations have a  persis­
ten t character, whereas in the subtropics the spectra 
are “w hite,” indicating random  variations (Doberitz 
1968; Fleer 1981). The tem poral variations over 
the A ustralian continent exhibit two m ajor m axim a 
(1920s and 1960s) and one large m inim um  (1940s) 
in 60 years of record (e.g., P ittock  1975). Results 
of all of these previous studies suggest th a t  ener­
getic, long period fluctuations exist in the regional 
precipitation regime and are closely associated w ith 
the Southern Oscillation.

Tw enty sta tions in Region 5 were analyzed by 
the m ethods described above to  consolidate the re­
sults from the different parts of the region. The 
main conclusions from  this analysis are as follows:
1. A coherent spatial signal was found, as ex­

pected, in the Indo Pacific w ith m axim um  
strength  in the eastern A ustralia  and Sam oa re­
gion. However, the pa tte rn  was generally weak, 
accounting for only 14% of the variance in the 
d a ta  set.

2. The tim e variation of the p a tte rn  strength  (Fig­
ure 7.8) shows the tem poral character noted 
above. The trend wcis virtually  nil, a  factor of 
1 0  smaller th an  its standard  error of estim ate. 
In sum m ary, the A ustralian and Indo Pacific re­

gions m ight appear to  be regions in which to  look 
for C 0 2 -induced effects in precipitation pa tte rns. 
There is virtually  no trend in the rainfall field. 
However, the tem poral changes are dom inated by 
the Southern Oscillation whose 3-8 year tim e scale 
constitu tes a na tu ra l, low frequency signal against 
which a CO 2  signal would have to  be detected. It 
has been suggested th a t this signal could be filtered 
from the da ta , thereby greatly reducing the  noise
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and  expressed  in u n its  of s ta n d a rd  dev ia tions (a ).

level and enhancing the  chances for detection (cf. 
Wigley et al., C hapter 4 of th is volume.)

7.3.6 O ther Regions

D ata  density was adequate to  define the existence of 
large-scale rainfall regimes in two other parts  of the 
world: (1) Jap an  and eastern C hina and (2) central 
and southern South America. No significant trends 
were obvious in any of these areas. Furtherm ore, 
the na tu ra l variability in the areas was as high, or 
higher, than  th a t shown for any of the areas dis­
cussed above. In short, neither of the areas would 
be a  good place to  search for a  C 0 2 -induced signal.

7.4 NEAR-GLOBAL VARIATIONS

It is na tu ra l to  wonder w hether the rainfall vari­
ations discussed in Section 7.3 have a  degree of 
com m onality; th a t is, is there a  coherent signal 
w ithin the regional averages themselves? This pos­
sibility was studied by G ruza and Apasova (1981). 
They constructed gridded precipitation fields for the 
N orthern Hemisphere (0-85°N) for the  m onths of 
January  and July from 1891 to  1979. In general, 
no d a ta  were available over ocean areas. The linear 
trend coefficients a t each grid point were com puted. 
The resu ltan t d istribu tion  of plus and m inus trends

generally showed the regional coherence in precipi­
ta tion  pa tte rns noted above. However, the regions 
themselves did not appear to  be positively corre­
lated; the areas of decreasing and increasing pre­
cip itation were approxim ately equal. Although the 
trends for January  and July differed, the authors 
concluded th a t  there is no substan tial linear trend 
in the precipitation field for the 85-year period.

Corona (1979) developed a m onthly tim e his­
tory of precipitation over the N orthern Hemisphere 
land masses from 1935 to  1975. His results (cf. his 
Figure 27) suggest a  depression in precipitation in 
the early 1940s but otherwise no significant trend in 
the hemispheric average. Ambe (1967) studied sec­
ular variations in the arid portions of the globe and 
came to  the same conclusion. However, on a  some­
w hat smaller spatial scale, K raus (1955) presented 
d a ta  to  suggest ra ther large, long-term  trends in 
the precipitation patterns of m any tropical regions 
of the world (e.g., Africa, A ustralia), particularly 
during the period 1900-1940.

A quan tita tive  estim ate of the degree of coher­
ence among the various regions discussed in Section
7.3 was obtained by applying the m ethods described 
in Section 7.3 to  the regional averages themselves. 
The results are shown in Table 7.1. It is clear th a t 
there is not a coherent, near-global signal of the 
same sign in the regional precipitation da ta  because 
all eigenvector com ponents do not have the same 
sign. However, the results do show th a t the precip­
ita tion  regimes of the Americas tend to  fluctuate in 
unison (both  have large positive eigencomponents). 
The same can be said for the Ind ia /A ustra lia /Indo  
Pacific variations (large negative eigencomponents). 
The difference in sign between these two super re­
gions shows them  to  be largely out of phase with 
each other; th a t is, more than  norm al precipitation 
in the Americas generally coincides with less than 
norm al precipitation in the Indo Pacific region and 
vice versa. Note th a t Africa is allied with the Amer­
icas, whereas Eurasia and the Far East are not, for 
all in ten ts and purposes, related  w ith either super 
region. The results presented above are in broad 
agreem ent w ith those of o ther workers (e.g.. Fleer 
1981; Kidson 1975; Stoeckenius 1981).

The use of regional averages, even of highly cor­
related sta tion  da ta , can be criticized on physical 
grounds because the different sta tions m aking up
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T a b le  7.1 
R egional E igen stru c tu re

Region Nam e M ode 1 C om ponent 
(x  100)

U nited  S ta tes 36
E urasia -6
Ind ia - 5 8
Jap an  and  easte rn  C hina -6
Africa 22
South  A m erican 50
A u stra lia  and  Indo  Pacific - 4 8

the average come from very different clim atic re­
gions and thus may have different physical processes 
th a t affect rainfall. To investigate this situation , the 
individual sta tions were averaged over specific cli­
m atic zones, as defined in Landsberg et al. (1963). 
A to ta l of 22 such climatically consistent regions 
were defined, and the analysis described above was 
repeated. Two m ain results were found: (1) The 
general relation among the super regions discussed 
above was reaffirmed. (2) Some of the large re­
gions discussed in Sections 7.3.1 to  7.3.6 had large 
variability w ithin them  so th a t the idea of uniform  
variation in precipitation over them  is dependent, 
to some exten t, on the distribution of d a ta  s ta ­
tions, areal averaging techniques (cf. Section 7.2), 
and analysis m ethod (particularly Africa). These 
cautions have been expressed earlier in this chap­
ter.

7.5 CONCLUSIONS AND RESEARCH 
RECOM M ENDATIONS

P ast work and current results indicate the existence 
of large-scale regional coherence in the precipitation 
field of the planet. One m ight guess in advance 
th a t any C 0 2 -induced clim ate changes should be 
m anifest in one or more of these regional signals.

Unfortunately, these coherent precipitation var­
iations are characterized by large na tu ra l variabil­
ity associated w ith decadal tim e scales or trends. 
Even the way in which the rainfall d a ta  are aver­
aged and subsequently analyzed causes unexpect­
edly large pertu rbations in a ttem p ts  to  form quan­
tita tiv e  estim ates of regional changes. Both of these 
types of noise will make it difficult to  detect the 
presence of a small C 0 2 -induced signal.

Perform ing massive averaging of the rainfall 
d a ta  in search of a global precipitation signal seems

senseless a t th is stage. The historical d a ta  cover­
age is not global. Furtherm ore, the d a ta  from  the 
land masses do not support the concept of a  globally 
coherent precipitation signal.

There are several fu ture areas of activity  th a t 
deserve special a tten tion  if any a ttem p t is made 
to  search for a C 0 2 -induced signal in precipitation. 
These are as follows:
1. The precipitation d a ta  base m ust be expanded 

and homogenized, particularly  over the oceans. 
Detailed studies of th is d a ta  base should be un­
dertaken so th a t  meaningful estim ates of re­
gional averages can be made. Development of 
such averages, based on high d a ta  densities and 
geophysically oriented m apping techniques, may 
reduce, som ewhat, the noise of individual s ta ­
tion d a ta  through which a CO 2  signal m ust be 
sought.

2 . It seems appropriate  th a t greater effort be made 
to  look a t the magnification of minor precipita­
tion changes by different parts  of the biogeo­
chemical system. This may not be an easy task. 
For instance, the results of prelim inary work of 
Revelle and W aggonner (1983) have shown th a t 
small changes in rainfall, coupled w ith air tem ­
perature  changes due to  increased levels of CO 2 , 
could produce a relatively large change in runoff 
and subsequent river flow in the western United 
States. However, Idso and Brazel (1984) in­
cluded biological considerations and arrived at 
the opposite conclusion. Both studies should 
be considered to  be speculative. Nevertheless, 
changes in lake levels and chemistry, vegetation 
types, and so forth , may be far more sensitive in­
dicators of changing precipitation regimes than  
relatively crude m easurem ents from a  group of 
widely spread, imperfectly operated rain gauges.

3. P recip itation  in tegrators or proxies [which need 
not magnify small precipitation changes as in 
(2 ) above] seem well w orth substantial study, 
as they may relate to  the CO 2  signal detection 
problems. River discharge is a likely candidate. 
Exam ples of w hat m ight be done in this area ap­
pear in studies of the Nile discharge, tree rings, 
and so forth , which offer less direct bu t still 
potentially  useful m easures of precipitation cli­
m ate. Serious consideration should be given to  
determ ining w hether such proxies can be used 
in a signal detection study.
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• 8.1 IN TRODU CTIO N

The atm ospheric carbon dioxide (CO 2 ) concentra­
tion has been increasing m easurably as a  result of 
hum an activ ities since the m id-19th century. As a 
result of these agricultural, industrial, and energy- 
related emissions, the CO 2  concentration in 1985 is 
estim ated  to  be about 25% greater than  the pre- 
anthropogenic baseline value, which is presumed to  
have been relatively stable for a t least a  few cen­
turies preceding 1850 (Trabalka 1985).

Theoretical studies and empirical evidence indi­
cate th a t increasing the atm ospheric concentration 
of gases such as CO 2  which absorb infrared rad ia­
tion will lead to  a warm ing of the surface and to 
changes in precipitation pa tte rns, snow cover, sea 
level, and m any other clim ate variables. The best 
num erical models available indicate th a t global av­
erage surface tem peratures would rise a few degrees 
Celsius if the CO 2  concentration were to  increase 
from 300 to  600 parts per million by volume (ppm) 
and a  new equilibrium  clim atic s ta te  were to  become 
established (Schlesinger and M itchell 1985).

The warm ing and other clim ate changes th a t 
m ight be expected as a  result of the tim e-dependent 
increase in CO 2  concentration th a t  has already oc­
curred m ust currently  be estim ated using simple 
models th a t make many significant approxim ations. 
These simple models indicate th a t the global w arm ­
ing to  be expected from the CO 2  increase over the 
last 150 years is probably in the range from about 
0.3 to  1.1 °C (see C hapter 4 of this volume and Hof- 
fert and Flannery [1985]). The large range results 
from uncertainties in the initial CO 2  concentration 
(260-280 ppm ), differences in the trea tm en t of the 
ocean, and the differing model estim ates of the cli­
m atic sensitivity to  doubled CO 2  (1.5-4.5°C). As 
im portan t, and equally uncertain, the results from 
the clim ate models suggest th a t , even w ithout fur­
ther grow th in the CO 2  concentration, the 25% in­
crease th a t has already occurred has com m itted the 
E arth  to  a  further warm ing of abou t 0.1-1.0°C. The 
clim atic effects of increasing concentrations of o ther 
infrared-absorbing trace gases would be in addition 
to  the changes th a t  are due to  the increasing CO 2  

concentration (W ang et al. 1985).
A further warm ing of several degrees Celsius, as 

is projected by models to  occur over the next few 
centuries, could cause serious ecological and social

perturbations. M ean surface tem peratu re  in his­
torical tim es has been relatively stable, bu t even 
the m inor fluctuations of tem pera tu re  and precipi­
ta tion  experienced in the past have had significant 
societal im pacts. A useful and thorough analysis of 
these poten tia l im pacts requires th a t the ranges, the 
rates, and the spatial resolution of projected clim ate 
changes be adequately specified (W hite 1985).

An im portan t aspect of developing more accu­
ra te  estim ates is to  compare available model projec­
tions w ith the clim ate changes th a t should already 
have been induced by the increased CO 2  concen­
tra tion . In the companion volume to  this report, 
M acCracken and Luther (1985) describe steps rec­
ommended to  improve projections of future clim ate 
changes. This volume describes the efforts to  iden­
tify such changes and to  relate them  to the model 
results as a test of model accuracy.

Over the past 10 years, there has been increas­
ing recognition of the difficulties inherent in detect­
ing and then a ttrib u tin g  any clim ate change to  the 
rising C O 2  concentration, especially in the pres­
ence of potential changes induced sim ultaneously 
by natu ra l variations in solar irradiance or in the 
stratospheric aerosol loading resulting from volcanic 
eruptions. The spatial and tem poral resolution of 
the d a ta  bases needed to  undertake the search for 
the CO 2  signal is still insufficient, although signif­
icant progress is being m ade to  improve the situa­
tion. New approaches have been developed for an­
alyzing the d a ta  and for assessing the role of the 
oceans in delaying the expected equilibrium w arm ­
ing. C lim atic variables other than  tem perature  are 
beginning to  be examined. This chapter sum m a­
rizes w hat we have learned as a  result of the studies 
described in detail in C hapters 1 through 7, in which 
complete references appear.

8.2 D ETEC TIO N  STRATEGIES 
(C H A PTER  1)

Analyses of geological and o ther proxy indicators of 
clim atic conditions over the E a rth ’s history demon­
stra te  th a t  substan tial variations have occurred over 
all tim e and space scales. Over historical times 
there have been variations in the  mean tem perature 
am ounting to  as much as perhaps a  degree Celsius 
on the global scale and a few degrees over conti­
nental size regions. The causes of these variations
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have not been established, although atm osphere- 
ocean interactions, changes in stratospheric aerosol 
loading, and variations in solar irradiance m ay have 
contributed to  the generation of this background 
level of variability (or “noise” ) from which the CO 2 - 
induced pertu rbation  (or “signal” ) m ust be distin­
guished.

The C O j-induced pertu rbation  has two stages. 
The prim ary effect consists of a lteration  of the local 
radiation environm ent. The secondary consequence 
consists of large-scale shifts in the atm ospheric and 
oceanic circulations resulting from the in tegrated  ef­
fect of the spatially nonuniform  changes in radiative 
fluxes. Local rad iation  pertu rbations may, in places, 
be masked or even reversed by the changes in the 
general circulation. Developing a  workable s tra t­
egy for detecting th is complex CO 2  signal from the 
clim atic background variations as early as possible 
is im portan t if the validity of clim ate models is to 
be evaluated and the necessary understanding is to 
become available so th a t im pact studies can be con­
ducted and policy options developed.

There are three elem ents of a  C 0 2 -detection 
strategy, all intended to  contribute to  be tte r pro­
jections of the fu ture clim ate. F irst, m onitor cli­
m atic conditions, assemble representative and ac­
curate d a ta  bases of relevant variables, and ana­
lyze these records to  determ ine the changes th a t 
have occurred, especially for those variables th a t 
are expected to  change by statistically  significant 
am ounts. Second, identify and quantify the vari­
ous factors— both n a tu ra l and anthropogenic—th a t 
may be contributing to  clim ate changes, fluctua­
tions, and oscillations. T hird , isolate th a t part 
of the clim ate change a ttrib u tab le  to  an increasing 
CO 2  concentration (together w ith concentrations of 
other trace gases) from  changes and variations aris­
ing from other factors (both  of high and low fre­
quency), and then compare the results w ith the the­
oretically projected CO 2  effects.

This strategy requires knowledge of, to  vary­
ing degrees, the tim e history of the changing CO 2  

concentration and projections of how the clim ate 
should be changing in response to  the changing CO 2  

level. A lthough uncertainties exist, the CO 2  con­
centration was probably between 260 and 280 ppm  
a t the beginning of the preindustrial era (Trabalka 
1985). C lim ate models indicate th a t  the increasing

CO 2  concentration will induce a global w a rm in g -  
occurring a t differing rates a t  different locations— 
but likely to  be larger than  elsewhere along zones 
of m elting snow and sea ice. Seasonal variations 
in the warm ing are related, in p a rt, to  the vary­
ing pa tte rn s  of the poleward re trea t of snow and ice 
fields. W hile the troposphere is expected to  warm , 
the stratosphere should cool. Average precipitation 
should increase on a  global basis, bu t the seasonal 
and regional pa tte rns of the changes are quite un­
certain. The upper ocean should w arm  and sea ice 
should retreat; sea level is expected to  rise as a  re­
sult of therm al expansion and glacial m elting.

A num ber of approaches have been proposed to 
search for this m ultifaceted CO 2  signal. In order to  
prove the cause-effect relationship, these theoreti­
cal approaches all require detailed quan tita tive  pro­
jections of the expected clim ate changes as a func­
tion of the increasing CO 2  and trace gas concentra­
tions. The lim itations and uncertainties currently 
present in these projections (see C hapters 4 to  6  

in M acCracken and Luther [1985]) make the search 
for the CO 2  signal particularly  difficult. One of 
the problem s is th a t  long-term  tem perature records 
are available from only lim ited regions and model- 
projected pertu rbations are much less certain  on a 
regional and seasonal basis than  on annual average 
and global scales.

A ttem pts to  identify the presumed CO 2  signal 
have become increasingly complex. The initial tri­
als consisted of a trad itional signal-to-noise analysis 
of the N orthern Hemisphere land surface tem pera­
ture series. This is especially difficult because the 
CO 2  concentration s ta rted  increasing a t about the 
same tim e as the early observational network was 
being established. As a  result, no adequate, con­
sistent record of baseline unperturbed clim ate ex­
ists to  which the recent clim ate can be compared. 
In addition, averaging the early observations and 
the recent records over intervals of several decades, 
which is necessary because of the variability (noise) 
in the da ta , reduces the projected CO 2  signal.

A second approach focusing on noise reduction 
has also been pursued. This approach a ttem p ts  to 
develop a  less variable clim atic record by su b trac t­
ing variations th a t  may be induced by factors other 
than  CO 2  and then to  apply signal-to-noise analy­
sis. This approach requires th a t  the climatic effects 
of these o ther pertu rbations be defined, either by
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' si^nal-to-noise analysis (or other sta tistica l analy­
ses) or by model studies. Both of these approaches 
suffer lim itations sim ilar to  those involved in detect­
ing the CO 2  signal and, as a result, noise reduction 
analyses can produce uncertain identification of the 
CO 2  signal.

To bring some stab ility  to  the single variable de­
pendence of the signal-to-noise and noise-reduction 
approaches, a  m ulti-com ponent, or “fingerprint,” 
approach has been proposed. W ith th is m ethod, 
the records of several different variables, including 
the spatial pa tte rn s  of the changes, are analyzed to 
determ ine if, as a coupled set, the projected changes 
due to  increasing C O 2  are occurring. A lthough this 
approach has some m athem atical advantages, it re­
quires th a t adequate sets of several variables be 
available, and it places more dependence on (and 
is a more stringent test of) model projections of the 
expected CO 2  signal.

Each of the above approaches has advantages 
and disadvantages; all can make contributions, but 
none now provides a  unique, unequivocal identifi­
cation of projected CO 2  signal. The following sec­
tions review the application, or potential applica­
tion, of these approaches to  the different d a ta  bases 
described in the preceding chapters of this volume.

8.3 TH E D IR EC T EFFE C T S OF
CARBON DIOXIDE ON RADIATION 
(C H A PTER  2)

The direct effect of increasing CO 2  and trace gas 
concentrations is the alteration  of the E a r th ’s ra ­
d iation balance (see C hapter 2 of th is volume and 
Luther and Ellingson 1985), which in tu rn  a lters the 
clim ate and further alters the longwave radiances. 
Changes in the concentrations of these gases will 
have a relatively small influence on the absorption 
and scattering of solar radiation by the atm osphere. 
The local variability  of solar radiation a t the sur­
face as a result of variations in cloudiness and other 
variables is so great th a t a  surface network to  de­
tect the projected flux change would not be feasible; 
num erical representations of this effect can be much 
b e tte r tested by com parison of their predictions to 
laboratory experim ents.

Larger changes are expected to  occur in the 
spectral radiance of longwave (infrared) radiation 
in the atm osphere. Carbon dioxide and various

trace gases (prim arily m ethane, nitrous oxide, and 
various chlorocarbons) as well as w ater vapor and 
ozone, which may change as a result of clim atic and 
chemical interactions, can absorb and em it long­
wave radiation a t particular wavelengths, depend­
ing on their particu lar molecular s tructu re  and the 
atm ospheric conditions. Thus, changes in the con­
centrations and distributions of these substances a l­
ter the upward and downward fluxes of infrared ra ­
diation, including, along with changes in tem per­
a tu re , a lteration  of the spectral radiance (i.e., the 
distribution of energy over wavelength).

Changes in fluxes occur throughout the a tm o­
sphere. These changes may be observable on a  rou 
tine basis either a t the surface or from space, wher 
satellite platform s may facilitate observation. Mr 
surem ent of changes in both  the broadband ■ 
spectral com ponents of the longwave fluxes a t ’ 
the surface and in space have been consider 
a basis for detecting the radiative and climr 
fects of increasing CO 2  and trace gas cor 
tions. However, such m easurem ents do 
vide a practical approach because of the • 
ues of the flux perturbations. Given the sjp
slow changes in atm ospheric CO 2  concer 
the tendency of the Earth-atm ospher^ Jl 
adjust the outgoing longwave flux to  balance the 
net incoming solar flux, changes in the outgoing 
broadband flux would be expected to  occur mainly 
to  com pensate for planetary  albedo variations— not 
prim arily for CO 2  changes. Any broadband CO 2  

signal would likely be several orders of m agnitude 
smaller than  both  the net outgoing radiation and its 
seasonal variations, and hence be undetectable with 
any plausible observational and analysis system. Al­
though the downward infrared flux a t the surface for 
a doubling of the CO 2  concentration (and associated 
other atm ospheric perturbations) could increase by 
several percent, the variations from place to  place 
and day to  day are so large th a t advanced analysis 
techniques would have to  be developed and applied 
for several decades in order to  separate the C O 2  

signal from the noise.
C alculations w ith detailed radiation models in­

dicate th a t  a t some wavelengths, however, the frac­
tional change in flux radiance m easured w ith high- 
resolution instrum ents could be quite large, and 
changes of the radiance as a  function of wavelength
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could provide im portan t inform ation about the spe­
cific causes of the changes (e.g., changed gas concen­
tra tion , increased tem perature , etc.). Ju st as is the 
case for a ttem p ting  to  detect the broadband flux 
change, im portan t lim itations arise in a ttem pting  
to  detect these changes a t the surface using spec­
tra l m easurem ents. The complexities and uncer­
tain ties related  to  w ater vapor continuum  absorp­
tion would make in terp re ta tion  of the causes of flux 
changes difficult. In addition, spatial and tem poral 
variability of the flux changes (and perhaps of the 
CO 2  concentration itself) would necessitate an ex­
tensive netw ork of in tercalibrated  sta tions and rel­
atively long records; such an effort would be expen­
sive and does not appear a promising m ethod for 
evaluating model projections.

Satellite m easurem ent of shifts in the spectral 
d istribution of outgoing infrared rad iation  a t the 
top of the atm osphere on a several-decade tim e scale 

J may provide an indication th a t CO 2  is increasing 
(an observation m ade much more easily and ac­
curately from  the surface), th a t the upw ard flux 

being em itted  from higher levels in the atm o- 
^here, and th a t  the atm osphere is warm ing on a 
kly global basis. P roper in terp reta tion  of such 
suits, which m ight well be difficult, would also re­

quire th a t  the atm ospheric d istribution of tem pera­
ture , clouds, w ater vapor, and other constituents be 
m onitored, however. Thus, a  very large d a ta  base 
would be required for both  surface and satellite ap­
proaches.

L im itations to  w hat could be learned arise for 
several reasons. An im portan t source of uncertain ty  
is the lack of adequate understanding about the ra­
diative properties of atm ospheric gases, particularly  
for the w ater vapor absorption continuum  and for 
overlaps between w ater vapor and other gases. For 
m easurem ents m ade from space, it is also extremely 
difficult to  m aintain  calibration over long periods 
of tim e. In addition, m easurem ents from  space 
would not provide significant inform ation abou t ra­
diative and clim atic changes near the surface, which 
is where clim ate models are in the greatest need of 
verification.

Thus, while a  detection effort m aking use of 
satellite observations of spectral radiance m ay be 
feasible, it is not likely to  provide the tim ely infor­
m ation needed to  verify the performance of clim ate 
models.

8.4 DATA BASES AVAILABLE FO R
ISOLATING THE CLIM ATIC EFFE C T S 
OF CARBON DIOXIDE (C H A PTER  3)

Successful detection of potential C 0 2 *induced per­
tu rbations is dependent upon d a ta  bases th a t de­
scribe the behavior of the climate. These d a ta  bases 
m ust include records of observations over extended 
periods and large areas of the globe so th a t  the rel­
atively small and slowly emerging CO 2  signal can 
be distinguished from the other local, regional, and 
tem poral variations in the clim atic variables. This 
s tatistically  based requirem ent severely lim its the 
set of clim atic variables th a t can be considered. In 
this volume, the d a ta  bases for tem perature, precip­
ita tion , and some oceanic and cryospheric param e­
ters have been examined.

Surface air tem perature has been the most 
widely and consistently observed m easure of the 
climate. Over the past 10 years, intensive efforts 
have been made to  expand and improve the qual­
ity of the hemispheric and global air tem perature 
record. Over land, this has involved studies of his­
torical docum ents and determ ination of possible in­
fluences of changing station  environm ents, changing 
m easurem ent procedures, and other biases and er­
rors in the d a ta  bases. M onthly and annual average 
tem peratu re  anomalies a t individual stations have 
been in terpolated  to  latitude-longitude grids. This 
short-term  averaging in tim e and space has helped 
reduce the variations due to  local effects.

W ithin the last few years, considerable progress 
has been m ade in reviewing and assembling tem ­
peratures of the ocean surface layer and of the air 
tem pera tu re  over the ocean. Although instrum ent- 
related and other potential biases in these d a ta  re­
quire a tten tion , the observations have greatly ex­
panded the d a ta  coverage and representativeness of 
the tem peratu re  record.

A lthough extending back in tim e only into the 
1950s, the d a ta  base of tropospheric and s tra to ­
spheric tem peratures offers the poten tia l for detec­
tion studies because of significantly reduced diur­
nal and spatia l variability, th a t is, the background 
clim atic noise. In addition, the projected s tra to ­
spheric tem perature  change due to  the increasing 
CO 2  concentration is larger and of opposite sign to  
projected tropospheric changes, so th a t it m ay be
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' ail im portan t elem ent in a m ulti-com ponent analy­
sis scheme. The m ain disadvantage, however, is th a t 
stratospheric tem peratures respond mainly to  ra­
diative pertu rbations (induced by changes in CO 2 , 
ozone, aerosol loading, etc .), and therefore do not 
provide a  strong indication of how accurately cli­
m ate models may be trea ting  tropospheric and sur­
face processes and feedback mechanisms. In addi­
tion , the reliability and accuracy of radiosonde da ta  
decrease in the stratosphere.

The precipitation record is also being substan­
tially im proved, bu t there rem ain many po ten tia l bi­
ases arising because the spatial scale of na tu ra l vari­
ations and pertu rbations in precipitation is smaller 
than  the resolution provided by the observation net­
work. The po ten tia l for detecting changes in precip­
ita tion  by averaging over very large regions is dis­
cussed more fully in C hapter 7 of this volume and 
in Section 8 .8 .

D ata  bases needed to  search for clim ate change 
in oceanic and cryospheric variables are discussed 
in Sections 8 . 6  and 8.7 in the context of the search 
for changes in these fields.

In addition to  d a ta  bases of climatic variables, 
the noise-reduction approach, in particular, requires 
th a t  d a ta  bases describing changes in o ther po­
tentially  influential factors be available. Aerosols 
injected by volcanoes in to  the stratosphere and 
changes in solar irradiance are the two phenom ­
ena believed to  have noticeable clim atic effects, al­
though changes in tropospheric aerosol loading or in 
surface characteristics may also be having some in­
fluence. C orrelations of various measures of aerosol 
loading (e.g., acidity in ice cores) and m ajor vol­
canic eruptions suggest th a t m ost, bu t perhaps not 
all, m ajor volcanic eruptions of the last century have 
been identified, bu t the global d istribu tion  of the 
resulting aerosol burden (much less its effect on 
planetary albedo) is generally poorly known. Es­
tim ated  effects of the  aerosol on solar rad iation  of­
ten come from  lim ited observations, sometim es in­
directly. The tem poral resolution of the  volcanic 
aerosol record does not m atch the m onthly resolu­
tion of the tem pera tu re  record. This may be partly  
due to  estim ation m ethods th a t  provide only sea­
sonal or annual resolution of the deposition of the 
aerosol, which may occur m onths or even years after 
the eruption.

Im portan t progress is now being made in esti­
m ating changes of solar irradiance. Previous tech­
niques have had to  rely on surface m easurem ents, 
which are of lim ited accuracy because of absorp­
tion and scattering of solar radiation by the atm o­
sphere. Observations of solar diam eter and satel­
lite m easurem ents of solar irradiance over the last 5 
years are beginning to  allow development of possible 
relationships between irradiance and proxy indica­
tors such as sunspots so th a t a  useful reconstructed 
record may become available for detection studies.

Much less can be and is being done to de­
velop records of changes in other variables affect­
ing the E a r th ’s heat budget; records are needed 
th a t describe tropospheric aerosol loading (includ­
ing source and composition) and surface character­
istics such as albedo, land use, and m oisture avail­
ability (i.e., extent of irrigation). M onitoring of the 
elements of the E a rth ’s energy balance, including 
particularly  the planetary albedo, are essential to 
help address these difficulties.

Although lim itations rem ain, a review of recent 
activities indicates th a t im portan t progress is being 
made in assembling and improving the d a ta  bases 
needed to  undertake the search for the CO 2  signal.

8.5 SEARCHING TH E TEM PERA TU RE 
RECORD (C H A PTER  4)

M ost efforts to  identify a  po ten tia l C 0 2 -induced sig­
nal have examined the surface air tem perature d a ta  
set, for which the records are longest and most com­
plete. Because of the high tem poral variability th a t 
w eather introduces into single station  da ta , analy­
sis of such records, even in the few cases when they 
are long and not biased by local effects, makes de­
term ination of the gradual tem perature change due 
to  rising CO 2  very difficult. To reduce the vari­
ability, spatial averaging of the local anomalies is 
usually performed in order to  generate large-scale 
(e.g., polar, m idlatitude, and tropical), hemispheric, 
and global averages. Such averaging presumes th a t 
the available observations, frequently w ith incom­
plete coverage, reasonably and consistently repre­
sent changes over the entire domain. This may not 
always be valid.
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Analyses of the changes in Northern Hemisphere 
mean annual tem peratu re  com puted from land s ta ­
tion d a ta  over the last 1 0 0  years indicate th a t  tem ­
peratures changed little  from 1850 to  1880, de­
creased in the late  1800s, increased until the m id­
dle 1940s, decreased again until about 1970, and 
have generally increased thereafter. This p a tte rn  is 
not in accord w ith the monotonic tem perature  rise 
expected to  result from the steady increase of the 
CO 2  concentration; influences other than  CO 2  m ust 
also have contributed to the hemispheric tem pera­
tu re  changes.

M arine air tem peratures generally indicate a 
sim ilar, perhaps steadier, cooling in the late  1800s, 
and warming during the first half of the 2 0 th  cen­
tury. There is a high variability in the records 
on land and over the oceans prior to  this century 
th a t  may result from  the lim ited spatial coverage 
of the observations. There may, however, be fac­
tors other than  C 0 2 -induced climatic effects th a t 
are also causing the warming.

The combined record of land and ocean anom a­
lies in surface air tem peratu re  since about 1900 in­
dicates an increasing, bu t oscillatory, trend of about 
0.4 to  0.6°C per century in the N orthern Hemi­
sphere (the 1940s to  1970s cooling, prim arily of land 
areas, is less evident in the combined record). In 
those parts of the Southern Hemisphere for which 
d a ta  are available, there has been an overall w arm ­
ing since a t least 1900 a t a  ra te  of between 0.3 and 
0.7°C per century. These ranges in the trend  reflect 
uncertainties in the d a ta  bases arising from such 
factors as uneven and changing sta tion  location (es­
pecially prior to  abou t 1920) and from m erging of 
d a ta  having different origin, length, and geographic 
coverage (especially in the Southern Hemisphere). 
Possible bias also arises from changes in s ta tion  en­
vironm ents (e.g., warm ing due to  urbanization).

The warm ing trend  th a t has been observed 
is generally consistent w ith the warming expected 
from an increasing CO 2  concentration, bu t applica­
tion of the various detection strategies has not yet 
resulted in unequivocal and quan tita tive  identifica­
tion of the CO 2  signal. This failure to  convincingly 
detect the CO 2  eflfect occurs in part because it is 
difficult to  account for w hat appear to  be coinci­
dental long-term  clim ate fluctuations spanning sev­
eral decades to  a  few centuries th a t are evident, for 
example, in long-term  records a t the few individual

sites for which such records are available. The fluc­
tuations are also suggested by ice core, tree ring, 
and some other proxy da ta . These records show 
th a t some of the warm ing and cooling over the last 
1 0 0  years is probably a result of longer term  flucta- 
tions unrelated to  CO 2  th a t may either be obscur­
ing or amplifying the CO 2  effect. Another diffuculty 
arises because of the lim itations in the d a ta  set, in­
cluding greatly varying spatial coverage over the last 
century. As a  result, the hypothesis th a t m ost of the 
fluctuations may be due to  factors other than  CO 2  

cannot now be rejected.
Signal-to-noise studies have divided the record 

into m ultidecadal segments. Com parison of, for ex­
ample, the average hemispheric surface air tem per­
atu re  from 1955 to  1985 w ith earlier intervals of 
sim ilar length shows no statistically  significant tem ­
perature increase.

A wide range of noise-reduction studies have 
been applied to  the hemispheric mean tem perature 
record, and several have claimed identification of 
the CO 2  signal. Because of known physical links 
w ith clim ate, stratospheric aerosol loading, over­
all atm ospheric turb id ity , and solar irradiance have 
been studied as factors th a t  may be causing much 
of the high-frequency variance obscuring the low- 
frequency CO 2  effect. The indirect natu re  and poor 
quality of the records of these factors and the lim­
ita tions in our understanding of their clim atic ef­
fects (both  in m agnitude and phase) together in­
troduce substan tia l uncertainties into such analyses. 
As a  result, although several studies have suggested 
the presence of a C 0 2 -induced effect, in m ost cases 
falling in to  the lower range predicted by models, 
these analyses are strongly dependent—and in vary­
ing ways—on largely arb itrary  estim ates of the cli­
m atic effects of changes in aerosol loading and solar 
irradiance which, to  a  large extent, are supposedly 
m asking the presence of the expected C 0 2 -induced 
warming. The conflicts in the detailed in terp re ta­
tions, if not in the general conclusions, are discom­
forting and the results of the different diagnostic 
analyses can hardly be taken as m utually  reenforc­
ing. Even though one of these diagnostic analyses 
may be essentially correct, there is no way to  tell 
which one until d a ta  bases are improved and the 
results of individual analyses reconciled.

A ttem pts have also been made to  search for the 
CO 2  signal in the record of free air tem peratures.
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‘However, because of the short record, unknown n a t­
ural variability, and instrum ental problems, the free 
atm osphere tem peratures have also not yet demon­
stra ted  a C 0 2 -induced effect.

A few m ulti-com ponent detection analyses have 
been attem pted . Their results have been lim ited by 
uncertainties in both  the model results and by the 
lim ited availability of various d a ta  sets. For exam ­
ple, exam ination of the seasonal and latitud inal p a t­
tern  of the tem pera tu re  change has been a ttem pted , 
b u t its dependence on uncertain model results—in 
addition to  the o ther problem s raised by analysis of 
the hemispherically averaged d a ta  set itself—results 
in severe constrain ts in dem onstrating detection. A 
second approach th a t involves contrasting of tropo­
spheric warm ing and stratospheric cooling has also 
not yet been successful in identifying the CO 2  sig­
nal.

Thus, although the d a ta  appear to indicate an 
oscillatory warm ing since the end of the last century, 
a  unique and quan tita tive  cause-effect a ttrib u tio n  
to  increasing CO 2  and trace gas concentrations has 
not yet been convincingly dem onstrated. In addi­
tion, even if the warm ing has been due to  CO 2 , its 
m agnitude is alm ost a factor of 2  less than  expected 
from those model results in which the tim e lag in­
duced by the oceans is only a  few decades; for model 
calculations in which the ocean lag tim e is estim ated 
to  be more th an  a  century, there is much nearer, bu t 
still not excellent, agreem ent w ith observations.

8 . 6  SEARCHING TH E OCEANIC RECORD 
(C H A PTER  5)

The ocean is an essential com ponent of the clim ate 
system. The increasing C O 2  and trace gas concen­
tra tions are, in p a rt, controlled by the oceans; in­
creased evaporation from the warm ing oceans am ­
plifies the greenhouse feedback, b u t the oceans’ 
large heat capacity acts to  slow the warm ing. This 
last in teraction is extremely im portan t, b u t still 
poorly understood. The atm ospheric tem peratures 
are influenced directly by the surface layer of the 
oceans; for the global air tem peratu re  to  w arm  sig­
nificantly, th is surface layer m ust w arm  too. The 
mixed layer tem peratu re , however, is also influenced 
by in teractions w ith the deep ocean. Because of its 
large heat capacity and its coupling to the upper 
ocean layer, the deep ocean influences the ra te  of

atm ospheric warming. Additional interactions are 
less direct. Changes in the hydrologic cycle affect 
ocean salinity, and changes in atm ospheric circu­
lation (wind stress) influence ocean currents; both 
types of changes can influence how the oceans re­
spond to  C 0 2 -induced warming. W arming of the 
oceans and changes in ocean w ater mass as a  re­
sult of the m elting of glaciers and icecaps can in­
crease sea level, whereas snow accum ulation on ice­
caps would tend to  decrease the sea level.

A lthough there is general agreement th a t  the 
oceans may w arm  and ocean currents m ight change, 
the quan tita tive  response of the oceans to  the in­
creasing CO 2  concentration has been much less 
studied than  th a t  of the atm osphere and many im­
p o rtan t aspects rem ain uncertain. Projections of 
the oceanic response are receiving increasing a tten ­
tion, bu t results to  date  are lim ited prim arily to  esti­
m ates of global oceanic warm ing, sometimes treated  
as only a function of la titude  and depth. M ost re­
cent analyses have focused on the search for trends 
in sea surface tem perature.

A serious lim itation  in oceanic studies is the 
lim ited quality of the d a ta  bases. The oceans are 
large, and only some parts are sufficiently well sam ­
pled a t the surface. Much less information exists on 
subsurface conditions. M easurem ent m ethods have 
changed over the period of record. For example, 
the bucket m ethod for m easurem ent of sea surface 
tem perature  was gradually replaced by the engine 
in take m ethod around the middle of this century, in­
troducing a potential warm ing bias of up to several 
ten ths of a  degree Celsius, which is com parable to  
the expected C 0 2 -induced signal. Ship tracks have 
changed to  make use of advantageous w eather, and 
ship heights, weights, and structural m aterials have 
changed, and w ith them , the height and the envi­
ronm ent surrounding the instrum ents.

The record of oceanic tem peratures has uneven 
coverage over the E arth  and is particularly poor in 
the middle and high la titudes of the Southern Hemi­
sphere. Intensive eflForts are being made to  develop 
representative estim ates of changes in the global av­
erage sea surface tem perature . After correction for 
instrum ental effects, the  surface tem perature d a ta  
indicate a  cooling of abou t 0.4°C from the late  1800s 
to  about 1910, a  warm ing of about 0.5°C into the 
1950s, followed by a m odest cooling. Im portan t 
questions are w hether some of the warming could

Volume Summary 171



be a result of the change in m easurem ent technique 
and w hether some of the variation could be unre­
lated to  the changing CO 2  concentration. Thus, it 
appears prem ature to  indicate th a t a  C 0 2 -induced 
w arm ing is present.

The situation  is even more uncertain for sub­
surface ocean tem peratures (which should w arm ), 
salinity (which should decrease if glacial m elt is in­
creasing the m ass of ocean w ater), density (which 
combines tem peratu re  and salinity changes), and 
circulation (for which predictions are not available). 
There are very lim ited and diverse indications of 
secular changes in subsurface tem perature , depend­
ing on where the m easurem ents are being made, and 
apparen t trends appear to  be well below the noise 
level. Salinity has also shown mixed changes, w ith 
much a tten tio n  focusing on a recent freshening of 
deep A tlan tic  w aters. It is not clear whether this 
is a  C 0 2 -induced pertu rbation . Density m easure­
m ents actually  suggest th a t the ocean may be cool­
ing instead of warm ing, bu t these changes are still 
well w ithin the range of na tu ra l variability.

Sea level changes provide another potential cli­
m atic indicator. M easurem ents of sea level have 
been m ade for m any years a t a  num ber of stations 
and the histories of relative sea level can be gen­
erated  for coastal stations over much, bu t not all, 
of the globe. However, the land areas in many 
locations are still rebounding or subsiding in re­
sponse to  the relatively recent removal of the Pleis­
tocene icecaps, some of which were still present 
8,000 years ago. A lthough partial corrections can 
be m ade, these problems introduce im portan t un­
certainties into detection analyses. For example, 
even after these ad justm ents for coastal deforma­
tions, the sea level trends over the last century are 
not the same over all areas of the globe, indicating 
th a t the records a t particu lar sta tions are still con­
tam inated  by factors such as crustal m otions and 
circulation changes th a t  may be as large as, but 
have little  or nothing to  do w ith, any C 0 2 -induced 
effect.

On a  global basis, recent analyses suggest th a t 
relative sea level has been rising a t a  rate  of about 
10-25 cm per century over the last 100 years (Chap­
ter 5 and Polar Research Board 1985). Therm al ex­
pansion induced by CO 2  warm ing and ice m elt may 
be in p a rt responsible. The ex ten t of oceanic warm ­
ing since the middle of the last century, a t  least

a t the surface, is becoming b e tte r known. Present' 
studies appear to  indicate th a t  therm al expansion 
is contributing to  sea level rise, although it may not 
be the only factor. However, more observations, 
particularly  on the changes of subsurface tem pera­
ture, are needed to  b e tte r determ ine the role of this 
effect since the rise may, a t  least partially, also be 
explained by factors unrelated to  CO 2 . The angu­
lar shifts in the E a r th ’s axis of ro ta tion  are gener­
ally consistent w ith the hypothesis th a t  m elting of 
m ountain or polar icecaps is a m ajor contributing 
cause to the sea level rise, bu t there are also other 
plausible hypotheses about the causes of the axial 
shift (Polar Research Board 1985). More d a ta  and 
be tte r projections will be required to  enable a  CO 2  

signal in sea level to  be identified.
In summary, although sea level is rising and 

sea surface tem peratures are increasing, both in 
qualitative accord w ith expected CO 2  effects, these 
changes cannot yet be related quantitatively  to  
C 0 2 -induced perturbations. D etection of the CO 2  

signal will require b e tte r  model predictions and in­
creased efforts to  m onitor and analyze oceanic con­
ditions.

8.7 SEARCHING TH E CRYOSPHERIC 
RECORD (C H A PTER  6 )

Snow and ice cover are indicators of regional tem ­
perature  and precipitation. Because of the large 
la ten t heat of fusion, snow and ice thickness and 
areal coverage combine to  provide a complex and 
implicit integral of clim atic conditions over a pe­
riod of weeks to  m onths and, in the case of icecaps, 
millennia. Thus, in some sense, these indicators av­
erage out some of the unw anted short-term  noise.

Model sensitivity experim ents w ith a doubled 
CO 2  concentration indicate th a t, once a  new equi­
librium  clim ate is established, the thickness, du­
ration , and extent of snow cover and sea ice will 
be substantially  reduced and m elting of m ountain 
glaciers and polar icecaps will be accelerated. These 
large changes result from , bu t also contribute to , the 
amplified warm ing in high latitudes, particularly 
through snow and ice albedo feedbacks. This am ­
plified climatic response in high latitudes suggests 
th a t  cryospheric variables may be particularly  sen­
sitive indicators of clim ate change. Because appro­
pria te  calculations have not been done, estim ation
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* of w hat the C 0 2 -induced changes should have been 
over recent decades has had to  be based prim arily 
on in terpolation between the widely differing con- 

' tro l and doubled C O 2  equilibrium  sim ulations. This 
m ay be a poor approxim ation for several reasons. 
Snow and land ice accum ulation are controlled by 
precipitation and tem perature. In very cold regions 
such as the A ntarctic , small increases in tem pera­
tures may lead to  more snowfall ra ther than  less. 
For retreating  sea ice and snow cover, the seasonal 
dependence may lead to  a nonlinear relationship. In 
addition, the models are not yet capable of predict­
ing the large regional variability of snow cover th a t 
is now observed. Thus, while we may have a sense of 
how the cryospheric clim ate will ultim ately change, 
there are not yet accurate quan tita tive  model pro­
jections of w hat the large-scale CO 2  signal should 
be, especially on the regional scale.

The available d a ta  sets are improving. Snow 
cover and sea ice have been m onitored for alm ost 2 0  

years from satellites w ith relatively consistent crite­
ria  used to  estim ate extent. Snow cover can also be 
reconstructed from surface network d a ta  for the last 
few decades, although considerable gaps in spatial 
coverage do exist. P rior to  World War II, however, 
knowledge of the snow and sea ice in the N orth­
ern and, particularly , the Southern Hemisphere is 
very incomplete and irregular and, therefore, any 
reconstruction of past large-scale changes of snow 
and ice cover would be highly uncertain. In some 
regions, records of lake, river, and harbor freeze-up 
and break-up dates may serve as proxy inform ation 
for air tem peratu re  in d a ta  poor regions, although 
precipitation events can also be a  contributing fac­
tor.

D ata  on m ountain glaciers and the polar ice­
caps are quite lim ited. The snow/ice budgets of 
Greenland and A ntarctica, for example, are poorly 
known and cannot be used to  provide definitive es­
tim ates of CO 2  effects on sea level (Polar Research 
Board 1985). M ountain glaciers m ust be studied on 
a case by case basis, and their past size estim ated 
via indirect techniques, resulting in poor accuracy 
of global summ aries. There is no evidence th a t  the 
W est A ntarctic  ice sheet m ay be collapsing or de­
caying a t rates accelerated by a CO 2  perturbation .

Despite the lim itations in model projections 
of expected effects and in the  length of available 
d a ta  bases, analyses have been made to  determ ine

whether trends are evident. Substantial variabil­
ity is evident on hemispheric, regional, and local 
scales, with anomalies seeming to  persist for several 
years to  a decade or more. Thus, clear identifica­
tion of possible trends is not possible a t this tim e. 
No trend is apparent in N orthern Hemisphere snow 
cover. The summ er extent of Arctic sea ice was a t 
a m inimum  in the 1950s and has increased since. 
The average summ er sea ice extent around parts  of 
the A ntarctic apparently  decreased from the 1930s 
to  the 1970s, bu t much of this decrease may be due 
to  fluctuations induced by factors o ther than  CO 2 - 
induced warming.

Locally, changes may be occurring in some 
other cryospheric indicators. For example, there 
are indications of later freeze-up and earlier break­
up of ice in undisturbed lakes in Scandinavia and 
C anada and of higher tem peratures affecting the 
perm afrost. These observations have not, however, 
been confirmed over wider regions. M any moun­
tain  glaciers are retreating  and thereby contribu t­
ing to sea level rise, bu t others are advancing and it 
is difficult to  relate these changes to C 0 2 -induced 
perturbations.

In summary, lim ited data , inadequate under­
standing of the causes of cryospheric variability, the 
absence of decreasing trends in snow and ice cover, 
and a poorly defined CO 2  signal combine to  make 
cryospheric changes an uncertain indicator of the 
suggested CO 2  signal.

8 . 8  SEARCHING TH E PRECIPITA TIO N  
RECORD (C H A PTER  7)

The warming of the E a r th ’s surface resulting from 
increasing CO 2  and trace gas concentrations will in­
crease the intensity of the hydrologic cycle. Clim ate 
models project th a t the doubling of the CO 2  con­
centration will increase the precipitation and evap­
oration rates by 5-10% on a global basis. Precipi­
ta tio n  increases are likely to  occur in low and high 
latitudes w ith both increases and decreases occur­
ring in m idlatitudes, depending on season and lo­
cation. Evaporation is projected to  increase, par­
ticularly during the w arm  seasons over m idlatitude 
continents. These projections are, however, highly 
model dependent and should, therefore, be viewed 
as suggestive, but uncertain, especially in their re­
gional pa ttern .
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Precip itation  has been m easured a t many loca­
tions for very long periods. The alm ost complete 
lack of m easurem ents over the oceans, however, 
makes construction of a  global average estim ate im­
possible. As a result, comparisons w ith model pro­
jections can be a ttem pted  only over land regions. 
However, a  variety of problem s can arise w ith the 
land-based records. For example, station  relocation 
or changes in the sta tion  environm ent (higher tree 
height, etc.) can affect the observation. Precipita­
tion exhibits high local variability; as a consequence, 
a representative record of regional scale precipita­
tion requires a  denser network of stations than  is 
readily available. To reduce the effects of the lo­
cal variability, averaging of observations over wide 
regions is necessary.

An alternative m ight be to  simply m onitor and 
study the runoff from large watersheds. Unfortu­
nately, such detection studies would be very difficult 
because virtually  all river basins have been altered 
by societal activities—w hether by diking, damm ing, 
or removing w ater for urban or agricultural use. 
In addition, runoff is dependent on the difference 
between precipitation and evaporation, which is in 
tu rn  dependent on clim ate and land use. Thus, in­
terp re ta tion  of runoff d a ta  would be difficult, al­
though fu rther investigation may be w arranted.

Because of the complicated pa tte rn  of the CO 2  

signal, precipitation variations m ust be examined 
on a  regional scale. In virtually all regions exam ­
ined, the in terannual and decadal variability is such 
th a t it would be exceedingly difficult to detect a  rel­
atively small CO 2  signal. Of particu lar in terest is 
th a t  some of the variability appears to  be correlated 
to  o ther causal factors, such as the Southern Oscilla­
tion. The C O 2  signal would have to  rise above these 
effects unless such variations could be removed via 
a  noise-reduction approach.

Thus, although changes in precipitation am ount 
may be a  m ajor clim atic effect of an increasing CO 2  

concentration, convincing detection would be very 
difficult.

8.9 DOES TH E EV ID ENCE CONVERGE?

The findings from  each of the lines of inquiry taken 
individually are, by themselves, insufiicient to  con­
s titu te  convincing evidence th a t  the clim ate models

are correctly projecting the effects of the increas--, • 
ing CO 2  concentration on clim ate. However, to  
varying degrees, the evidence is generally consis­
ten t with, or a t least not contradictory  to, model 
projections of such effects. Very little  of the obser­
vational evidence is in direct conflict w ith the model 
calculations, bu t im portan t aspects of the projected 
changes are not yet evident.

Tem perature records from  both the Northern 
and Southern Hemisphere indicate a  warming over 
the length and area covered by reliable records and 
the overall trend is w ithin the range expected from 
clim ate models, especially if account is taken of the 
delaying effect of oceanic heat capacity. The cool­
ings of N orthern Hemisphere land and ocean areas 
from the late 1800s to  about 1910 and from about 
1940 to  1970, however, are unexplained and m ust 
either be artifacts of the d a ta  sets or result from 
factors other than  C 0 2 -induced effects, including 
perhaps internal oscillations of the clim ate system. 
The warming in those parts of the Southern Hemi­
sphere where d a ta  are available has been somewhat 
steadier and is more evident than  in the N orthern 
Hemisphere, bu t oscillations also occur there. Given 
these differences in regional warm ing, it  is difficult 
to  determ ine to  w hat degree the recent warm ing is 
due to  CO 2  and to  w hat degree it may be due to 
o ther factors.

Sea level rise is in broad accord w ith the ex­
pected CO 2  warming. The apparent contribution 
from m elting of m ountain glaciers could be a  re­
sponse to the C 0 2 -induced warming. The expected 
effect of therm al expansion is well w ithin the ob­
served range of sea level rise, and so it could be 
contributing to  the observed rise. This conclusion 
is preliminary, however, because much more care­
ful analysis of the possible role of other causes is 
needed.

The coupling between tem peratu re  and sea level 
m erits much closer investigation, especially w ith re­
spect to  the oceanic role in delaying the climatic 
warm ing. If the oceans are active in taking up heat 
and delaying the climatic warm ing (which could rec­
oncile the high sensitivity of m any recent model sim­
ulations with observations), then  sea level should 
be affected strongly by therm al expansion and rel­
atively modestly by glacial m elt; if the oceans play 
only a  lim ited role in delaying the warming (a situ ­
ation th a t would suggest th a t recent model results
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have too high a sensitivity), then sea level should 
now be rising mainly due to  the glacial melting. 
M ore accurate models and be tte r d a ta  are needed 
to  perm it the use of these variables in a coupled, fin­
gerprint approach th a t can be tte r resolve the role of 
the oceans.

In this respect, free air tem perature  and ocean 
salinity records may be helpful. Study of changes 
in the tropospheric lapse ra te  and in the relative 
changes of stratospheric and tropospheric tem per­
atu re  may be useful in a  m ulti-com ponent (finger­
prin t) approach to  CO 2  detection. Salinity trends 
would be helpful in differentiating between the two 
possible causes of sea level rise—therm al expansion 
and the  m elting of ice—although detailed m apping 
of the mass balance of m ountain glaciers and polar 
icecaps may also provide im portan t data .

Observed precipitation and cryospheric changes 
are too  equivocal to  provide support for the  pres­
ence of the CO 2  signal. Until progress can be made 
on predicting regional pertu rbations and explaining 
the causes of the observed variations, these clim atic 
param eters seem to  offer little  additional inform a­
tion.

In sum m ary, the observational evidence to  date  
is broadly com patible w ith m any aspects of the 
model predictions. Increasing CO 2  and trace gas 
concentrations undoubtedly have a warm ing effect 
on clim ate, bu t it is not now possible to  show defini­
tively to  w hat degree the current clim ate changes re­
sult from  the increases in CO 2  and trace gas concen­
tra tions and to  w hat ex ten t they result from other 
factors. W ithout such a determ ination, the clim ate 
record is not now adequate to  narrow the ra ther 
large range in tem pera tu re  sensitivities to  CO 2  rise 
suggested by the curren t set of clim ate models.

Some recent analyses have predicted th a t a 
convincing case for the detection of C 0 2 -induced 
changes should be possible by the end of this cen­
tury. Several assum ptions underlie these claims. 
D etection will require continued m onitoring of cli­
m atic variables and factors other than  CO 2  th a t 
may alter the clim ate by changing the planetary 
albedo and atm ospheric energy balance. It is pre­
sumed th a t such m onitoring will occur. A second 
prerequisite to  CO 2  detection is th a t the relative 
quiessence of volcanic activ ity  and solar variability 
continue for a t least the next few decades or until

we achieve a  much be tte r quan tita tive  understand­
ing of the climatic effects of these factors than  is 
now available. Even so, an increased role by other 
factors could still continue to  hide the C 0 2 -induced 
signal. In addition, successful detection will depend 
on having available reliable indications from clim ate 
models of how the increasing CO 2  and trace gas con­
centrations should have affected the recent climate. 
The uncertainties and differences among model re­
sults present in equilibrium  and transient sim ula­
tions which are now available pose serious limi­
ta tions to  development of convincing quan tita tive  
relationships and to  sta tistica l detection of CO 2 - 
induced clim ate change w ithin the next decade.

The following chapter presents recommenda­
tions for m aking progress over the next 1 0  years 
in improving understanding and for helping to  de­
term ine how sensitive the clim ate is to  the chang­
ing CO 2  and trace gas concentrations. These stud ­
ies will be essential in order to  determ ine how long 
it will take to  detect the  C 0 2 -induced signal and 
to  calculate the clim atic warm ing th a t will ulti­
m ately result from the increased concentrations al­
ready present.
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9,1 iN tR O D U C T IO N 9.2 D ETECTIO N  STRATEGIES

Diagnostic analyses of observational d a ta  are essen­
tial to  identify, or “detect,” the effects of increasing 
carbon dioxide (CO 2 ) and trace gas concentrations 
on the  past and present clim ate and, thereby, to 
increase confidence in model projections of future 
climate. D etection of such effects requires th a t cli­
m ate changes induced by these greenhouse gases be 
isolated from  natu ra l fluctuations arising as a  re­
sult of processes w ithin the clim ate system  and from 
variations induced by forcing factors external to  the 
clim ate system . The effort to  identify the CO 2  and 
trace gas clim ate signal m ust be guided by the re­
sults calculated by num erical models (described in 
a  companion State-of-the-A rt report Projecting the 
Climatic E ffects o f Increasing Carbon Dioxide [Mac­
Cracken and Luther 1985]). Diagnostic studies of 
empirical d a ta  have the im portan t independent role 
of determ ining w hether identified changes in clim ate 
are in quan tita tive  agreem ent w ith model predic­
tions of the effects of increasing CO 2  and trace gas 
concentrations. This is an essential step in assess­
ing the validity of model projections of the future 
climate.

To accomplish these objectives, representative 
d a ta  sets of suitable length and quality m ust be 
available so th a t  the natu ral variations of clim ate 
can be established (particularly the low-frequency 
com ponents) and any effects of greenhouse gases 
can be isolated. In addition, records are required of 
changes in various external factors th a t are known 
or predicted to  have influenced the past climate. 
More theoretical and sta tistica l studies are needed 
to  relate the variations in these feictors to  the cli­
m ate record. Such needs have also been identified in 
earlier studies (e.g.. World M eteorological Organi­
zation 1982; National Research Council 1983; World 
C lim ate Research Program m e 1984).

Lim itations in the length of available records 
and possible influences of pertu rbations caused 
by unknown variables introduce im portan t con­
stra in ts  on our ability to  detect C 0 2 -induced cli­
m ate changes. To accomplish both identification 
and quan tita tive  isolation of the CO 2  and trace gas 
signal requires the careful application of suitable 
detection strategies and rigorous sta tistica l tech­
niques.

Any detection strategy intended to  identify past cli­
m atic effects of increasing CO 2  and trace gas con­
centrations m ust take in to  account warming and 
cooling trends resulting from factors other than  
CO 2  th a t may have exerted an influence w ithin the 
tim e span of interest. C lim atic variations induced 
by volcanic aerosol injections, solar variability, and 
atm osphere-ocean interactions have probably been 
of m ost im portance. The clim ate of the next cen­
tury  will be a composite of the warming expected 
because of increasing CO 2  and trace g£is concentra­
tions, the effects of high-frequency w eather noise, 
and longer term  fluctuations due to  internal climatic 
oscillations and external forcings unrelated to  CO 2  

and trace gases. Because the possibility cannot be 
dismissed a priori th a t the fu ture greenhouse warm ­
ing could be significantly amplified, or perhaps even 
tem porarily obscured, by other factors, detection 
strategies m ust take such a possibility into account.

In studies carried out to  date, three main de­
tection strategies have emerged, as explained more 
fully in C hapter 1.

9.2.1 Signal-to-Noise R atio  Analysis

In this approach, it is expected th a t, as the CO 2  and 
trace gas signal becomes sufficiently large, it  will 
emerge out of the “noise,” th a t  is, become distin­
guishable from the background natural variability 
of climate. Only one variable a t a  tim e is consid­
ered using this approach. This strategy is currently 
restricted by the lim ited record length of m ost d a ta  
bases and by the small num ber of variables for which 
a model prediction of the signal is well established. 
Additional research is required to  improve the reli­
ability of estim ates of the CO 2  and trace gas signal 
and the quality of the d a ta  bases in which the signal 
is being sought.

9.2.2 Noise-Reduction Analysis

Noise-reduction analysis a ttem p ts  to  reduce the 
noise level by accounting for and factoring out the 
clim atic fluctuations th a t are occurring as a  result 
of causes other than  increasing concentrations of the 
greenhouse gases. However, because the causes of

Recommendations for Monitoring and Analysis 179



natural clim atic variability are not yet well estab­
lished and the clim atic im pact of individual known 
or suspected forcing variables (or their proxies) is 
not quantified, the  potential for significant noise re­
moval in a  sta tistically  convincing way is not now 
high. As in the signal-to-noise ra tio  approach, the 
noise-reduction m ethod considers only a single vari­
able a t a  tim e.

9.2.3 The F ingerprin t Strategy

Essentially, the argum ent for the fingerprint s tra t­
egy is th a t , although the evidence from a  single 
clim atic variable may be insufficient or equivocal, 
when a num ber of variables (or time- or space- 
dependent facets of variations in a single variable) 
are considered, confidence th a t  detection has been 
achieved m ay be accomplished more readily. From 
a sta tistica l point of view, coupled changes in a pair 
or a set of variables may be easier to  detect than  
changes in any one of the variables. In addition, a 
significant clim ate change m ay be identifiable by a 
m ulticom ponent strategy, even in the absence of any 
global m ean tem pera tu re  change (as m ight occur if 
CO 2  and non-C 0 2  effects tended to  cancel). The­
oretically, it should be possible to  select a suitable 
com bination of variables a t an appropriate  combi­
nation of sites a n d /o r  levels in the atm osphere to 
compose a signal th a t  would be uniquely character­
istic of increasing C O 2  and trace gas concentrations.

This approach, however, faces two difficulties. 
F irst, although th is m ethod may not require d a ta  
sets th a t  are as long as those needed by the first two 
strategies, it does require d a ta  sets including more 
variables and having be tte r tem poral and spatial 
resolution. Second, th is strategy requires a  consid­
erable m odeling effort to  reliably define the m ulti­
variate struc tu re  of the CO 2  signal. As indicated 
in M acCracken and Luther (1985), models do not 
yet exhibit sufficient quan tita tive  agreem ent to  al­
low definitive application of th is strategy, although 
such application is a long-term  goal.

9.3 GOALS AND RECOM M ENDATIONS

The record of the past clim ate can provide im por­
ta n t clues to  the  fu ture clim ate. Such inform ation, 
however, is not easily extracted . A m ultifaceted ap­
proach is essential, encompassing development of a

detection strategy, assembly of past records, expan­
sion of the m onitoring program , empirical analy­
ses, and model sim ulations. The following sections 
present recom m endations in support of these goals.^

9.3.1 Detection Strategies

Each of the three detection strategies currently has 
specific strengths and weaknesses. Simply waiting 
several decades, as required by the signal-to-noise 
strategy, m ight seem to  be an a ttrac tiv e  approach. 
Early detection, however, is essential so th a t the 
validity of future clim ate projections can be evalu- ■ 
ated  and, if appropriate , policy options considered 
a t an earlier tim e. This is particularly  critical if 
the oceans are m oderating w hat m ay be quite large 
equilibrium  clim ate changes th a t  are inevitable, bu t 
will no t become apparent until well after emission 
of the CO 2 . Thus, to  provide the greatest likeli­
hood for progress in detecting the clim atic effects 
of increasing CO 2  and trace gas concentrations, a 
comprehensive approach involving the pursuit of all 
three detection strategies promises to  provide the 
best results. It m ust encompass a  broad spectrum  
of research, analysis and m onitoring efforts, and 
close collaboration between and a  rational balance 
of modeling and empirical studies.

In pursuing individual detection strategies, the 
focus should not be solely on behavior of the global 
m ean tem perature. This is true  largely because the 
global m ean tem perature signal may continue to  be 
obscured by low-frequency na tu ra l variability in the 
im m ediate future, even though the clim atic sensitiv­
ity  to  an increasing CO 2  concentration may be high 
(C hapter 4). To overcome th is difficulty, continued 
efforts to  improve da ta  bases of tem pera tu re  (Chap­
ter 3) and other variables (C hapters 5 through 7) 
are needed so th a t a  broader range of climatic vari­
ables may be considered.

A dditional efforts m ust be devoted to  achiev­
ing a b e tte r  understanding of na tu ra l clim atic vari­
ability, which constitu tes the noise from which the 
signal resulting from increasing CO 2  and trace gas 
concentrations m ust emerge. Explanation of the 
decadal and longer tim e scale com ponents of this 
variability is critical to  the detection issue and de­
m ands a  be tter understanding of its causes and spa­
tial pa tterns. This applies not only to  surface tem ­
peratures, bu t to  all clim atic param eters th a t m ight
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b l  directly or indirectly related to  the effects of in­
creasing greenhouse gas concentrations.

To a ttr ib u te  an identified trend or change to  in­
creasing CO 2  and trace  gas concentrations, model 
estim ates of projected changes m ust be improved so 
th a t  the signal being sought is unam biguous (Chap­
ter 8 ). Such improved model estim ates are espe­
cially needed in order to  apply the m ulticom ponent 
(fingerprint) detection strategy. D etection of poten­
tial COz-induced effects has proven difficult because 
of unexplained clim atic variations and the possibil­
ity th a t  factors o ther than  CO 2  may also be in­
fluencing the clim ate. Further progress requires a 
m onitoring and analysis strategy if early detection 
is to  be achieved.

G o a l 1: D e v e lo p m e n t o f  a s tr a te g y  for d e te c t io n  
o f  C 0 2 - in d u c e d  c lim a tic  effects .

R e c o m m e n d a tio n  l A .
Develop a “CO2  and trace gas climate watch” en­
compassing a spectrum o f research, analysis and 
monitoring efforts, and including close collabora­
tion between and a rational balance o f modeling 
and empirical studies.

R e c o m m e n d a tio n  I B .
Pursue signal-to-noise, noise-reduction, and mul­
ticomponent (fingerprint) strategies as part o f a 
comprehensive approach to detection o f the cli­
matic effects resulting from  increasing CO2  and 
trace gas concentrations.

R e c o m m e n d a tio n  IC .
Analyze records o f climatic variables in addition 
to surface air temperature. Ocean temperatures, 
the in tensity  o f  the hydrologic cycle, snow and 
ice extent, sea level, and free atmosphere variables 
may be particularly important.

R e c o m m e n d a tio n  I D .
Document climatic variability on time scales rang­
ing from  several years to several centuries. The 
reliable determ ination o f the baseline climate is 
an essential prerequisite to effective projection o f  
future perturbed climate states.

9.3.2 Observational Records

The observational com ponent of a  comprehensive 
detection strategy >vill require im proving the avail­
able records and encouraging system atic m onitor­
ing of the variables of g reatest im portance. For the

near future, surface air tem perature will have to 
rem ain the backbone of detection studies. Its sig­
nal is reasonably well defined and its past record is 
longer than  th a t  for any other variable. However, 
although considerable progress has been m ade in 
recent years, large-scale average tem perature  sets 
may still contain potentially  serious biases resu lt­
ing from the uneven areal coverage of sta tions, the 
changing sampling procedures over the oceans, and 
the effects of urbanization and sta tion  relocation for 
stations near or in cities. Initial a ttem p ts to  remove 
urbanization effects have altered parts  of the hemi­
spheric average record by about 0.1°C (C hapter 3). 
Further corrections are likely to  result in additional 
small changes, even though they may be im portan t 
on the regional scale.

Efforts should continue to detect and correct 
inhomogeneities in d a ta  records and to  remove any 
rem aining biases. Com parisons between the differ­
ent large-scale d a ta  bases of surface air, free a tm o­
sphere, and sea surface tem peratures m ust continue 
to  be made, and the existing discrepancies m ust be 
explained and corrected. In particular, the effort to  
in tegrate the ocean and land tem perature d a ta  sets 
deserves strong encouragement.

To date  m ost efforts to  identify the CO 2  sig­
nal have concentrated on expanding the areally 
averaged surface tem perature  onto a global scale 
and comparing the results w ith the model-predicted 
global warming. The«« temperature d a ta  sets are 
not long enough for studies of na tu ra l clim atic fluc­
tuations w ith periods longer than  several decades. 
A lthough the regional-scale CO 2  and trace gas sig­
nal may not yet be well-defined, thorough analyses 
of d a ta  a t individual stations with records of 2 0 0  

years or longer may be w arranted.
Free atm osphere tem peratures, either directly 

m easured or calculated from pressure data , are es­
pecially im portan t in the fingerprint strategy be­
cause they are not affected by urban warming. 
Analysis and removal of potential instrum ental bi­
ases in the existing d a ta  should be continued.

Assembly and im provem ent of regional records 
of param eters o ther than  tem perature can also sup­
port diagnostic studies of the causes of past climate 
change and are needed to  help implem ent the fin­
gerprint detection strategy. Of special im portance 
are cryospheric da ta , which may provide indications
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of trends in high latitudes where the natu ral vari­
ability of clim ate is greatest, and precipitation and 
pressure records, which may provide indications of 
large-scale shifts in clim atic zones.

As a basis for developing the d a ta  bases re­
quired for extending the analyses described in C hap­
ters 4 to  7, work on d a ta  records m ust be continued.

G o a l 2: Im p r o v e m e n t, a ssem b ly , a n d  in te g r a tio n  
o f  c lim a tic  d a ta  se ts .

R e c o m m e n d a tio n  2 A .
Remove biases from  available data sets so that 
nonclimatic changes can be ruled out. Removal of 
biases from  records o f free atmosphere thickness, 
temperature, and humidity data would greatly ex­
pand availability o f  high quality data sets.

R ecom m endation  2B.
Screen and combine the land and near-surface 
ocean temperature data sets. For the first time, 
this could provide a homogeneous, long-term, high- 
resolution data base covering a large fraction o f 
the area o f the Earth.

R e c o m m e n d a tio n  2C .
Assemble long-term, global-scale data sets o f pre­
cipitation, surface snow and ice cover, and atm o­
spheric circulation. The quality o f these data sets 
m ust also be assessed.

9.3.3 M onitoring Requirem ents

The d a ta  needed for detection purposes m ust be 
continuously collected, checked for reliability and 
com patibility w ith earlier observations, and dissem­
inated in a  tim ely fashion. Frequent in tercalibra­
tions and comparisons may be needed to  ensure 
long-term  homogeneity of the d a ta  series.

Surface air and free atm osphere tem peratures, 
w ater vapor mixing ratio , atm ospheric thickness, 
sea surface tem perature , and sea level are of pa rtic ­
ular im portance for detection analyses. M onitoring 
of these variables should continue as a  part of the 
World W eather W atch and the W orld C lim ate Re­
search Program m e (Parker 1985). However, present 
d a ta  coverage is inadequate in the  southern middle 
latitudes and over many ocean areas, and the net­
work should be improved.

M ost s ta tions m aking m easurem ents of the up­
per troposphere and stratosphere take only two

soundings a day and a t different solar times. T hese ' 
lim itations com plicate comparisons. An additional 
radiosonde launch a t local m idnight a t selected sta­
tions would enhance the u tility  of the upper air d a ta  
sets for clim ate studies.

Satellites provide the only tru ly  global coverage; 
their use in the detection effort should be expanded. 
Although they have been in operation for only about 
2 0  years and their sensors and flight paths have 
changed many tim es, their d a ta  are of special im por­
tance because they represent the m ost likely means 
by which gaps in present d a ta  sets can be filled. 
(A particularly  glaring gap in which satellite da ta  
could be of use is over the Southern Hemisphere 
ocean area between 40° and 70°S). In addition to 
providing necessary radiance d a ta  for detection (see 
C hapter 2), satellites may indirectly be able to  pro­
vide useful d a ta  on variables other than  tem per­
ature; for example, m onitoring outgoing longwave 
radiation may serve as a  useful, large-scale measure 
of precipitation. W herever possible, satellite da ta  
should be calibrated against the existing observa­
tional record and newly acquired d a ta  from oceanic 
buoys, because assurance of homogeneity and com­
patibility  of satellite inform ation is of fundam ental 
im portance.

The oceans play a crucial role in controlling 
decadal and longer tim e scale clim atic fluctuations, 
and they are likely to  delay and m odulate the warm ­
ing expected as CO 2  and trace gas concentrations 
rise. Improved m onitoring of surface and subsurface 
ocean param eters (particularly  the vertical struc­
tu re  of the ocean), rapid dissem ination of da ta , and 
im provem ents in ocean modeling are needed. (Such 
im provem ents are currently planned as part of the 
World Ocean C irculation Experim ent [WOCE] of 
the World C lim ate Research Program m e.)

The records of other key internal variables of 
the clim ate system , such as snow and ice cover, 
cloud cover, and surface albedo need to  be im­
proved. Changes in cloud cover or surface albedo 
of only a few percent could significantly alter the 
E a rth ’s rad iation  balance and thereby m oderate or 
amplify the projected clim atic effects of increas­
ing CO 2  and trace gas concentrations. Sea ice, 
in addition to  its direct effect on the E a rth ’s ra­
diation budget, has a  profound influence on high 
latitude  oceanic heat and salinity fluxes and so is
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of special im portance. Existing and planned ob­
servational program s (such as W OCE, the In terna­
tional Satellite Cloud Clim atology Project [ISCCP], 
the M arginal Ice Zone Experim ent [MIZEX], and 
the  In ternational Satellite Land-Surface C lim atol­
ogy Project [ISLSCP]) need to  be carried out to 
address these m onitoring needs.

It is vitally im portan t th a t param eters most 
closely related to  m ajor causal mechanisms of cli­
m ate  change be m onitored continuously and w ith­
out in terruption . Such param eters include, among 
others, atm ospheric CO 2  and trace gas concentra­
tions, stratospheric aerosol loading, and solar irra- 
diance. Under the present satellite program , there 
is some possibility th a t  broadband solar radiation 
m onitoring will no t be carried out in the late  1980s 
and early 1990s. This lapse would present a  seri­
ous setback to  the detection program  and should be 
avoided.

Both ground-based and satellite m onitoring of 
stratospheric aerosols m ay help to  determ ine the 
causes of high-frequency oscillations in the E a r th ’s 
heat budget and so m ust be continued. Direct satel­
lite m onitoring of the  E a r th ’s rad iation  budget is a t 
present lim ited to  the middle and low latitudes and 
suffers because of changes of spectral bands and the 
tim ing of satellite  overpasses.

M onitoring is the  basis for the detection studies 
considered in C hap ters 3 through 7. A lthough ex­
tensive, and seemingly unexciting, it  is an essential 
com ponent of global clim ate studies.

G o a l 3: C o n tin u e d  a n d  a u g m e n te d  m o n ito r in g  o f  
c lim a tic  v a r ia b les .

R e c o m m e n d a tio n  3 A .
Ensure the continuous and uninterrupted m oni­
toring o f im portant climatic variables. Data reli­
ability and compatability with earlier observations 
must be confirm ed i f  the records are to be useful 
in climatological studies.

R e c o m m e n d a tio n  3 B .
Continue m onitoring o f the free atmosphere tem ­
perature, thickness, and water vapor mixing ra­
tio. The station network should be expanded over 
the oceans and especially in the middle and high 
latitudes o f the Southern Hemisphere. Additional 
special soundings could usefully be made at local 
midnight at selected stations.

R e c o m m e n d a tio n  3C .
Improve use o f satellite data. Satellite measure­
m ents o f surface temperature must be calibrated 
with surface-based observations so that the spa­
tial coverage o f the temperature record can be im ­
proved, particularly in the Southern Hemisphere. 
Expanded observation o f the E arth ’s energy budget 
and planetary albedo are essential. The behavior 
o f ocean temperature and currents should also be 
monitored. A tten tion  should be paid to normaliz­
ing spectral ranges and orbital characteristics o f 
weather satellites with the highest potential utility 
in studies o f climate change.

R e c o m m e n d a tio n  3 D .
M onitor climate system  components that can amp­
lify or moderate model projections o f expected cli­
mate changes resulting from  increasing CO^ and 
trace gas concentrations. Coverage should be ex­
panded, especially over the oceans; cloudiness and 
the cryosphere deserve particular attention. Spe­
cial observation programs can play an important 
role in building reference data bases.

R e c o m m e n d a tio n  3E .
Observe factors in addition to the CO 2  concen­
tration that can alter the E arth ’s radiation bal­
ance. Variables to be monitored at the surface 
and, where appropriate, via satellite, include solar 
irradiance, surface albedo, aerosol concentrations, 
and atmospheric concentrations o f methane, n i­
trous oxide, chlorocarbons, ozone, and other trace 
gases.

9.3.4 Em pirical Analyses

B etter understanding of the spatial and tem poral 
pa tte rn s  of observed changes of clim ate is essential 
if the clim atic effects and ecological and societal 
im pacts of increasing CO 2  and trace gas concen­
tra tions are to  be understood and their im portance 
evaluated. For all three detection strategies, it is 
essential th a t  sta tistica l m ethods be applied with 
m athem atical rigor. In expectation of b e tte r scru­
tinized and more extensive d a ta  sets and w ith the 
im proving reliability of model results, the develop­
m ent and application of improved sta tistical tech­
niques may be necessary.
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Of the various external factors believed to  be of 
m ajor im portance, the variations of volcanic and so­
lar activity  deserve m ost a tten tion . C urren t em pir­
ical and modeling studies show some disagreem ent 
on the tim ing and duration  of the cooling from in­
jections of volcanic aerosols into the stratosphere. 
There is also disagreem ent among d a ta  bases th a t 
are used as proxy measures of past stratospheric 
aerosol loading, and these discrepancies require rec­
onciliation as p a rt of an effort to  develop a  more 
adequate record of the tem poral and spatial d istri­
bution of stratospheric aerosol loadings over the last 
hundred years (C hapter 3).

Proxy m easures indicating th a t solar irradiance 
may have varied in the past are uncertain. These 
records can be tested  when sufficiently long records 
of satellite m easurem ents become available. Diag­
nostic and theoretical analyses will be required to  
determ ine w hether significant m ultidecade fluctua­
tions in solar ou tpu t exist and whether these may 
be causing clim atic variations on these tim e scales. 
Empirical analyses of the past clim ate provide the 
basis for determ ining the causes of past clim ate 
change and for verifying whether theoretical models 
used to  project fu ture change are sufficiently encom­
passing and accurate.

G oal 4: D e te r m in a t io n  o f  th e  ca u ses  o f  p a s t  c li­
m a te  ch a n g es  a n d  v a r ia tio n s .

R e c o m m e n d a tio n  4 A .
Continue empirical diagnostic studies o f the 
causes and m echanism s o f climate change. De­
velopment and application o f more sophisticated 
analysis techniques may be needed.

R e c o m m e n d a tio n  4 B .
Test and calibrate proxy records o f past variations 
o f stratospheric aerosol loading and o f solar activ­
ity with satellite data. Empirical analyses o f solar 
output should be intensified to clarify or disprove 
the existence o f decadal or longer time-scale fluc­
tuations.

R e c o m m e n d a tio n  4C .
Pursue diagnostic studies o f the climatic response 
to changes in solar variability, atmospheric aero­
sol loading, ocean circulation, and other variables. 
I f  these effects can be determined, the CO^ effect 
should be more easily identified.

9.3.5 Modeling Requirem ents •

Results from  m ultidim ensional atmosphere-ocean 
clim ate models suggest th a t the relatively simple di­
agnostic analyses th a t have been conducted to  date 
may have been oversimplified in their representation 
of the c lim ate’s response to  external and internal 
forcing (Hoffert and Flannery 1985). This is espe­
cially true w ith regard to  the role th a t the oceans 
may play in climatic fluctuations. Improvement of 
the approxim ations used in diagnostic analyses may 
be possible if special model sim ulations are carried 
out as p a rt of a coordinated effort.

A fingerprint approach oflTers the greatest po­
ten tia l to  improve on single-variable signal-to-noise 
and noise-reduction analyses. P ractical application 
of this m ulticom ponent approach requires improve­
m ent in modeling of the m ulticom ponent facets of 
the expected signal from C O j, trace gases, and 
other causal factors so th a t a distinct fingerprint 
for each can be developed. As discussed in var­
ious chapters in M acCracken and Luther (1985), 
the confidence th a t can be placed in model pre­
dictions of the geographical and seasonal details of 
the pertu rbations induced by increasing CO 2  and 
trace gas concentrations is not yet sufficiently high 
Improved estim ates are needed to  define an unau 
biguous m ulticom ponent (fingerprint) signal. Ex­
ploratory studies of details such as the geographical 
and seasonal character of tem perature  variations, 
day-to-night tem perature  differences, and the sea­
sonal variation of the snow-and-ice transition  zone 
should be a ttem pted .

Confirming a quan tita tive  relationship between 
clim ate changes and CO 2  and trace gas concentra­
tions requires accurate sim ultion of the expected 
changes. Present inadequacies severely lim it diag­
nostic analyses seeking to  detect the C 0 2 -induced 
effects.

G oal 5: A c c u r a te  p ro jec tio n  o f  th e  c lim a tic  sen ­
s it iv ity  to  th e  ch a n g in g  C O 2 c o n c e n tr a tio n  an d  
o th er  ca u sa l fa c to rs .

R e c o m m e n d a tio n  5A .
Improve the capability o f numerical climate mod­
els to project the spatial and temporal evolution 
o f the climate in response to increasing CO2  and
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* trace gas concentrations. This is essential in or­
der to provide a reliable estimate o f the spatial and 
seasonal pattern o f the CO 2  signal to be detected.

R e c o m m e n d a tio n  5 B .
Conduct climate model sim ulations that consider 
the tim e-dependent changes in CO2  and trace gas 
concentrations. Such results are needed to develop 
an appropriate, tim e-dependent, multicomponent 
climate signal.

R e c o m m e n d a tio n  5C .
Carry out special climate model simulations con­
sidering changes in atmospheric aerosols and so­
lar irradiance. These studies may perm it a ttri­
bution o f observed variations to particular causal 
factors. Sensitivities to variations in internal fac­
tors (e.g., clouds, albedo, ocean circulation) also 
require further investigation.

9.4 SUMMARY

The objective of detection studies is the unam ­
biguous, q uan tita tive  confirm ation of the model- 
predicted clim atic effects of increasing CO 2  and 
trace gas concentrations. This has not yet been 
achieved, although there are strong qualitative in­
dications. T h a t the N orthern Hemisphere average 
surface air tem pera tu re  has w arm ed approxim ately 
0.5°C since the end of the last century is alm ost cer­
ta in , bu t a ttr ib u tio n  of th is tem peratu re  increase to 
changing CO 2  or trace gas concentrations rem ains 
am biguous, m ainly because of the unexplained tem ­
poral p a tte rn  of the warm ing. A substantial in­
crease in the level of confidence in this a ttribu tion  
by single-variable analyses could be left to  tim e, bu t 
th a t  m ight take decades. There is increasing recog­
nition, however, th a t the increase in CO 2  concentra­
tion since the last century may already have com­
m itted  the world to  a substan tia l further warming. 
To address th is potential concern, an active moni­
toring and analysis program  to  detect the clim ate 
changes being induced by increasing CO 2  and trace 
gas concentrations m ust be m aintained.

The principal obstacles in current detection ef­
forts are the inadequate understanding of the causes 
and ex ten t of natu ral clim atic variability and the 
lim ited detail provided by clim ate modeling studies. 
We recommend the sim ultaneous pursuit of a  suite 
of detection strategies and closer cooperation be­
tween d a ta  analysts and those using models to  study 
the clim ate of the recent past and future. Such a 
combined effort should provide the substantial im­
provem ent in understanding needed to  achieve reli­
able detection of the CO 2  and trace gas signal.
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GLOSSARY

AAAS Am erican Association for the Advancement of Science
A R l F irst-order autoregressive
AVHRR Advanced high-resolution radiom eter
B T  B athytherm ograph
CCM  Com m unity C lim ate Model
CDIC Carbon Dioxide Inform ation Center
CFC Chlorofluorocarbon
CIRES Cooperative Institu te  for Research in Environm ental Sciences
COADS Comprehensive ocean-atm osphere d a ta  set
DOE D epartm ent of Energy
DVI D ust veil index
EBM  Energy balance model
EOF Em pirical orthogonal function
ESM R Electrically scanning microwave radiom eter
GCM  General circulation model
GFDL Geophysical Fluid Dynamics Laboratory
GISS G oddard Institu te  for Space Studies
GLA G oddard Laboratory for Atmospheres
HIRS High-resolution infrared rad iation  sounder
lASH International Association of Scientific Hydrology
IGY In ternational Geophysical Year
ISCCP International Satellite Cloud Climatology Project
ISLSCP In ternational Satellite Land Surface Climatology Project
M AAT M ean annual air tem peratures
M AT M arine air tem perature
M IZEX M arginal Ice Zone Experim ent
NCAR N ational Center for Atm ospheric Research
NESDIS N ational Environm ental Satellite D a ta  and Inform ation Service
NMAT N ighttim e m arine air tem perature
NMC N ational M eteorological Center
NOAA N ational Oceanographic and Atm ospheric A dm inistration
NRC N ational Research Council
OW S Ocean w eather ship
RSL Relative sea level
SAT Surface air tem perature
SCR Selective chopper radiom eter
SL Sea level
SM M R Scanning m ultifrequency microwave radiom eter
SOA State-of-the-A rt report
SOF S tatem ent of findings
SST Sea surface tem perature



UKMO United Kingdom M eteorological Office
UNESCO U nited Nations Educational, Scientific, and C ultural O rganization
VAS Visible infrared spin scan radiom eter atm ospheric sounder
VEI Volcanic explosivity index
VHRR Very high resolution radiom eter
W MO World M eteorological O rganization
W OCE World Ocean C irculation Experim ent
W W R World W eather Records
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