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EXECUTIVE SUMMARY

Global-mean temperature has increased by 0 3-0 6°C over the past
100 years The magnitude of this warming 1s broadly consistent
with the theoretical predictions of climate models, but 1t remains
to be established that the observed warming (or part of 1t) can be
attributed to the enhanced greenhouse effect This 1s the detection
1ssue

If the sole cause of the warming were the Man-induced
greenhouse effect, then the implied chimate sensitivity would be
near the lower end of the accepted range of model predictions
Natural variability of the climate system could be as large as the
changes observed to date but there are msufficient data to be able
to estimate 1ts magnitude or 1ts sign It a signiticant fraction of
the observed warming were due to natural variability, then the
imphied chimate sensitivity would be even lower than model
predictions However 1t 15 possible that a larger greenhouse
warming has been oftset paitially by natural variability and other
factors, 1n which case the chimate sensitivity could be at the high
end of model predictions

Global-mean temperature alone 15 an nadequate indicator of
greenhouse-gas-induced climatic change Identifying the causes
of any global-mean temperature change requires examination of
other aspects of the changing climate, particularly 1ts spatial and
temporal characteristics Currently, there 1s only limited
agreement between model predictions and observations Reasons
for this include the fact that climate models are stull in an early
stage of development, our 1nadequate knowledge of natural

variability and other possible anthropogenic effects on climate,
and the scarcity of surtable observational data, particularly long,
rehable time series An equally important problem is that the
appropriate experiments, 1n which a reahistic model of the global
climate system 1s forced with the known past history of
greenhouse gas concentration changes, have not yet been
performed

Improved prospects for detection require a long term
commitment to comprehensively monitoring the global climate
system and potential climate forcing tactors and to reducing
model uncertainties In addition there 15 considerable scope tor
the refinement of the statistical methods used tor detection We
therefore recommend that a compiehensive detection strategy be
tormulated and implemented 1n order to improve the prospects for
detection This could be facilitated by the setting up ot a fully
integrated 1nternationdl climate change detection panel to
coordinate model experiments and data collection cfforts directed
towards the detection problem

Quantitative detection of the enhanced greenhouse effect using
objective means 1s a vital research area, because 1t 1s closely
linked to the reduction of uncertainties in the magnitude of the
effect and will lead to increased confidence in model projections
The fact that we are unable to rehably detect the predicted signals
today does not mean that the greenhouse theory 15 wiong or that

it will not be a serious problem for mankind 1n the decades ahead
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8.1 Introduction
8.1.1 The Issue
This chapter addresses the question Have we detected the
greenhouse effect? , or, stated more correctly, have we
detected changes in climate that can, with high statistical
confidence, be attributed to the enhanced greenhouse effect
associated with increasing trace gas concentrations? It 1s
important to answer this question, because detecting the
enhanced greenhouse effect will provide direct validation
of models of the global climate system Unul we can
identify aspects of greenhouse gas induced changes i the
observed climate record with high confidence, there will
always be doubts about model validity and hence about
even the most general predictions of future climatic
change Even when detection has occurred uncertamnties
regarding the magnttude and spatial details of futuic
changes will still remain

Previous reviews of the greenhouse problem (NR C
1983, MacCracken and Luther, 1985 Bolin ¢t al 1986)
have also addressed the detection 1ssue They have
concluded that the enhanced greenhouse eftect has not yet
been detected unequivocally in the observational record
However, they have also noted that the global mean
temperature change over the past 100 years 15 consistent
with the greenhouse hypothesis, and that there 15 no
convincing observational evidence to suggest that the
model-based range of possible climate sensitivity ! values
1s wrong The purpose of the present review 15 to re
evaluate these conclusions n the light of more recent
evidence

8.1.2 The Meaning Of ""Detection’

The word "detection has been used to iefer to the
identification of a significant change in climate (such as an
upward trend 1n global mean temperature) However
identifying a change i climate 15 not enough for us to
claim that we have detected the cnhanced gicenhouse
effect, even if statistical methods suggest that the change 15
statistically significant (1e extremely unhkely to have
occurred by chance) To claim detection i a useful and
practical way, we must not only wdentify a climatic change,
but we must attribute at least part of such a change to the
enhanced greenhouse effect It 1s n this stricter sense that
the word "detection 1s used here Detection requires that
the observed changes 1n climate are 1n accord with detailed
model predictions of the enhanced greenhouse effect,
demonstrating that we understand the cause or causes of
the changes

U Chimate sensitivity 1s defined heie as the equilibrium
global-mean tempeiature change for a CO2 doubling
(AT2\) ATy, is thought to lie in the range 1 5 C to
4 5°C (see Section 5)

To illustrate this important ditference consider changes
in global-mean temperaturc A number of recent analyses
have claimed to show a statistically significant warmmng
trend over the past 100 years (Hansen ct al 1988 Tsionts
and Elsner, 1989, Wigley and Raper 1990) But 15 this
warming trend due to the enhanced grecnhouse etfect’” We
have strong evidence that changes of similar magnitude and
rate have occurred prior to this century (sce Section 7)
Since these changes were certamly not due (o the enhanced
greenhouse effect, 1t might be argued that the most 1ecent
changes merely represent a natural long-time-scalc
fluctuation

The detection problem can be conveniently described in
terms of the concepts of signal and noise (Madden and
Ramanathan 1980) Here the signal 1s the predicted time
dependent climate response to the enhanced greenhousc
effect The noise 1s any cltmatic variation that 1s not due to
the enhanced greenhouse effect > Detection requires that
the observed signal 15 large relative to the noise In
addition 1n order to be able to attribute the detected signal
to the enhanced greenhouse effect 1t should be one that 11
specific to this particular cause  Global mean warming for
example 15 not a particularly good signal 1n this sense
because there are many possible causes of such warming

8.1.3 Consistency Of The Observed Global-Mean
Warming With The Greenhouse Hypothesis

Global-mean temperature has incieased by around 0 3-
0 6°C over the past 80-100 years (sce Section 7) At the
same time, greenhouse gas concentrations have mciecased
substantially (Section 1) Is the warming consistent with
thesc increases’? To answer this question we must model
the effects of these concentration changes on global-mean
temperature and compate the results with the observations

Because of computing constraints and because of the
relative inflexibility of coupled ocean atmospheie GCMs

we cannot use such models for this purpose Instead we
must usc an upwelling-ditfusion climate model to account
for damping or lag etfect of the oceans (see Section 6)

The response of such a model 1s determined mainly by the
chimate sensitivity (AT2y) the magnitude of ocean mixing
(speciiied by a diffusion coetfficient K) and the ratio of the
temperature change n the regions of sinking water relative
to the global-mean change (m) Uncertamties in these
parameters can be accounted for by using a range of values

2 Noise as used hore mcludes varations that nught be
due to other antlnopogenic effects (sce Section 2) and
natural variabithity - Natwral yariability 1cfers to all
natural cdhimatic yanations that are unr clated 1o Man s
actnvities embracing both the effects of cxecrnal forcing
factors (such as solar activity and volcanic cruptions)
and mtcrnally ¢encrated vaniabihty Uncertammnes m
the obsarvations also constitute a form of noise
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Figure 8.1: Observed global-mean temperature changes (1861 1989) compared with predicted values  The observed changes are as
given 1n Section 7 smoothed to show the decadal and longer time scale trends more cleatly  Predictions are based on observed
concentration changes and concentiation/forcing telationships given in Section 2 and have been calculated using the upwelling
dittusion climate model of Wigley and Raper (1987) To provide a common 1cference level modelled and observed data have been
adjusted to have zero mean over 1861 1900 To illustrate the sensitivity to model parameters model results are shown for ATy =1, 2,

3 4 and 5°C (all panels) and for tour K, m combinations The top lett panel uses the values recommended in Section 6 (K =
0 63cm3sec I, m=1) Since sensitivity to K 1s relatively small and sensitivity to 7 1s small for small AToy, the best fit AT depends

little on the choice of K and &t

The model 1s forced from 1765-1990 using concentration
changes and radiative torcing/concentration relationships
given 1n Section 2

Figure 8 1 compares model predictions for various
model parameter values with the observed warming ovel
1861-1989 The model results are clearly qualitatively

consistent with the observations on the century time-scale
Agreement on long time-scales 1s about all that one might
expect On shorter ime-scales, we know that the (limate
system 1s subject to internal variability and to a variety of
external forcings, which must obscure any response to
greenhouse forcing Although we cannot explain the
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observed shorter time-scale fluctuations n detail, their
magnitude 1s compatible with our understanding of natural
climatic vanability  Essentially, they reflect the noise
against which the greenhouse signal has to be detected
While the decadal time-scale noise 1s clear, there may
also be substantial century time-scale noise  This noise
makes 1t difficult to infer a value of the climate sensitivity
from Figure 8 | Internal variability arising fiom the
modulation of random atmospheric disturbances by the
ocean (Hasselmann, 1976) may produce warming or
cooling trends of up to 0 3°C per century (Wigley and
Raper, 1990, see Figure 8 2), while ocean circulation
changes and the effects of other external forcing factors
such as volcanic eruptions and solar irradiance changes
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Figure 8.2: Simulated natural variability ot global mean
ternperature  The upper panel shows results from the 100 year
control run with the coupled ocean/atmosphere GCM of Stoutter
etal (1989) These data are also shown in Figure 6 2 The lower
two panels are 100 year sections from a [00 000 year simulation
using the upwelling-diffusion model employed 1n Figure 8 1 with
the same climate sensitivity as the Stouffer et al model (ATyx =
4°C) The upwelling ditfusion model 15 forced with random inter
annual radiative changes chosen to match observed nter annual
vartations tn global-mean temperature (Wigley and Raper 1990)
The consequent low frequency vartability arises due to the
modulating effect of oceanic thermal mertia Most 100 year
sections are similar in character to the nuddle panel and are
qualitatively indistinguishable trom the coupled
ocecan/atmospheie GCM results  However a significant fraction
show century time scale trends as large o1 larger than that in the
lower panel  Longer GCM simulations may therefore ieveal
similar century time scale vartabihity
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and/or other anthropogenic tactors (sec Section 2) could
produce trends of similar magnitude On time-scales of
order a decade, some of these (volcanic eruptions sulphatc
aerosol derived cloud albedo changes) clearly have «
negative forcing effect, while others have uncertain sign It
the net century time-scale effect of all these non
greenhouse factors were close to zero, the climatc
sensitivity value implied by Figure 8 | would be in the
range 1°C to 2°C If their combined effect were a warming
then the implied sensitivity would be less than 1°C, while 1
it were a cooling the implied sensitivity could be large:
than 4°C The range ot uncertamnty in the value of the
sensitivity becomes even larger 1f uncertainties 1n the
observed data (Section 7) are accounted for

From this discusston, one may conclude that an
cnhanced greenhouse effect could already be present n the
clhimate record, even though it cannot yet be reliably
detected above the noise of natural climatic variability The
goal of any detection strategy must be to achieve much
more than this It must seek to establish the credibility ol
the models within relatively narrow limits and to reduce
our uncertamnty n the value of the climate sensitivity
parameter In this regard, global-mean temperature alone 1s
an nadequate indicator of greenhouse gas induced chimatic
change Identifying the causes of any global-mean
temperature change requires examination of other aspects
of the changing clhimate, particularly 1ts spatial and
temporal characteristics

8.1.4 Attribution And The Fingerprint Method

Given our rudimentary understanding of the magnitude and
causes of low-frequency natural variability it 15 virtually
imposstble to demonstrate a cause-effect 1elationship with
high confidence from studies of a single variable
(However, 1f the global warming becomes sufficiently
large, we will eventually be able to claim detection simply
because there will be no other possible eaplanation)
Linking cause and effect 1s referred to as attribution
This 1s the key 1ssue 1n detection studies - we must be able
to attribute the observed changes (or part of them) to the
enhanced greenhouse etfect Confidence in the attiibution
1s increased as predictions of changes n various
components of the climate system aie borne out by the
observed data in more and more detaill The method
proposed for this purpose 1s the fingerprint method
namely, identification of an observed multivariate signal *
that has a structure unique to the predicted enhanced
greenhouse effect (Madden and Ramanathan 1980 Baker
and Barnett, 1982, MacCracken and Moses 1982) The

Y A multyariate signal could be changcs i a single
climate element (such as temperatui ¢ ) at many placcs or
levels in the atmosphere or changes ur a numbci of
different elements or changes i diffcrent clements at
different places
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current scientific focus 1n the detection issuc 15 therefore on
multivariate or fingerprint analyses The fingerprint method
15 essentially a form of model vahdation, wheie the
perturbation experiment that 15 being used to test the
models 15 the currently uncontrolled emission of
greenhouse gases into the atmosphere The method 15
discussed further in Section 8 3 First, however, we
consider some of the more general 15sues of a detection
strategy

8.2 Detection Strategies

8.2.1 Choosing Detection Variables
There are many possible climate elements or sets of
clements that we could study to try to detect an enhanced
greenhouse effect In choosing the ones to study, the
following 1ssues must be considered

the strength of the predicted signal and the case with
which 1t may be distinguished from the noise,

uncertainties 1 both the predicted signal and the noise,
and

the availability and quality of suitable observed data

82 11 Signal to notse 1atios
The signal-to-noise ratio provides a convenient criterion for
ranking different possible detection variables The stronger
the predicted signal relative to the noise, the better the
variable will be for detection purposes, all other things
being equal For multivariate signals, those for which the
pattern of natural variability 1s distinctly different from the
pattern of the predicted signal will automatically have a
high signal-to norse ratio

Signal to-noisc ratios have been calculated for a number
of individual chmate elements from the results of 1xCO2
and 2xCO7 equilibrium experiments using atmospheric
GCMs coupled to mixed-layer oceans (Barnett and
Schlesinger 1987, Santer et al, 1990 Schlesinger ct al
1990) The highest values were obtained for free
troposphere temperatures, near-surface temperatures
(including sea-surface temperatures), and lower to middle
tropospheric water vapour content (especially in tropical
regions) Lowest values were found for mean sca level
pressure and precipitation  While these results may be
model dependent, they do provide a useful preliminary
indicator of the relative values ot ditferent elements mn the
detection context

Variables with distinctly diffetent signal and noise
patterns may be difficult to find (Barnett and Schlesinger,
1987) There are reasons to expect parallels between the
signal and the low-frequency noise patterns at least at the
sonal and scasonal levels, simply because such char
acteristics attse through feedback mechanisms that are
common to both greenhouse forcing and natural variability

Detection of the Greenhouse Effect i the Obsenyations 8

8212 Sienal unceitainties
Clearly a vanable tor which the signal 15 highly uncertain
cannot be a good candidate as a detection variable
Predicted signals depend on the models used to produce
them Model-to-model differences (Section 5) point
strongly to laige signal uncertainties Some 1nsights into
these uncertamnties may also be gained from studies of
model results 1n attempting to simulate the present-day
climate (see Section 4) A poor representation of the
present climate would indicate greater uncertainty n the
predicted signal (e g, Mitchell et al, 1987) Such
uncertainties tend to be largest at the regional scale because
the processes that act on these scales dare not accurately
represented or parameterized in the models Even if a
particular model 15 able to simulate the present-day climate
well, 1t will sull be ditticult to estimate how well 1t can
define an enhanced greenhouse signal Nevertheless,
validations of simulations of the present global climate
should form at least one of the bases for the selection of
detection variables

A source of unccrtainty here 1s the difference between
the results of equilibrium and transient experiments (sec
Section 6) Studies using coupled ocean-atmosphere GCMs
and time-varying CO2 forcing have shown reduced
warming 1n the arcas of deep water formation (1 e, the
North Atlantic basin and around Antarctica) compared with
equilibrium results (Bryan et al , 1988, Washington and
Meehl, 1989, Stoulfer et al, 1989) These experiments
suggest that the regional patierns of temperature change
may be more complex than those predicted by equilibrium
simulations  The results of equilibrium experiments must
therefore be considered as only a guide to possible signal
structure

The most reliable signals are likely to be those related to
the largest spatial scales Small-scale details may be
eliminated by spatial averaging, or, more generally by
using filters that pass only the larger scale (low wave
number) components (Notc that some relatively small-
scale features may be appropriate for detection purposes, if
model confidence 15 high ) An additional benefit of spatial
averaging or filtering 1s that 1t results 1n data compression
(1 ¢, reducing the dimensionality of the detection variable),
which facilitates statistical testing Data compression may
also be achieved by using linear combinations of variables
(c g, Bell, 1982, 1986, Kaioly, 1987, 1989)

82 1 3 Noise uncertamties

Since the expected man-made climatic changes occur on
decadal and longer time-scales, 1t 15 largely the low-
frequency characteristics of natural variability that are
important in defining the notse Estimating the magnitude
of low frequency variability presents a major problem
because of the shoitness and incompletencss of most
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instrumental records  This problem applies particularly to
new satellite-based data sets

In the absence of long data series, statistical methods
may be used to estimate the low frequency variability
(Madden and Ramanathan, 1980, Wigley and Jones, 1981),
but these methods depend on assumptions which introduce
their own uncertainties (Thiebaux and Zwiers, 1984) The
difficulty arises because most climatological time-series
show considerable persistence, in that successive yearly
values are not independent, but often significantly
correlated Serially correlated data show enhanced low
frequency vaniability which can be difficult to quantify

As an alternative to statistically-based estimates, model
simulations may be used to estimate the low-frequency
variability, etther tor single variables such as global-mean
temperature (Robock, 1978, Hansen et al , 1988, Wigley
and Raper, 1990) or for the full three-dimensional character
of the climate system (using long simulations with coupled
ocean-atmosphere GCMs such as that of Stouffer et al,
1989) Internally-generated changes 1n global-mean
temperature based on model simulations are shown In
Figure 8 2

82 14 Observed datu avarlability

The final, but certainly not the least important factor in
choosing detection variables 15 data availability This 15 a
severe constraint for at least two reasons, the definition of
an evolving signal and the quantification of the low-
frequency noise Both 1equire adequate spatial coverage
and long record lengths, commodities that are rarely
available Even for surface variables global scale data sets
have only recently become avatlable (see Section 7)
Usetul upper air data extend back only to the 19505 and
extend above 50mb (1 ¢, into the lower stratosphere) only
in recent years Comprehensive three-dimensional coverage
of most variables has become available only recently with
the assimilation of satellite data into model-based analysis
schemes Because such data sets are produced for
meteorological purposcs (e g model mitialisation), not for
climatic purposes such as long-term trend detection, they
contain resitdual mmhomogencitics due to changes 1n
instrumentation and frequent changes i the analysis
schemes In short, we have very few adequately observed
data variables with which to conduct detection studies It 15
important therefore to cnsure that existing data series are
continued and observational programmes are maintained 1n
ways that ensure thc homogeneity of meteorological
records

8.2.2 Umnivariate Detection Methods

A convenient way to classify detection studies carried out
to date 15 1n terms of the number of elements (o1 variables)
considered, 1 e, as univariate or multivariate studies  The
key characteristic ol the tormer 15 that the detection
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variable 15 a single time series Almost all published
univariate studies have used temperatuie averaged over d
large area as the detection parameter A central problem in
such studies 15 defining the noise level 1e, the low
frequency variability (sece 8 2 1 3)

There have been a number of published variations on the
univariate detection theme One such has been 1eferted to
as the norse reduction method In this method the effects of
other external forcing factors such as volcanic activity
and/or solar 1rradiance changes or internal factors such as
ENSO are removed from the record in some deterministic
(1 e, model-bascd) or statistical way (Hansen et al 1981
Gilliland 1982 Vinnikov and Groisman 1982 Gilhland
and Schneider., 1984 Schonwicse 1990) This method 15
fraught with uncertainty because the history of past
forcings 15 not well known  Theie
observations of these forcing factors and they have been
inferred 1n a variety of different ways leading to a number
of different forcing histories (Wigley ct al 1985
Schonwiese, 1990) The noise reduction piinciple
however, 15 important Continued monitoring of any of the

are no dunect

factors that might influence global c¢limate 1n a
deterministic way (solar 1rradiance, stratospheric and
tropospheric aerosol concentrations, etc ) can make 4
significant contribution to facilitating detection 1n the
future

As noted above 1n the case of global-mean temperature
untvariate detection methods sutfer because they consider
change 1n only one aspect of the climate system Change in
a single element could result from a variety of causes
making 1t ditficult to attribute such a change specifically to
the enhanced greenhouse ettect Nevertheless 1t 15 useful
to review recent changes in a number of variables m the

light of current model predictions (see also Wood  1990)

8.2.3 Evaluation Of Recent Clumate Changes

8§ 231 Increase of global mean tempci ati ¢

The primary response of the climate system (o inciedasing
greenhouse gas concentrations 1s expected to be a globadl-
mean warming of the lower layers of the atmosphere In
Section 8 1 3 the observed global mean warming ot 0 3-
0 6°C over the past century or so was compared with model
predictions It was noted that the obseived warming 1
compatible with the enhanced greenhouse hypothests but
that we could not claim to have detected the greenhouse
ettect on this basis alone It was also noted that the diectly
imphied climate sensitivity (1e  the value of ATy} was at
the low end of the expected range, but that the plethora ot
uncertainties surrounding an cmpirical estimation of ATy
precludes us drawing any firm quantitative conclusions
The observed global warming 1s far from being a steady
monotonic upward trend but this does not mean that we
should 1eject the greenhouse hypothesis  Indecd although
our understanding of natural climatic varability s sull
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quite limited, one would certainly expect substantial natural
fluctuations to be superimposed on any greenhouse-related
warming trend

82 32 Enhanced high-latitude warnming particularly in
the winter half-yeai
Most model simulations suggest that the warming north of
50°N 1n the winter half of the year should be enhanced due
to feedback effects associated with sea-1ce and snow cover
(Manabe and Stouffer, 1980, Robock, 1983, Ingram et al ,
1989) In the Southern Hemisphere, results from sim-
ulations with atmospheric GCMs coupled to ocean GCMs
do not show this enhancement (Bryan et al, 1988,
Washington and Meehl, 1989, Stoutter et al, 1989)
Figures 8 3 and 8 4 show observed annual and winter
temperature changes for various latitude bands Over the
past 100 years, high northern latitudes have warmed
shightly more than the global mean, but only in winter and
spring Since the 1920s, however, the annual-mean
temperature for the area north of 50°N shows almost no
trend, except in recent years Summer and autumn
temperatures have actually cooled since the mid to late
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1930s High-latitude Southern Hemisphere data are
mnadequate to make any meanmngful comparisons

The observed northern high-latitude winter enhancement
1s broadly consistent with model predictions However,
some of the latitudinal and seasonal details of observed
temperature changes are contrary to equilibrium model
predictions This result has little bearing on the detection
1ssue for two reasons First, the variability of temperatures
in high latitudes s greater than elsewhere and published
calculations have shown that this 15 not an optimum region
for signal detection based on signal-to-noise ratio
considerations (Wigley and Jones, 1981) Second, there are
st1ill considerable doubts about the regional and seasonal
details of the evolving greenhouse signal Failure to
identify a particular spatial pattern of change could be
because the signal has not yet been correctly specified,
although 1t 15 equally likely to be because the noise still
dominates
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82 3 3 Tiopospheric warning and st atospheric cooling
All equilibrium model simulations show a warming to near
the top of the troposphere (Section 5) Trends necar the
tropopause and for the lower stiatosphere, at least up to
50mb, differ in sign between models Above 50mb, all
models show 4 cooling It has been suggested that this
contrast 1n trends between the troposphere and stratospheie
might provide a useful detection fingerprint (Epstein, 1982,
Parker, 1985, Karoly 1987, 1989), but this 15 not
necessarily the case lor a number of reasons First,
identification of such a signal 15 hampered because
observations above 50mb are of limited duration and
generally of poorer quality than those in the troposphere
Second, there arc reasons to expect natural variability to
show a similar contrast between stratospheric and
tropospheric trends (Liu and Schuurmans 1990)

Stratospheric cooling alone has been suggested as an
important detection variable, but 1ts interpretation 1s
difficult because 1t may be caused by a number of other
tactors, including volcanic eruptions and ozone depletion
Furthermore, the physics of gieenhouse gas induced
stratospheric cooling 1s much simpler than that of
tropospheric warming [t 15 quite possible for models to
behave correctly 1n theu stratospheric stmulations yet be
seriously 1n error in the lower atmospheie Vahdation of
the stratospheric component of a model while of scientific
importance, may be of little relevance to the detection of an
enhanced greenhouse elfect m the tioposphere

Nevertheless, there 1s broad agicement between the
observations and cquilibrium model simulations While the
observations (Angell 1988) show a global-mean cooling
tiend from 1958 between 100hPa and 300hPa (Scction 7,
Figure 7 17), which appears to conflict with model results
this cooling 1s apparent only between 10 and 30°N (where
1t 15 not statistically significant) and south of 60°S (wheie 1t
15 associated with the ozone hole) There are no noticeable
trends 1n other regions Data compiled by Karoly (1987
1989) show a warming trend simce 1964 up to around
200hPa 1n the Southern Hemisphete to 100hPa in the
Northern Hemisphere to 60°N and a more complex (but
largely warming) behaviour north of 60°N Near the
tropopause and m the lower stratosphere temperatures
have cooled since 1964 The mam difterence between
recent observations and model simulations 1s n the level at
which warming reverses to cooling Although the models
show large model-to-model ditterences, this level 15
gencrally lower in the observations  This diticience may
be associated with poor vertical resolution and the
madequate representation of the tropopausc n current
climate models

8 2 34 Global-mean precipitation mci ease
Equilibrium experiments with GCMs suggest an inciease
1n global-mean precipitation as one might expect from the
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assoctated increase in atmosphetic tempetature However
the spatial details of the changes are highly uncertain
(Schlesinger and Mitchell 1987, and Section 5)
Observations from which the long term change n
precipitation can be determined are available only over
land ateds (see Bradley et al , 1987, Dias ct al, 1989, and
Section 7), and there are major data problems 1n terms of
coverage and homogeneity These difficulties, coupled with
the recognized model deficiencies 1n their simulations of
precipitation and the likelihood that the precipitation
signal-to-noise ratio 15 low (see 8 2 1 1), preclude any
meaningful comparison

8235 Sealevel rise

Increasing greenhouse gas concentrations are expected to
cause (and have caused) a nise 1n global-mean sca level
due partly 0 ocedanic thermal expansion and partly 1o
melting of land-based 1ce masses (see Section 9)  Because
of the strong dependence of sea level rise on global mean
temperatute change, this element, like global mean pre-
cipitation, cannot be considered as an independent variable
Observations show that global-mean seca level has risen
over the past 100 years, but the magnitude of the rise 15
uncertain by a factor of at least two (see Section 9) As far
as 1t can be judged, there has been a positive thermal
expansion component of this sea level rise Observational
evidence (e g, Meier, 1984, Wood, 1988) shows that there
has been a general long term retreat of small glacters (but
with marked regional and shorter time-scale variability)
and this process has no doubt contributed to sea level rise
Both thermal expansion and the melting of small glaciers
are consistent with global warming, but nerther provides
any 1ndependent mformation about the cause of the
warming

8236 Tiopospheric water vapouwr inc casc

Model predictions show an mcrease m tropospheric water
vapour content mn association with mercasing atmospheric
temperature  This 1s of considerable importance since 1t 1s
responsible for one of the man fcedback mechanisms that
amplifies the enhanced greenhouse ecffect (Raval and
Ramanathan 1989) Furthermore, a model-based signal to
notse ratio analysis (see Section 8 2 1 1) suggests that this
may be a good detection variable However the brevity of
available 1records and data inhomogeneitics preclude any
conclustve assessment of trends  The available data have
inhomogeneities due to major changes n radiosonde
humidity instrumentation Since the nud 1970s there has
been an apparent upward trend, largest in the tropics (Flohn
and Kapala 1989 Elliott et al  1990)
magnitude of the tropical trend 15 much larger than any
expected greenhouse-telated change, and 1t 15 Iikely that
natural variability 15 dominating the recoid

However the
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8.3 Multivariate or Fingerprint Methods

8.3.1 Conspectus
The fingerprint method, which mvolves the simultaneous
usc ol more than one tume series., 1s the only way that the
attribution problem 1s likely to be solved expeditiously In
1ts most general form one might consider the time
evolution of a set of three-dimensional spatial tields, and
compare model results (1 e, the signal to be detected) with
observations There are, however, many potential diff
iculties both 1n applying the method and 1n interpreting the
results, not the least of which 15 reliably defining the
greenhouse-gas signal and showing a priornt that 1t 1s
unique

In studies that have been performed o date, predicted
changes 1n the three-dimensional structure of a single
variable (mcan values, variances and/or spatial patteins)
have been compared with observed changes The com
parison involves the testing of a null hypothests  namely
that the observed and modelled fields do not differ
Rejection of the null hypothesis can be interpreted 1n
several ways It could mean that the model pattern was not
present 1n the observations (1e 1 simplistic tetms that
there was no enhanced greenhouse effect) or that the signal
was obscured by natural variability or that the piediction
was at {ault 1n some way, due cither to model errors o1
because the chosen prediction was tnappropriate We know
a priort that current models have numerous deficiencies
(sec Scctions 4 and 9), and that cven on a global scale, the
piedicted signal 15 probably obscuied by noise (Section
8 I 3) Furthermore, most studies to date have only used
the results of equilibrium simulations 1ather than the more
appropriate time-dependent results of coupled ocean-
atmosphere GCM experiments * Because of these factors
published wotk 1n this area can only be considered as
explotatory, duected largely towards testing the methods
and investigating potential statistical problems

8.3.2 Comparing Changes In Means And Variances

Means, ime vartances and spatial variances of the ficlds of
observed and predicted changes have been compared tor a
number of vaiiables by Santer et al (1990) Predicted
changes were estimated from the cquthibrium 1xCO2 and
2xCO2 simulations using the Oregon State University
(OSU) atmospheric GCM coupled to a mixed layer ocean
(Schlesinger and Zhao, 1989) In all cases (different
vatiables, different months) the observed and modelled
fields weie found to be significantly ditferent 1e, for these

Y Inthisreeard the correct experiment simulation of
changes to date in response to observed greenhouse gas
forcmes has not vet been performed Because a
realistic model simulation would generate 1ts onn
substannal natw al variabiliey  a number of such
expernments may be requircd i order to ensuie that
reprosentatiy e resules are obtamed
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tests the null hypothesis of no difference was rejected and
the model signal could not be 1dentified 1n the observations
As noted above this 15 not an unexpected result

8.3.3 Pattern Correlation Methods

The basic approach n pattern correlation 1s to compare the
observed and modelled time-averaged patterns of change
(or changing observed and modelled patterns) using a
correlation coelficient or similar statistic The word
“pattern 1s used n a very general sense - 1t may refer to a
two point pattern involving two time series of the same
vatlable or to a many-point pattern involving the full three-
dimensional spatial fields of more than one variable In
some studies time-standardized variables have been used

This has the advantage of giving greater emphasis to those
spatial regions in which the time variance (1 ¢ , the noise) 1s
smallest

Four examples of pattein correlation detection studies
have appeared 1n the hiterature, all involving compaiisons
of observed and modelled temperature changes (Barnett,
1986, Bainett and Schlesiger, 1987, Barnett, 1990, Santer
et al, 1990) Barnett (1986) and Barnett and Schlesinger
(1987) used the covariance between the patterns of
standardized observed and modelled changes as a test
statistic Equilibrium [xCO2 and 2xCO2 results from the
OSU atmospheric GCM coupled to a mixed-layer ocean
were employed to generate the multivariate predicted
signal  This pattein was then correlated with observed
changes 1elative to a reference year on a year-by-year basis
A significant trend 1n the correlation would indicate the
existence of an mcreasing expression of the model signal 1n
the observed data which could be interpreted as detection
of an enhanced gieenhouse signal A marginally significant
trend was appatent, but this was not judged to be a 1obust
result

Santer et al (1990) used the same model data and the
spatial correlation coefficient between the time-averaged
patterns of obscived and predicted change as a detection
parameter The observed changes used were the ditferences
between two decades 1947 56 and 1977-86 Statistically
significant differences between observed and model
patterns of temperature change were found 1n all months
but Febiuary ({or which the amount of common vatiance
was very small, less than 4%)

Barnett (1990) compared observed data with the time-
evolving spatial fields from the GISS transient GCM run
(Hansen et al , 1988) The model run uses realistic time-
dependent forcing beginning 1n the year 1958, and accounts
for the lag effect of oceanic thermal inertia by using a
diffusion parameterization of heat transport below the
mixed layer Comparisons were made using spatial
correlation coctficients between decadal means of the
evolving signal and the cquivalent pattern 1n the
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observations Theie was virtually no similarity between
modelled and observed temperatuic patterns

The largely negative results obtained n these studies can
be nterpreted in a variety of ways as noted 1n Section
8 3 1 Because of this, failure to detect the model signal 1n
the data cannot be taken as evidence that there 1s no
greenhouse-gas signal in the real world Future multivariate
detection studies should employ coupled ocean-atmosphere
GCMs forced with observed greenhouse-gas concentration
changes over more than just the past few decades

8.4 When Will The Greenhouse Eftect be Detected ?

The fact that we have not yet detected the enhanced
greenhouse effect leads to the question when 1s this likely
to occur? As noted earlier, detection 15 not a simple yes/no
1ssue  Rather 1t involves the gradual accumulation of
evidence 1n support of model predictions, which tn parallel
with improvements in the models themselves, will increase
our confidence in them and progressively narrow the
uncertainties regarding such key parameters as the climate
senstivity  Uncertainties will always remain Predicting
when a certain confidence level might be redached 15 as
difficult as predicting future climate change - mote so,
fact, since 1t requires at least estimates of both the future
signal and the {utute noise level

Nevertheless, we can provide some mformation on the
time-scale for detection by usmg the unprecedented
change concept mentioned briefly in Section 8 14 This
should provide an upper bound to the time for detection
simnce more sophisticated methods should produce earlier
results  We take a conservative view as 4 starting point
namely that the magmitude of natural variability 1s such that
all of the warming of the past century could be attnibuted to
(Note that this 1s not the same as denying the
With such a

this cause
existence of an enhanced greenhouse clfect
noise level the past warming could be explained as a 1°C
greenhouse effect offset by 0 5°C natural variability ) We
then assume, again somewhat arbitranily that a further
05°C warming (1¢ a total warming of [°C since the late
nincteenth century) 15 1equued betore we could say with
high confidence, that the only possible explanation would
be that the enhanced gieenhouse effect was as strong as
predicted by climate models Given the 1ange of
uncertainty in futurc forcing predictions and future model-
predicted warming when would this clevated temperature
level be reached?

The answer 15 given in Figute 8 5 The upper curve
shows the global mecan warming for the Business-as Usual
Scendario (see Appendix 1) assuming a sct of upwelling
ditfuston climate model parameters that maximmuzes the
warnung 1ate (viz , ATox = 45 C K=063cm2sec I and

detection  (as defined
The lower curve shows

7 = () Under these cincumstances
above) would occur 1n 12 years
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Figure 8.5: Observed global-mean temperature changes (as in
Figure 8 1) and extreme predictions of future change If a turther
(0 5°C warming were chosen as the threshold for detection of the
enhanced greenhouse etfect then this would be reached sometime
between 2002 and 2047 In practice, detection should be based on
more sophisticated methods which would bring these dates closer
to the present

the global-mecan warming for the lowest foicing Scenarto
( D 1n the Annex) with model parameters chosen to
minimize the warming rate (viz AT2x =15°C K =
127 cm2 sec-! and = 1) Detection does not occur until
2047

On the basis of this simple analysis alone we mught
conclude that detection with high confidence 1s unlikely to
occur before the year 2000 If stimgent contiols arc
introduced to reduce future greenhouse gas emissions and
if the climate sensitivity 1s at the low end of the range ot
model predictions then 1t may be well into the twenty
first century before we can say with high confidence that
we have detected the enhanced greenhouse effect

The time Iimuts inferred from Figure 8 5 ate of course
only a rough guide to the futurc and they ate almost
certainly upper bound values Nevertheless the time frame
tor detection 1s likely to be of order a decade or more In
order to detect the enhanced greenhousce cifect within this
time frame 1t 1s essential to continue the development of
models and to ensure that existing obsciving systems for
both climate variables and potential climate forcing factors
be maintained o1 improved
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8.5 CONCLUSIONS

Because of the strong theoretical basis for enhanced
greenhouse warming, there 15 considerable concern about
the potential climatic effects that may result from
increasing greenhouse-gas concentrations However, be-
cause of the many sigmficant uncertainties and 1nade
quacies 1n the observational climate i1ecord 1n our
knowledge of the causes of natural climatic variability and
in current computer models, scientists working in this field
cannot at this point 1n time make the definitive statement
Yes we have now seen an enhanced greenhouse effect

It 15 accepted that global-mcan temperatutes have
increased over the past 100 years and arec now warmer than
at any time 1n the period of instrumental 1ecord This global
warming 15 consistent with the results of simple model
predictions of greenhouse gas induced climate change
However, a number of other factors could have contributed
to this warming and it 1s impossible 1o prove a cause and
effect relationship Furthermore when other details of the
instrumental climate record are compaied with model
predictions, while there are some arcas of agreement there
are many areas of disagreement

The main reasons tor this are

1)  The inherent variability of the climate system appears
to be suificient to obscuie any enhanced gicenhouse
signal to date Poor quantitative understanding of
low frequency climate vanability (pairticulatly on the
10-100 year time scalc) leaves open the possibility
that the observed warming 1s largely unrelated to the
cnhanced greenhouse efiect

2) The lack of rehability of models at the regional
spatial scale means that the expected signal 15 not yet
well defined This precludes any firm conclusions
being drawn from multivariate detection studies

3)  The 1deal model experiments 1equired to detfine the
signal have not yet been performed What 15 required
are time-dependent simulations using realistic time-
dependent forcing carrted out with tfully coupled
ocean-atmosphere GCMs

4)  Uncertainties 1, and the shortness of available
instrumental data records mecan that the low
frequency characteristics of natural variability are
virtually unknown for many climate elements

Thus 1t 15 not possible at this time to attribute all or
cven a large part of the observed global mean warming to
the enhanced greenhouse cffect on the basis of the
obscrvational data currently available Equally however
we have no observational evidence that contlicts with the
modcl based estimates of climate sensitivity Thus because
ol model and other uncertainties we cannot preclude the
possibility that the enhanced greenhouse ettect has
contributed substantially to past warming not even that the
gicenhouse gas induced warming has been greater than
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that observed, but 1s partly offset by natural variability
and/or other anthropogenic etfects
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