





Abstraet

It has been hypothesized recently that cooling caused by anthropogenic sulfate
aerosols may be obscuring a warming signal associated with changes in gresnhouse
gas concentrations. Here we use results from model experiments in which sulfate and
carbon dioxide have been varied individually and in combination in order to determine
whether the simulated surface temperature change patterns are increasingly evident in
observed records of temperature change.

We use centered [R(t)] and uncentered [C(t)] pattern correlation statistics in or-
der to compare observed time-evolving surface temperature change patterns with the
model-predicted equilibrium signal patterns. We show that in the case of temperature
signals from the "COs-only™ and “salfate-only” experiments, the C[t) statistic essen-
tially reduces to a measure of observed global-mean temperature changes, and cannot
be used to uniquely attribute observed climate changes to a specific causal mechanism.
For the signal from the experiment with combined C0; /[ sulfate aercsol forcing, C|t)
provides information on pattern congruence, but trends in C'(t) are difficult to inter-
pret without decomposing the statistic into pattern similarity and global-mean change
components. We therefore focus on R(f), which is a more useful statistic for dizcrimi-
nating between forcing mechanisms with different pattern signatures but similar rates
of global mean change.

Our results indicate that in summertime (JJA) and fall (SON), the pattern of near-
surface temperature change in response to combined sulfate asrosol /{COy forcing shows
increasing similarity with observed changes over the last 50 years, The results from
the individual CO3-only and sulfate-only experiments suggest that at least some of this
increasing spatial congruence is attributable to areas where the real world has cooled.

In the sulfate-only experiment, we find that the location of the maximum response
differs from the location of the maximum forcing. This illustrates the importance of
the atmospheric general circulation in modulating the response to regionally-localized
foreing, and points towards possible problems with sulfate asrosol detection studies that
do not involve an atmospheric model, and that compare instead observed temperature
changes with observed patterns of sulfur emissions or the sulfate aerosol distributlon
predicted by a sulfur chemistry model,

In the absence of reliable information on the magnitude and spatial characteristics of
long time scale natural variability in the real waorld, we use data from multi-centennial
control integrations performed with two different coupled atmosphere-ocean models to
estimate the sampling distributions of trends in R{t) and C{¢) on time scales of 10- to
50 years. For the combined sulfate asrosol {C0; experiment, the 50-year R{#) trends for
the JJA and SON signals are significant relative to the trends obtained in the absence
of external forcing. Hesults are robust in that they do not depend on the choice of
control run used to estimate natural veriability noise properties. The R(t) trends for
the COz-only signal are not significant in any season.

The caveats regarding the signals and natural variability noise which form the basis
of this study are numerous. Nevertheless, we have provided first evidence that both the
largest-scale (global-mean ) and smaller-scale { spatial anomalies about the global mean)
components of & combined CO; [ anthropogenic sulfate acrosol signal are identifiable
in the observed near-surface air temperature data. If the coupled-model noise estimates



used here are realistic, we can be highly confident that the anthropogenic signal which
we have identified is distinctly different from natural variability noise. The fact that we
have been able to detect the detailed spatial signature in response to combined CO,
and sulfate aerosol forcing, but not in response to CO forcing alone, suggests that
some of the regional-scale background noise (against which we were trying to detect a
CO,-only signal) is in fact part of the signal of a sulfate aerosol effect on climate. The
large effect of sulfate aerosols found in this study demonstrates the importance of their
inclusion in experiments designed to simulate past and future climate change.
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1 Imtroduction

Most previous greenhouse-gas (GHG) detection studies employing the so-called “fingerprint”®
strategy introduced by Madden and Ramanathan {1980; see also MacCracken and Moses,
1982) have used some form of pattern correlation statistic to compare the pattern of a model-
predicted GHG signal with the time history of observed patterns of near-surface temperature
changes (e.g. Barnett, 1986; Barnett and Schlesinger, 1987; Santer et al.. 1993). The signal
pattern in such studies is usually taken from an equilibrium COy-doubling experiment, or
towards the end of an experiment with a time-dependent GHG increase at a point where the
responge pattern is relatively stationary.

The strategy in this method is to search for a long-term, positive trend in the pattern
correlation statistic, which would indicate an increasing expression of the GHG signal in
the observations. Previous fingerprint studies have employed either uncentered statisties,
in which the searched-for signal consists of both a pattern and the global-mean change
{e.5. Barnett and Schlesinger, 1937; Hegerl et al., 1994), and/or uncentered statistics, in
which the global-mean change is removed and the signal is simply a spatial anomaly pattern
(Santer et al., 1993). A recent investigation making use of an uncentered statistic reached the
conclusion that a model-predicted GHG signal was identifiable with a high level of confidence
in the observed data (Hegerl et al., 1994). This and previous studies have shown that the
global-mean change is an important component of a GHG signal. A large body of earlier
work has also shown that observed changes in global-mean annually-averaged near-surface
air temperature are significant relative to various statistical- and model-based estimates
of natural variability noise (e.g., Wigley et al., 1989; Wigley and Raper, 1990, 1991a.b:
Bloomfield and Nychka, 1992: Karl et al., 1991: Stouffer et al., 1994),

Such studies have not directly addressed the issue of establishing an unambiguous link
between changes in some external forcing factor and changes in observed climate. This is the
attribution issue. It is possible that different external forcing mechanisms (or combinations
of external forcings and natural variability) can give rise to similar changes in the glohal-
mean state. Since changes in the value of an uncentered statistic largely reflect a change
in the global mean, such analyses provide little help in discriminating between different
mechanisms that could have produced such a change.! The studies cited above suggest that

*Unless the change in the global mean is so large that it cannot be explained by non-anthropogenic forcing



we might attach high confidence to the statement that the observed changes in global-mean
temperature over the past century are significant relative to current ‘best estimates’ of the
magnitude of natural variability noise. However, the same investigations do not allow one
to attach high confidence to the statement that the observed changes are solely attributable

to an enhanced greenhouse effect.

Our level of confidence in attributing observed changes to anthropogenic influences would
be increased if we could demonstrate that even small-scale spatial features of a model-
predicted anthropogenic signal showed a correspondence with observed changes. This is
where centered statistics are useful, since they focus on anomalies about the global mean.
The only previous study which employed a centered statistic to search observed records of
near-surface air temperature for model-predicted GHG signals failed to show any meaning-
ful multi-decadal positive trends in the measure of pattern correspondence (Santer et al.,
1993). This negative result has a number of possible explanations, such as errors in the
predicted GHG signal pattern, or masking of regional-scale features of the signal by low-
frequency natural variability and/or other forcing factors (anthropogenic sulfate aerosols,

volcanic aerosols, solar variability, etc.).

Until recently, it has not been possible to investigate the plausibility of these alternative
explanations in a quantitative way. Model experiments recently performed by Taylor and
Penner (1994; henceforth TP), however, may help to clarify whether the detection and
attribution of an anthropogenic effect on climate can be facilitated by incorporating the
climatic effects of anthropogenic sulfate aerosols. Sulfate aerosols arise from the SO, emitted
by fossil fuel combustion, industrial activities, and biomass burning. Such aerosols are likely
to have caused some degree of regional-scale cooling (Wigley, 1989), both directly through
clear-sky radiative forcing (reflection of incident solar radiation) and indirectly due to changes
in cloud brightness (Wigley, 1989, 1991; Charlson et al., 1991, 1992; Kiehl and Brlegleb 1993;
Taylor and Penner, 1994; Charlson and Wigley, 1994).

The TP integrations used an atmospheric general circulation model (AGCM) coupled
to a tropospheric chemistry model to investigate the climate response to forcing by an-
thropogenic sulfate aerosols and CO,. Four integrations were performed: a control run
with no anthropogenic sulfate aerosols and nominal pre-industrial CO, concentrations, a
‘sulfate-only’ experiment with present-day sulfur emissions, a ‘CO;-only’ experiment with

mechanisms and/or natural variability.
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near-current atmospheric CO; concentrations, and a ‘combined forcing' experiment with
present-day sulfur emissions and COQ; levels. The experiments indicated that the sulfate-
induced cooling pattern was very different from the (negative of the) pattern of greenhouse
warming. More importantly, the response pattern in the combined forcing experiment was
generally dissimilar to the response patterns in the sulfate-only and CO;-only experiments,
These results strongly indicate that the combination of sulfate and CO; forcing yields a signal
pattern substantially different from the greenhouse warming pattern typically produced by
AGCMs coupled to mixed-layer oceans (e.g. Manabe and Stouffer, 1980; Hansen et al,, 1934;
Schlesinger and Mitchell, 1987; Washington and Meehl, 1989} or fully-coupled A/OGCMs
(Stouffer et al., 1989; Cubasch et al., 1992; Meehl et al,, 1993). If CO, and anthropogenic
sulfate aerosols have both affected climate, it would seem more appropriate to compare ob-
served data with the signal pattern from the combined sulfate/C0O; experiment than with
the CO3-only response pattern.

The TP integrations represent a first attempt to simulate the three-dimensional elimate
response to anthropogenic sulfate aerosal forcing with an AGCM coupled to a model of
tropospheric sulfate chemistry. The only comparable studies at present are those by Roeckner
et al. (1094) and Mitchell et al. (1994). These investigations also considered the temperature
response to a combination of GHG and anthropogenic sulfate aerasol forcing, but the annual
mean sulfate aerosol burden was prescribed and the direct radiative effect of the aerosol was
parameterized by changing the surface albedo. Both studies did not allow changes in climate
to influence the aerosol distribution, whereas in the TP study two-way interaction is possible
between climate and aerosols.

To date, no attempt has been made to search observed records of near-surface temper-
ature changes for a GCM-predicted, two-dimensional temperature-change pattern due to
sulfate aerosols or some combination of sulfate aerosol and CO, forcing. Investigations of
the possible impact of sulfate aercsols on observed temperature data have thus far been
restricted to analysis of observed changes in areas where sulfate aerosol emissions andfor
forcing is likely to have been large (Wigley et al., 1992; Engardt and Rodhe, 1993; Hunter et
al., 1993; Karl et al., 1994) or to a visual comparison of observed temperature change patterns
and patterns of vertically-integrated aerosol concentration predicted by a chemical-transport
model {Engardt and Rodhe, 1993).

In the present study we extend the pattern correlation analysis of Santer et al. (1993)



and determine whether the near-surface temperature signals in the TP sulfate-only, CO,-
only and combined forcing experiments are mcreasingly evident in the observed data, The
temperature signals used in aur investigation are taken exclusively from equilibrium response
experiments. Our strategy of searching the time-varying instrumental temperature records
for an equilibrium signal pattern, with no time information other than a seasonal dependence,
requires some explanation.

There are at least three reasons for our focus on time-independent signals. The first
reason is data availability: at present, no A/OGCM has been forced by time-dependent
changes in both anthropogenic sulfate aerosols and GHG concentrations. When such an
ntegration is performed, it will require a pre-industrial starting time? and a coupled mode!
which has had a spin-up period of sufficient length to attain a quasi-stationary state ®

Second, even if we assumed that a particular A/OGCM contained all the physics nec-
essary to accurately simulate the climate system’s response to GHG and/or sulfate aerosol
forcing, a single transient experiment performed with such a model and observed 503 emis-
sions and GHG concentration changes would he unlikely to provide a reliable estimate of
the true, underlying space-time signal in response to the combined anthropogenic forcing.
This is due to the fact that the A/OGCM generates its own complex internal variability as a
result of interactions between the atmosphere and ocean, unrelated to changes in greenhouse
gases, sulfate aerosals, or other external forcings. As shown by Cubasch et al, (1994}, an
ensemble of transient greenhouse warming integrations with identjcal time-evolving GHG
forcing but small differences in the injtial boundary conditions can yield rather different so
lutions for the time-evolving response patterns (at least on timescales of up to 40-50 years),
This result illustrates that different manifestations of the model’s natural variability noise
are superimposed on the true, underlying GHG signal, so that a reliable estimate of the
signal’s mitial evolution is likely to require averaging over a number of different realizations.
Initial condition uncertainty will be even more of an issue in obtaining a reliable estimate of
the true space-time signal in response to combined GHG /sulfate aerozol forcing, since the
signal-to-noise ratios are probably much lower than for the case of GHG foreing alone. *

*This is necessary in order to alleviate the so-called “cold start' error; see e, Fichefet and Tricot, 1992;

Hasselmann et al,, 1093,
*In order to avoid the convelution of initial equilibration phenomena with the the predicted anthopogenie

climate change signal: see Santer st al,, 1084a.
*This is due to the fact thas we are looking for a signal that results from partially-cancelling positive and



Third, there are large uncertainties in the past history of anthropogenic aeroso] emissions,
and even larger uncertainties in the magnitude and pattern of aerosol forcing changes. These
translate into further uncertainty in the space-time evolution of the climate-change signal.

It is for these reasons that we focus on equilibrium signal patterns. This strategy makes
the implicit assumption that the true time-varying signal pattern (if such could be obtained)
varies little in time and is highly similar to the equilibrium signal pattern. This assumption,
in turn, requires that historical differences in the patterns of 50; emissions (and in the
relative magnitudes of GHG and aerosol forcing) are small. At present, we have no choice
other than to search for an equilibrium GHG /sulfate asrosol response pattern in the observed
data, and it may in fact be difficult to define a reliable transjent GHG /sulfate aerosol signal.

The structure of this paper is as follows. Secticn 2 provides a brief description of the TP
numerical experiments. In Section 3 we discuss the geographical distributions of seasonally-
and annually-averaged changes in near-surface temperature in the three forcing experiments
and consider the statistical significance of changes in means using univariate (grid-point)
t-tests. We also employ spatial correlations to measure the pattern similarity of various
quantities in the response experiments. In Section 4, we first define centered and uncentersd
pattern similarity statistics, R(f) and (1), and briefly consider their relative merits in the
context of detection and attribution of cbserved climate change. Section 5 then employs
these statistics to search the observed record of near-surface temperature changes for the
seasonal and annual surface temperature signals from the three TP (1994) perturbation
experiments. The question of whether the trends in our pattern similarity measures are
significant is addressed in Section 6, In the absence of reliable information on the magnitude
and spatial characteristics of decadal- to century-timescale natural variability in the real
warld, we employ data from two long control integrations performed with fully-coupled
A/OGCMs to estimate the sampling distributions of ‘unforced’ trends in FR(t) and [t}
on timescales of 10- to 50 years and to assess the significance of observed trends in these
statistics. A short summary and conclusions are given in Section 7.

negative foreings.



2 Experiments

The experiments discussed here have been described in detail by TP. The integrations were
performed with the GRANTOUR trapospheric chemistry model developed at Lawrence Liv-
ermore National Laboratory (Walton et al., 1988), coupled to the Livermore version of the
Mational Center for Atmospheric Research Community Climate Model (NCAR CCML; Tay-
lor and Ghan, 1992). The CCM1 atmospheric general circulation model in turn was coupled
to a S0-meter mixed-layer ocean model with prescribed meridional heat flux. CCM1 has 12
layers in the vertical, and was run with a horizontal resolution of ca. 4.3° latitude x T7.5°
longitude. The GRANTOUR tropospheric chemistry model is a Lagrangian trace species
model, which simulates the transport, transformation and removal of various sulfur species
(Penner et al., 1994a). Only the direct effects of sulfate aerosols are considered. For further
details of the GRANTOUR/CCMI experimental configuration, refer to TP.

Four integrations were performed: a control run (CTL) with nominal pre-industrial CO;
levels (270 ppmyv; the standard IPCC value is 278 ppmv, Schimel et al., 1994) and no anthro-
pogenic sulfur emissions, a sulfate-only experiment (S) with near-present-day anthropogemc
sulfur emissions (prescribed according to Spiro et al., 1992, and Benkowitz, 1982) and near-
pre-industrial CO; concentrations, a C(ly-only experiment (C) with no sulfur emissions and
nominal present-day CO; levels (345 ppmv; c.f. the 1900 value of 354 ppmv given by Schimel
et al., 1994), and a combined forcing experiment with near-present-day sulfur emissions and
C0,. For the purposes of this study, each of the original TP integrations was extended by at
least 10 years, and temperature-change signals were computed using samples from the last
20 years of each simulation (following at least a 10-vear spin-up period).

3 Model Results

We compare the surface temperature responses in the three perturbation experiments in
various ways — using maps of the grographical distribution of temperature change, pattern
correlations, and univariate t-tests (e.g., Wigley and Santer, 199(: Santer and Wigley, 1990).
For comparing patterns, we computed centered (spatial mean removed) spatial correlations,
here denoted by R (see Santer et al., 1993). We also computed an area-weighted form of A.



Results for the unweighted and area-weighted forms of & are similar, and in the following
the discussion is restricted to the area-weighted form only. Univariate t-tests were used
to determine whether (and where) the grid-point means were significantly different in the
control and response experiments.

3.1 Sulfate-Only Experiment

Figures 1, 2, and 3 show the geographical distributions of seasonally- and annually-averaged
changes in near-surface temperature in the three TP perturbation experiments. In the
5 experiment, temperature changes in DJF, JJA and the annual average are negative at
virtually all grid-points. The maximum cooling occurs over the Norwegian Sea (ca. =7C)
m winter and to the east of the Weddell Sea (—6°C) in summer.

In both DJF and JJA, the location of the maximum response differs from the location of
the maximmum forcing; the spatial pattern correlations between radiative forcing and response
are only 0.02 in DJF and 0.36 in JJA (c.f. Figures 1, 2, and Figure 4; also Table 1 and TP).
The higher correlation in JJA reflects the fact that there is some spatial congruence between
forcing and response where both are large over Western Europe. In contrast, the DJF
response maximum in the Norwegian Sea is not congruent with a maximum in the forcing.
A similar displacerment between forcing and response maxima is suggested by the results of
Roeckner et al. (1994),

Although there are substantial uncertainties associated with the forcing and response
patterns simulated in both the Roeckner et al. and TP studies, the results illustrate the
importance of the atmospheric general circulation in ‘modulating’ the response to regionally-
localized forcing. Detection studies that use as their signal the sulfate aerosol distribution
or aerasol forcing predicted by a sulfur chemistry model (e.g., Wigley et al., 1992; Engardt
and Rodhe, 1993), or pattern of observed changes in sulfur emissions (Karl et al., 1994 ) may
therefore yield misleading results.

The temperature changes noted above are large compared with changes observed this
century, mainly because they are equilibrium changes. While these magnitudes may be
debatable, the actual values are not relevant in the present study, which focusses on the
patterns of change — i.e., the spatial distribution of relative changes.



Note that the maximum Northern Hemisphere cooling occurs in DJF, even though the
maximum forcing is in JJA and the DJF forcing is relatively small (e.f. Figures la, 2a,
and Figure 4). In JJA, the maximum response is in the Southern Hemisphere, even though
the forcing is largely in the Northern Hemisphere, There are several explanations for these
results. The fact that the Southern Hemisphere demonstrates a substantial response to
a forcing primarily confined to the Northern Hemisphere (cf. Figures 2a, 3a and 4) is
an indication of the ability of the atmosphere to exchange heat and momentum between
hemispheres in an efficient way. The generally stronger response in the winter hemisphere is
in part due to the fact that the effect of changes in sea-ice extent on surface temperature is
largest at this time of year (when surface inversions are possible).

A univariate t-test® reveals that the changes in mean state are highly significant in the
sulfate-only experiment (Table 2 and Figure 5). 86.5% - 98.8% of the total number of grid-
point tests performed showed significant differences in temperatures between the experiment
and control (at the & = 0.01 significance level). It is clear from these results (even without
resorting to multivariate significance tests; see Preizendarfer and Barnett, 1983; Wigley and
Santer, 1990; Santer and Wigley, 1990) that the overall (global) differences in means betwesn
the sulfate-only and control experiments are highlv significant.

3.2 CO3-Only Experiment

The spatial patterns of seasonally- and annually-averaged near-surface temperature changes
in the COy-only experiment are very similar to those obtained in equilibrium CO;-doubling
integrations with comparable AGCM /mixed-layer ocean experimental cnnﬁ,gura.timls (Man-
abe and Stouffer, 1980; Hansen et al., 1984; Schlesinger and Mitchell, 1987; Washington and
Meehl, 1989). The warming is spatially coherent (Figures 1b, 2b, 3b). The DJF and JJA
temperature change patterns show the standard picture of equator-to-pole amplification in
the winter hemisphere, a feature associated with poleward retreat of the sea-ice margin. This
pattern similarity occurs despite the comparatively low level of the forcing - the COz-only
experiment was performed with an atmospheric CO; concentration change of only T3 ppmv
(from 270 to 345 ppmv), in contrast to the ca. 300-330 ppmv changes (from ca. 300-330
ppmv to 600-660 ppmv) commeonly used in step-function CO, doubling experiments.

*All t-tests were performed using H-year samples from the control run and the perturbation experiments.




The overall maximum temperature increases tend to occur in locations where maximum
cooling occurred in the sulfate-only experiment, i.e., in the Norwegian Sea in DJF (ca. T°C)
and in the Ross and Weddell Seas in JJA (ca. 7-8°C). The annual average changes do not
show the same degree of hemispheric symmetry commonly found in equilibrium doubling
experiments with mixed-layer models (Schlesinger and Mitchell, 1987). This is due to the
smaller percentage reduction in sea-ice coverage in the Northern Hemisphere — the reduction
in ice-coverage in the Southern Hemisphere is nearly three times larger (see Table | of TP).
The seasonal and annual warming patterns have a land-sea contrast component, with larger
changes over land areas, as in recent transient experiments with fully-coupled A/OGCMs
(Cubasch et al., 1992; Santer et al., 1994b). Unlike these recent experiments, the land
warming maxima are not concentrated in desert areas with low evaporative cooling.

As in the sulfate-only case, the response paitern differs markedly from the pattern of the
forcing, and is negatively correlated with the latter (= —0.51 in DJF, R = —0.52 in JJA;
see Table 1). This inverse relationship iz due to the different zonal structures of forcing and
response fields — while the response is a maximum at high latitudes in both hemispheres, the
forcing peaks at low latitudes (c.f. Figures 1b, 2b and 4c, 4d).

The univariate t-test results indicate that the surface temperature signal in the COg-only
experiment is highly significant in all seasons and in the annual average (Table 2). Changes in
the COz-only experiment show consistently higher pereentages of grid-points with significant
differences in means than in the sulfate-only experiment, primarily due to the larger global
mean temperature change in the former experiment (+1.45°C versus —1.19°C, respectively).®
Note that significant changes in annually-averaged temperature cover larger percentage areas
than seasonal temperature changes, since the averaging reduces noise.

fNote that in TP, the climate sensitivity of the model for & doubling of COs was given as §.4°C, a result
which was based on 10-vear samples only. The results which we present here are now based on the final
M) years of much longer integrations (30-50 vears). The climate cooled by several tenths of a degree in the
C0y-only integration (before stabilizing towards the end of the integration), yielding a much lower estimate
of the climate sensitivity: 4.8%C.



3.3 Combined Sulfate/CO; Experiment

Unlike the sulfate-only and COy-only integrations, the patterns of temperature change in the
combined sulfate/CQy experiment are characterized by spatially-coherent regions of both
warming and cooling (Figures l¢, 2 and 3c). Temperature decreases are restricted largely
to the Northern Hemisphere, which is where most of the radiative forcing associated with
sulfate aerosols oceurs (Figure 4). The largest decreases are over the Norwegian Sea in DJF
(ca. —2°C) and over south-eastern Europe in JJA {ca. —2°C). Warming maxima are in
the Ross and Weddell Seas in JJA (ca. 4-8°C), and over Greenland, Labrador, the Sea of
Okhotsk, and a small area of Antarctica in DJF (ca. 2°C),

The warming and cooling maxima in all seasons are considerably reduced relative to the
respective maxima in the sulfate-only and COy-only experiments, In DJF, for example, the
large temperature changes in the Norwegian Sea in the § and C experiments (Figures la,
Ib) are considerably reduced in the 5C integration (Figure 1c). While the DJF response
patterns in the SC and S integrations show some spatial correspondence (A = 0.46), the 5C
and C response patterns are uncorrelated (R = 0.01; see Table 3). In JJA, however, the SC
response pattern is very similar to the COz-only temperature change pattern (£ = 0.79),
and is negatively correlated with the sulfate-only response pattern (f = —0.26). This is
due to the fact that the offsetting effects of sulfate in the regions of maximum temperature
response to CO; forcing are less in JJA than in DJF (cf. Figures 1a,b and 2a.b). The pattern
similarity between C and SC and § and 5C clearly depends on the relative magnitudes of
the CO; and aeresal forcing.

The univariate t-tests {Table 2) indicate that the fractions of the globe with significant
differences in means (SC versus CTL) are consistently lower than in either the § or C
experiments, This is attributable to compensating warming and cooling responses over large
areas of the Northern Hemisphere in both seasons and in the annual average, resulting in large
areas with relatively small changes in the mean state. Large, spatially-coherent regions with
differences in means significant at the 1% and 5% levels are generally restricted to Southern
Hemisphere oceans and low-latitude Northern Hemisphere ocean areas (Figure 5). In DJF,
the only land areas showing evidence of a significant response are over Greenland, southern
Europe, Antarctica, and areas of South America and Africa. In JJA, significant responses
are found over Alaska, south-eastern Europe, and areas of Australia and Antaretica.
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The limited statistical significance of the response over large areas of the Northern Hemi-
sphere is not an artefact of the length of the control and response experiments. For the
‘present-day’ sulfate and CO, forcing levels stipulated in the TP SC experiment, large areas
of the Northern Hemisphere with little or no change in the mean state are a fundamental

property of the simulated response pattern (at least for the model used here).

It is interesting to note that the response patterns for the SC integration are, in a purely
qualitative sense, more similar to observed patterns of seasonal temperature change (see
Jones et al., 1991; Folland et al., 1992; Parker et al., 1994) than the response patterns in the
individual S and C experiments. We will consider this issue further in Section 5.1, which

presents quantitative measures of observed versus simulated pattern similarity.

4 Pattern Similarity Statistics

In this section we introduce the pattern correlation statistics, R(t) and C(t), which we
subsequently use for comparing model and observed spatial patterns of temperature change.
It is assumed in the following that we are dealing with seasonally- or annually-averaged data.

The terminology is similar to that used by Santer et al. (1993).

4.1 Definition and Computation of Pattern Similarity Statistics

We first compute seasonal- and annual-mean temperature changes in the TP control run and
response experiments. In each of the three TP response experiments (S, C, and SC), the

temperature-change signal is defined as

AM(z) = Mexe(z) — MotL(2) (1)

where M denotes model data, with the subscripts EXP and CTL identifying output from
one of the TP response experiments and control integration, respectively. The index z
is a discrete variable running over space (grid-points), with 2 = 1,...,n. The overbars
in Mexp(z) and Mcti(z) indicate time averages, here computed using 20-year samples of
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experiment and control data. We stress that these signal patterns have no time-dependence
(other than a seasonal dependence), since the TP integrations are equilibrium response

experiments with no interannual changes in the forcing.

The observed data, D(z,t), consist of monthly-mean, land-based surface air temperatures
and sea-surface temperatures from the combined land-ocean data set described by Jones et
al. (1991), spanning the interval 1854-1993. The data are in the form of anomalies relative
to the mean over 1950-79. Observed data were processed in the following way. We first

define a temporally-smoothed reference state Dy(x) centered on the year % as

+q
Di(z) = Y. D(z,to+v)W(v) (2)

v=-—gq

where W (v) are the normalized symmetric weights for a p-term Gaussian filter centered at
to (with p = 2¢ + 1; we use p = 13 below). As an example, if o = 1954, the reference
climate is the filtered mean over the years 1948-1960 (we will also consider other values of %o
in Appendix A in order to examine the sensitivity of results to choice of reference period).

We then define anomalies relative to D;(z) by

AD(z,t) = Dy(z,t) - Di(2) (3)

The index t denotes the center year of an interval of length p over which the observed data
are filtered. Thus

Di(z,t) = ij D(z,t +v)W(v) (4)

v=—q

where ¢ = (p — 1)/2. We use ¢ = 1910,1911,...,1993, so that the filtered anomalies cover
the 84-year period 1910-1993, while the data used in the filtering extend from 1904-1999.
Filter weights are set to zero if data are missing. Since data are not available for 1994-1999,
we assigned a missing value code for all post-1993 data. We then stipulate that a filtered
mean can only be computed if a critical fraction of the sum of the Gaussian filter weights
(Werit) is exceeded at any grid-point over any p—year period. Here Wer;: = 0.6, which allows
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us to calculate filtered means for 1993.7

The rationale for filtering is to reduce high-frequency variability, e.g., on timescales as-
sociated with El Nifio behavior and volcanoes. For the purposes of greenhouse-gas detection
studies, this is an undesirable noise component. The recent study by Santer et al. {1993)
employed overlapping decadal averages as a means of reducing noise. This is equivalent
to the use of a square-wave filter. The convolution of observed anomalies and the decadal
average filter effectively smoothes out features on timescales of less than 10 yvears, In the
present study, we analyse the significance of signal trends on timescales as short as 10 VBATE,
and therefore selected the 13-term Gaussian filter, which preserves more of the variance on
timescales of 5-10 years.

The set of time-evolving monthly-mean anomaly fields, ALz, t), was then used to com-
pute seasomal and annual averages. As in Santer et al. (1993), we stipulated that the
grid-point coverage for Dy(x,1) must be a subset of the coverage for Dy(z) in order to avoid
large, spatially non-random increases in coverage from the beginning of the century to the
present (see Appendix A). For a given response experiment and a given season, we now
have a single pattern characterizing the model temperature signal, AM (z), and a series of
time-evolving patterns characterizing observed temperature changes, AD(z, t).

Two different types of measure have been used previously to compare the spatial fields
AM{z) and AD{z,1): centered statistics (with the spatial means removed ), such as fi{t),
and uncentered statistics, such as C(t). These are defined by

Rit) = | 3 (AD(a.t) - AD() (aM(z) - Hfj] /[n spit) s | (3)
where
hit)= 3 [aD(z,6) - KD(O)]* fin 1) (6
=1

"Data from 1987 through 1999 are used to calculate a filtered mean for 1983. Assuming that data are
valid for 1867 through 1993 (inclusive) and missing thereaftar, the fraction of weights associated with non-
missing data is roughly 62% and thus sxceeds W4, Note that the same value of Werir was usad to compute
a filtered mean value for T ().
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is the spatial variance (with s}; defined similarly), and the = in (5} and (6) indicates a
spatial average, and

C(t) = [Z aﬂ{:.:}.ﬁ.m:]] [ 3 .::.M{r]’]- (7)
=1 r=1

R(#) is simply a spatial anomaly correlation {similar to statistics used in measuring the
‘akill’ of numerical weather predictions; see, for example, Anderson and van den Dool, 1994)
with the statistic centered about the spatial means of the observed and simulated fields.
C(#) is the statistic originally defined and used by Barnett and Schlesinger (1987).

(1) has several desirable properties. First, it is equal to 1.0 when AD{x, t) = AM(z),
so that it is a measure of the strength of the model signal in the observed data. Second,
unlike f(t), it does not involve a time-varying observed term in the denominator. Thus a
trend in C(f) with increasing time can only be due to increasing similarity between the model
and observed mean-change fields in the numerator of (7). In contrast, a trend in R(t) with
time can be attributable to a change in either the observed mean state and/for the observed
spatial variance. Third, C(t), unlike R(¢), is not bounded by #1.0. One consequence 1is
that as R(f) approaches +£1.0, changes in the amplitude of the ohserved pattern will not be
reflected in linear trends in J(1).

The choice of which type of statistic to use is not clear cut. C(f) has the apparent advan-
tage that it includes information about the mean change field, AD(t), which is an important
part of the signal in most situations, while R(t) focusses on the pattern of change. We have
shown previously (Santer et al., 1993; see also Section 5.1.4) that C'(t} can be decomposed
into R(t) and AD(t) components. In situations where the maodel-predicted change in global-
mean temperature is large relative to the observed changes, the Rit) component of C[t) is
much smaller than the AD(t) component, so time series of C(t) look very similar to those of
AD(t) (see, e.g., Santer et al., 1993, Figure 7). In such cases, (7(t) cannot be used to address
the attribution issue: i.e., if different external forcing mechanisms give rise to similar rates
of global mean change, C(t) cannot be used to determine which of the forcings caused the
observed change. It is in this situation that R(t), which focusses on the spatial anomalies
about the mean state, may provide the information required to discriminate between forcing
mechanisms with different pattern signatures but similar rates of global mean change.
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In the following, our emphasis is on attribution, and hence we prefer to use R(t). We
also compute C'(t), since its decomposition provides us with ueeful information about the
relative magnitudes of global-mean change and pattern similarity components for different
model-predicted signals from the TP experiments.

5 Comparison of Model and Observed Temperature
Change Patterns

In this section, we use both C(f) and R(t) to compare model and observed temperature
change patterns. For each of the three TP experiments and for each season, & gingle pattern
characterizing the model signal is compared with 84 observed temperature change patterns
consisting of filtered data for the years 1910, 1911, ... 1993. The resulting C(t) and R{t)
time series illustrate whether this fixed pattern is increasingly evident in the observed data.
Pattern correlations are calculated after exeluding grid-points with missing observed data,
and with a reference period centered on t; = 1954. Sensitivity to the choice of reference
period is minimal, as shown in Appendix A.

5.1 Pattern Similarity Results
5.1.1 COs-only Experiment

Consider first the results for temperature signals from the TP experiment with present-
day CO; forcing and no anthropogenic sulfate aerosols (Figure 6). If CO; forcing were the
dominant influence on climate — i.e., if other external forcings and internal natural variability
were negligible on timescales appropriate to a slowly-evolving greenhouse warming signal —
the R(t) and C(t) time series should show strong multi-decadal positive trends.

C(t) does not show evidence of large, positive trends which are sustained for 40 to 50
vears or longer (Figure 6). This is in accord with results obtained by Santer et al. (1993) for
the surface temperature signals from CO, doubling experiments performed with five different
AGCMs. The largest and most sustained C(t) trends occur at the beginning of the record
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(between ca. 1910-1940), not at the time of most-rapidly increasing forcing (see Wigley and
Raper, 1892). These changes in C(1) parallel those in global mean temperature (Jones et al.,
1391; Jones and Briffa, 1992). Further similarities in the behavior of C(t) and global mean
temperature are the periods of relatively little change in eithe