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Abstract

The paper reviews the present status of climate change modelling at the DKRZ and Max-Planck-
Institute fiir Meteorologie in Hamburg. Increases in computing power have made it possible to run
climate simulations which start already during the last century. This opens up a whole range of new
options: the simulations can be compared with present day climate, the cold start error can be
minimized and the climate change can already now be detected using a statistical fingerprint analysis.
The inclusion of sulphate aerosols adds to the realism of the simulations.

In order to study the climate change in more detail, time-slice simulations with doubled
horizontal resolution (T42) have been run. In this experimental technique the uncoupled atmosphere
model is forced by the sea surface temperature and sea ice distribution calculated by the transient

simulations with the coarse resolution globally coupled ocean-atmosphere model at the time of CO,
doubling and tripling, and by the corresponding changed greenhouse gas concentration. It can be
found with this technique, which simulates the changed climate under equilibrium conditions that the
near surface temperature changes significantly, the precipitation, however, not significantly under
future enhanced greenhouse gas conditions.
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1. Introduction

Since the beginning of industrialization, the equivalent CO, content of the
atmosphere has increased by 25 % and will have doubled by around the year 2035.
Model simulations predict an anthropogenic climate change as a consequence of this
accumulation of greenhouse gases (IPCC, 1990; 1992). An analysis of the model
simulations revealed so far two major shortcomings of the experimental set-ups:

1. It has been shown by Fichefet and Tricot (1992) and Hasselmann et al. (1992),
that it is important to take the warming since the beginning of the industrialization (ca.
1750) into account by using an earlier starting point for a climate change condition than
present day conditions (typically 1980-1995). Experiments performed in Hamburg with
a coupled ocean-atmosphere general circulation model (CGCM; Cubasch et al., 1992,
1995a, b) prove the theoretical deductions about the neglect of the historic CO, effect
and show that the initial conditions are of great importance for the estimate of the
future climate. Furthermore it is now possible to compare the climate simulations with
the observations for the historic time.
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2. Tt only recently has become clear that the sulphate-aerosols play an important
role in the present day climate and in the future climate. The effect of the sulphate-
aerosols has firstly been simulated in a number of equilibrium simulations with mixed
layer GCMs (Roeckner et al., 1995; Taylor and Penner, 1994; Santer et al., 1995), but
now two model experiments with globally coupled ocean-atmosphere circulation
models have been carried out in Hamburg and at the Hadley Centre in England with
CGCMs (Mitchell et al., 1995; Hasselmann et al., 1995). The new set of experiments
starting in historic time and taking into account the effect of sulphate aerosols will be
discussed in Section 2.

There has been considerable scientific debate whether a statistically significant
climate change - as predicted by the models - can already be detected in observed
climate data (Wigley and Raper, 1990; Barnett et al., 1991; Santer et al., 1995). The
measured increase in global mean near surface temperature of the order of 0.7°C since
1880 (Jones and Brijffa, 1992) is consistent with the model predictions (Cubasch et al.,
1995a, Mitchell et al., 1995). In Section 3, additional evidence for an anthropogenic
climate change is added by applying an optimal fingerprint technique (Hasselmann,
1979; Hasselmann, 1993) to near surface temperature trends (Heger! et al., 1996). An
attempt is made to quantify the probability that an anthropogenic climate signal can be
detected in the observed temperature data and discern between different forcing
scenarios.

A number of studies have been carried out to predict regional climate changes.
These studies have attracted a lot of criticisms, since it was felt that the model
resolution was too coarse and the model performance was too poor to allow for a
regional interpretation of the results (von Storch et al., 1993; Grotch and McCracken,
1991; Wigley et al., 1990; Karl et al., 1990; Bardossy and Plate, 1992). Various
techniques are currently being employed to overcome this problem. Statistical
downscaling methods (Kar! et al., 1990; Bardossy and Plate, 1992; von Storch et al.,
1993; Zorita et al., 1995) derive and use an empiric statistical relationship between
large-scale circulation patterns, which are reliably simulated by climate models, and
regional climate and use this relationship for predicting regional climate change-
assuming that the empiricél relationship also holds for a changed climate. Dynamical
regional high resolution models have been nested into global models (for an overview
see: Giorgi, 1990; Giorgi and Mearns, 1991; Mearns et al., 1995). These regional
models have the advantage that affordable very high resolution simulations can be
performed for a certain region of interest for a particular time, but have the
disadvantage that they are currently coupled only one way, i.e. an interaction of the
regional scale with the global scale is not possible. They therefore act only as a high
resolution interpreter of the coarse information fed in at the boundaries. An alternative
strategy using dynamical models is the so called “time slice” method using. a global
atmosphere model, which will be discussed in Section 4.
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2. Sulphate-aerosol experiments

A set of simulations with the coupled atmosphere ocean model with a resolution
of T21 has been started with the conditions of the year 1880 and has been continued up
to the year 2050, twice with and once without the direct (albedo) effect of the sulphate-
aerosols included (Hasselmann et al., 1995; Fig. 1). All simulations were carried out
using a new version of the Hamburg CGCM (i.e. ECHAM3 + LSG; for more details
see DKRZ, 1994, Cubasch et al., 1992; Maier-Reimer et al., 1993; Roeckner et al.,
1992).
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Fig. 1. The sulphate-aerosol loading for the decade 1981...1990 (top) and the decade 2040...2049
(bottom).
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The aerosol data have been made available by the Meteorological Institute of the
Stockholm University, they are based on observations until 1985 and on an IPCC
scenario thereafter. The greenhouse gas forcing for the historic time up to now has been
prescribed according to the observations, and for the future evolution the IPCC (1990)
scenario A has been used. The sulphate-aerosol experiment has been run twice, both
simulations differ only through the introduction of a small perturbation in the aerosol
field in one of the runs. Using several simulations allows for a better separation of the
climate change signal and the internal climate variability (represented by the
independent fluctuations of the two simulations) in the model world.

The impact of the computed aerosol concentrations was represented in the CGCM
as an increased effective surface albedo. Indirect effects of aerosols on the formation
and radiative properties of clouds were not included. These are generally estimated to
be of comparable magnitude to the direct effects, so that our computations of the
aerosol climate impact must be regarded as only qualitative.

2.1 Results of the aerosol-experiments

Fig. 2 shows the time evolution of the globally averaged near surface temperature
of the two aerosol experiments, the experiment without aerosols as well as the obser-
vations after Jones and Briffa (1992). The near surface temperature average has only
been calculated in those gridboxes which have an adequate observational coverage. One
can clearly see that the three curves run close together until about 1970. This means
that the model is until that date quite capable to reproduce the observed temperature
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Fig. 2. The time evolution of the 5 year running mean near surface air temperature for the experiments
with the CO, forcing only (dotted), for the mean of the aerosol experiments (dashed) and the
observations (solid line). The x-axis describes the years, the y-axis the temperature change relative to
the years 1951 to 1980. Only those points have been averaged for which a sufficient number of

observations is available.



Prediction, Detection and Regional Assessment of Anthropogenic Climate Change 81

even without greenhouse gas increase or the aerosol effect. From 1975 onwards the
CO, only experiment shows a temperature rise of about 0.3 K per decade, the aerosol
experiments only ca. 0.2 K per decade. The curve of the observation appears to be
closer to the curves of the aerosol experiment than to the CO, only experiment. The
Hadley Center simulation (Mitchell et al., 1995) obtains similar temperature increase
rates with and without aerosol effect (/PCC, 1996).

Fig. 3 and Fig. 4 show the regional change of the near surface temperature for the
experiments for the years 2040-2049 for summer and winter. The aerosols have a
particularly large effect in the Northern hemisphere, since the main sources of the

2m Temperature — DJF
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Fig. 3. The change of the near surface air temperature for the experiments without aerosol effect (top)
and with aerosol effect (bottom) for winter for the decade 2040...2049 relative to the first decade of the
experiment 1880...1889.
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Fig. 4. The change of the near surface air temperature for the experiments without aerosol effect (top)
and with aerosol effect (bottom) for summer for the decade 2040...2049 relative to the first decade of
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aerosols are located here. In this hemisphere one can also find a clear seasonal signal:
in summer the aerosols have in most regions a larger impact than in winter, since due to
the larger insolation their albedo effect is more effective. The impact of the aerosols on
the Indian monsoon circulation is particularly remarkable. While without the aerosols
most models predict a reinforcement of the monsoon (IPCC, 1992; 1996), the aerosol
experiment indicate rather a decrease of the monsoon and the rainfall. This is caused by
the local cooling over Central-East Asia caused by the aerosols, which damps the

monsoon circulation (Lal et al., 1995).
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Fig. 5. The change of the precipitation for the experiments without aerosol effect (top) and with aerosol
effect (bottom) for summer for the decade 2040...2049 relative to the first decade of the experiment
1880...1889.

3. Detection of climate change

The first step for proving (with a certain statistical confidence level) that the
model-predicted climate change due to human activity can in fact be observed, is to
investigate if the observations contain a significant climate change relative to the
climate's “natural” variability. It has already been pointed out that estimates of natural
climate variability are insufficient to explain the observed 100-year trend of global
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mean temperature (e.g. Stouffer et al., 1994, Wigley and Raper 1990). Santer et al.
(1995) showed that there is an increasing trend in pattern correlation between a
greenhouse gas and aerosol forced equilibrium climate change simulation and present
near surface temperature data. In the following we demonstrate a method which is
based on the application of an optimal fingerprint to derive a suitably defined detection
variable for which the signal-to-noise ratio is maximized. This method allows to
quantify the probability that the present climate change in near surface temperature
trends is due to climate variability and to estimate the amplitude of a climate change
signal from the observations.

3.1  The optimal fingerprint method

The question if a statistically significant climate change is taking place can be
addressed by performing a statistical test with the null hypothesis that the observed
warming is part of climate's natural variability. The model derived pattern of climate
change (the “fingerprint”) can be used as a statistical tool to condense the space-time
dependent observations into a one-dimensional “detection variable” (Hasselmann,
1979; Barnett et al., 1991), by projecting the time-dependent observations ¥(z) on the

fingerprint £, d(z) = f]_ W(t) (treating the observed and simulated patterns like vectors

and performing a vector product). The idea of an optimized detection method is to
modify the fingerprint such that climate noise is suppressed by weighting the model-
derived pattern towards low-noise directions (Hasselmann, 1979; 1993).

Hasselmann's optimal fingerprint method has been implemented for detecting
climate change in the spatial pattern of 30-year trends of near surface temperature for a
greenhouse gas only fingerprint (Heger! et al., 1996) and to a combined greenhouse gas
and aerosol fingerprint (Hasselmann et al., 1995). The observations are based on
instrumental data of near surface temperature from 1854 to 1994 (Jones and Briffa,
1992). The data are gridded by a 5° x 5° grid with increasing coverage over time. We
rely upon the area covered regularly since 1949 (about 75 % of the globe). The
fingerprint representing the expected pattern of near surface temperature trends due to
anthropogenic climate change is taken from the mean of both combined greenhouse gas
and aerosol simulations (c.f. Section 2). We use the dominant climate change pattern
(i.e. first EOF) of the mean of both simulations, since we found that this pattern
describes the increasing climate change pattern well (Cubasch et al., 1992).

The noise estimate used for the optimization of the fingerprint is taken from a
long “control” integration without external forcing (von Storch, 1994) with the
ECHAMI/LSG CGCMs (which features an earlier version of the atmosphere model).

Fig. 6 shows the time evolution of the detection variable computed with running
30-year trend patterns from the observations. The recent rapid increase in the detection
variable for the observations confirms the impression of Fig. 2 that the anthropogenic
signal is now beginning to emerge from the natural variability noise.



Prediction, Detection and Regional Assessment of Anthropogenic Climate Change 85

20.0 T v T - T T
——-C
........... (A+B)/2
15.0 | —— Observation
100 -
@
o]
g
% 5.0 k- Obs var
2 GFDL var
g e e
@ A
[a] 0.0 \\J Ij-\ _
5.0 k
-10.0 L v L i
1850 1900 1950 2000 2050

Time [year]

Fig. 6. Evolution of the detection variable using the optimal fingerprint for 30-year trend patterns
computed from the observations (solid line), the mean of both combined forcing simulations (dotted
line) and the greenhouse gas only simulation (dashed line). The time refers to the final year of the 30-
year trend pattern (computed by a trend fitted to the time series of each gridpoint in each 30-year
period). The 95 % confidence intervals derived from the observations (Obs var) and the GFDL control
simulation (GFDL var) are indicated.

We formulate the null hypothesis that the latest observed trend pattern originates
from natural climate variability. The information on the statistics of the detection
variable for 30-year trend patterns is derived from observations (Jones and Briffa,
1992), after subtraction of a model derived estimate of the greenhouse warming signal
(Hegerl et al., 1996, and the GFDL CGCM control simulation over 1000 years
(Stouffer et al., 1994). The CGCM simulation used to estimate the covariance matrix C
was excluded from the estimate, as this would have yielded an artificially suppressed
value due to the non-independence of the data. Note that the model control simulations
represent purely internal variability of the coupled climate system, disregarding
naturally occurring forcing mechanisms such as volcanism or solar output variability.
Thus, the ratio of the model-simulated to the observed variability as indicated by the
confidence intervals of different width in Figure 6 appears not unreasonable. The
estimate of the 95 % significance detection level from the variance of the time series
for natural variability was corrected for sampling bias of the relatively short time series
(especially in the case of the observations) by Monte Carlo simulations of a first-order
auto-regressive process with the same autocorrelation time as the data (Hegerl et al.,
1996). Fig. 6 shows the 95 % confidence intervals derived by this procedure. Clearly,
the latest observed trend is beyond this 95 % detection threshold.
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Thus, the results indicate that the null-hypothesis is rejected, i.e. the recent
temperature trends deviate from the model internal variability and also from observed
variability with a risk of less than 5 % (2.5 % for a one-sided test taking into account
that we expect positive values of the detection variable) and represent a significant
climate change. ‘

The detection variable has also been computed with data from both model
simulations instead of the observations (Fig. 2), indicating what type of time evolution
of the detection variable is expected from the model simulations. While the detection
variable for the greenhouse gas forced simulation increases slightly before the
observations, the mean of both aerosol and greenhouse gas forced simulations increases
afterwards. Thus it is not possible to decide between the different forcing scenarios
based on this figure.

Our significant results represent to a high degree the global mean temperature rise
(see e.g. Santer et al., 1994; Hegerl et al., 1996). That the signal pattern structure after
subtraction of the dominant global mean component nevertheless contributes to signal
detection is demonstrated by Figure 7, which shows the spatial correlation
(disregarding the global mean) between the observed trend data and the fingerprint
from the combined forcing simulation on the one hand and from the greenhouse gas
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Fig. 7. Pattern correlations between observed 30 - year observed trends and the dominant climate
change signal of the averaged equivalent CO, + aerosol simulations (full line) and for greenhouse-gas

only simulation (equivalent CO, only; dashed line). In the top panel (a) the mean has not been
removed, in the lower panel (b) the mean has been subtracted (after Hasselmann et al., 1995).
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only simulation (Hasselmann et al., 1995) on the other hand. Both fingerprints are not
optimized, since the optimal signal-to-noise ratio is only achieved if the mean value is
included. The greenhouse gas only fingerprint is chosen as the dominant climate change
signal for the respective simulation. For the 30-year trends ending between 1970 and
1990 the correlations are higher for the combined forcing fingerprint than for the
greenhouse gas only fingerprint, in accordance with the findings of Santer et al. (1995).
He also showed that the impact of aerosols which is strongest in the northern mid-
latitudes in the summer, is seen more clearly if the data is seasonally stratified.

To make a more quantitative comparison between both fingerprints, we have
projected the observations and model data synchronously onto the purely greenhouse
gas induced fingerprint f and onto a fingerprint f,, which represents the additional
component introduced by the combined forcing signal, i.e. which is orthogonal fo the
greenhouse gas only fingerprint and allows to compose the combined forcing
fingerprint as a sum of f, and f,. f, represents the hemispheric asymmetry introduced by
the aerosol forcing: It shows warming in the southern hemisphere and cooling centered
in the mid-latitude northern hemisphere where the strongest aerosol forcing occurs.
Figure 8 shows that the observations generally have a positive contribution of the
orthogonal fingerprint (represented by positive values on the vertical axes) after
approximately the trend 1910-1940, indicating a component associated with the
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Fig. 8. Evolution of the observed temperature trends in a plane spanned by.the (non-optimized)
fingerprints for greenhouse gas and the orthogonal fingerprint which represents the hemispheric
asymmetry introduced by the aerosol forcing. Both arrows indicate the greenhouse gas only (CO2) and
the combined forcing fingerprint (Aero), which is not orthogonal to the greenhouse gas only
fingerprint.
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anthropogenic aerosol forcing. However, at present and with the present approach, both
signals cannot be separated due to climate noise. However, if both fingerprints are
optimized, the recent observed trend agrees substantially better with the combined
forcing fingerprint (Hegerl, priv. comm.).

3.2 Discussion of the detection analysis

The most critical aspect of our analysis is clearly the estimate of the natural
variability of the detection variable. Even though paleo-climatic data seem to suggest
that the observed record of temperature represents rather strong variability in terms of
30-year trends, thus providing a conservative estimate, paleodata are not without
problems. Therefore, when we want to assess whether the recent developments are
“normal” or are reason for concern about the changes of the atmospheric composition,
then we must assume that the instrumental record is good enough for estimating the
basic statistics of climate variability, and that climate model and proxy data are good
enough to further specify these statistics.

It is not automatically clear that this change has in fact been caused by the
anthropogenic emissions. Other possible reasons of the climate change, e.g. changes in
solar radiation, volcanic activity etc. have to be systematically excluded to rigorously
attribute the observed warming to the anthropogenic forcing. This can be done e.g by
using several fingerprints, as demonstrated above, and ruling out other possible forcing
mechanisms.

4. Time-slice experiments

In this experimental technique the uncoupled atmosphere model is forced by the
sea surface temperature (SST) and sea ice distribution is taken from a transient
simulation' with a coarse resolution (T21, i.e. a Gaussian grid of 5.6") globally coupled
ocean-atmosphere model (Cubasch et al., 1992) at the point of CO, doubling (2*CO,)
and tripling (3*CO,), and-by the corresponding changed greenhouse gas concentration
(Mahfouf et al., 1994). All experiments, including a control simulation with present day
climate conditions (1*CO,) have been carried out with the ECHAM3 T42 model (T42,
i.e. a Gaussian grid of 2.8") an integration time of 30 years and form therefore a kind of
equilibrium experiments. A simulation of 5 years before the start of each simulation has
been run to obtain the equilibrium and therefore is not used for the analysis. The model
has been used in the AMIP model intercomparison (Gleckler et al., 1994).

The time-slice method has the advantage that the model can be integrated for
several decades around the time of interest with a high resolution, and that it gives a
large statistical sample of the changed climate similar to equilibrium experiments with

' This experiment is an earlier experiment with an older model version than the one used for the
aerosol-experiments. It has been started in the year 1985 and has therefore a substantial cold start error
(Cubasch et al., 1992).
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mixed-layer models (see IPCC, 1990). Additionally it utilizes a more credible
distribution of the SST than the mixed layer models.

4.1  Analysis of experiments

The model data are compared with the rainfall and surface temperature data after
Legates and Willmott (1990a,b). Three of the six regions analyzed by Cubasch et al.
(1995c¢) will be discussed in this particular report (Table 1). Only the changes on land
points have been calculated. Two quantities are of primary concern for mankind and
are among the most commonly measured, at least over land, i.e. precipitation and near
surface temperature.

Table 1. The characteristics of the regions analysed.

No. boundaries location number of land- areas defined
gridpoints in area according to
1 85°-105°W, Central North America 46 IPCC *90
35°-50°N
2 70° - 105° E, Southern Asia 69 IPCC *90
5°-30°N
3 10° W - 45°E, Central and Northern 91
50°-70°N Europe

4.2 Changes in surface temperature

The annual cycle of the surface temperature (Fig. 8) is simulated for Centrat
North America in the 1*CO, simulation with the right amplitude, but with a warm bias
of around 5 K in summer and winter. The temperature change is only marginal by
going from 1*CO, to 2*CO, and exceeds only in the autumn and winter season 1 K. In
the 3*CO, experiment, a clear signal is established with an average above 3 K. In this
experiment the annual cycle is altered with a minimum change in spring and a
maximum in late fall (longer Indian summer). The maximum in autumn is associated
with an increased cloud cover, thus trapping the infrared radiation near the surface. In
spring the cloud cover is reduced, allowing for more infrared cooling of the surface.
The temperature changes for both, the 2*CO, and 3*CO, experiments, are significant.
However, they are still smaller than the difference between the 1*CO, experiment and
the observation. The year to year variability does not increase significantly in either
experiment.

In Southern Asia the observed annual cycle of the near surface temperature .is
comparable with observations during spring and summer, but too cold during the other
seasons (ca. 2 K in December). The temperature change for the 2*CO, experiment over
Southern Asia is almost the same in every season, while in the 3*CO, simulation it has
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a marked intraseasonal variability with a maximum of 4.5 K in March and a minimum
of only 2 K in autumn. The temperature change is correlated with the change in the
solar radiation at the top of the atmosphere with 0.74 and with the solar radiation
reaching the surface with 0.77. The key to this phenomenon is the monsoon circulation.
In March the conditions in this region are determined by flow from the North giving
dry and clear sky conditions. In this case solar radiation passes almost unhindered to the
surface, while the enhanced greenhouse effect directly warms the surface. During the
pre-monsoon season (March) the radiative input at the surface is increased by up to 6
W/m” for the 3*CO, simulation. In the summer, more and thicker clouds due to the
enhanced hydrological cycle reflect more solar radiation at the top of the atmosphere
and absorb more solar radiation on their way to the surface. During the summer month,
an average of about 14 W/m’ less solar radiation reaches the ground in the 3*CO,
simulation compared to the control simulation. Even though the thermal radiation is
enhanced due to the greenhouse effect, the net radiation at the surface is reduced by
about 2.5 W/m® during the summer month.

In Central and Northern Europe, the seasonal temperature cycle is simulated
almost perfectly. In the 2*CO, as well as in the 3*CO, experiment the change of the
temperature is significant and counteracts the seasonal cycle, i.e. the temperature
change is much larger in winter than in summer, where in the 2*CO, simulation only a
moderate temperature change with a minimum in May and June can be found. In this
simulation, only in the winter season the temperature change exceeds 1 K.

In some regions the temperature change is for both climate change simulations
still smaller than the deviation of the simulation to observations. The predicted climate
change for the 2#CO, experiment generally only amounts to about 30 % to 40 % of the
one obtained by the 3*CO, experiment instead of the expected 50 %. This can be
attributed to the cold start phenomenon (Cubasch et al., 1995b; Hasselmann et al.,
1992). The 3*CO, time-slice experiments resemble the CO, doubling equilibrium
simulations with mixed-layer models (see Schlesinger and Mitchell, 1987) more than
the 2*CO, time-slice experiment (Cubasch et al., 1995c).

4.3 Changes in precipitation

A thorough investigation of the hydrological cycle in the ECHAM3 model has
been carried out by Arpe et al. (1994). It indicates that the uncertainties in the
observations cause severe problems in the validation of the model results. The model
simulates the precipitation mainly within the brackets "of uncertainty of the
observations. Instead of going through the exercise of comparing the model results to
all available observations again, we restrict ourselves to the climatology of Legates and
Willmott (1990a,b) bearing in mind the large uncertainty inherent in this dataset.

The simulated precipitation over Central North America completely misses the
peak in late spring and early summer (Fig. 9). The mean value is only about 50 % of
the observed amount. The precipitation does not significantly change in Central North
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America in any of the climate change simulations. Differences of a maximum of 20 %
still fall within the interannual variability of the control simulation. The interannual
variability is not significantly altered either.

Value and Change of 2m-Temperature

a: Central North America b: Central North America (Change)
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Fig. 9. The annual cycle of the near surface temperature [°C] (panels a, ¢ and e) and its change (panels
b, d and f) for the 2*%CO, (dotted) and 3*CO, (dashed) integrations for Central -North America (a)
Southern Asia (b), and Central and Northern Europe (c). The observation have been drawn with bold
solid lines, the 1*CO, experiment with thin solid lines. The shading surrounding the change curves
indicates the 95 % significance limits (after Cubasch et al., 1995¢).
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The precipitation over Southern Asia has a marked seasonal cycle with a
minimum in early spring (the winter monsoon) and a maximum in late summer. The
annual cycle of precipitation is simulated quite well over Southern Asia, even though
the maximum during the summer monsoon season is underestimated about 30 %. This,
of course, also drags the mean simulated value below the observed mean.

Under the 2*CO, conditions this situation is hardly altered, and changes are
barely significant. Under the 3*CO, conditions, the precipitation in the monsoon season
increases by 10 %. It has already been stressed by Lal et al. (1995) that the enhanced
hydrological cycle results in an increase of the monsoon precipitation over India. The
interannual variability is not significantly influenced by the greenhouse gas
concentration, This statement, however holds only for those simulations, where the
direct sulphate aerosol effect has not been taken into account (c.f. Section 2).

The observed summer precipitation of Central and Northern Europe shows a
relative maximum while the model simulates a minimum. During the other seasons the
observed and simulated values agree quite well. The mean value is underestimated.
Under climate change conditions, the model predicts on average a drying, which
reaches its maximum during the (already unreasonably dry) summer season, but which
is not statistically significant. This decrease of precipitation is slightly higher in the
3*CO, compared to the 2*CO, experiment.

The analysis of the seasonal precipitation shows that this parameter is only poorly
simulated. The change of precipitation confirms the statements made by Santer et al.
(1994) that precipitation has a low signal-to-noise ratio, because it does not show an
unequivocal sign. Even the tripling of CO,, which has a large impact on the near
surface temperature, did not influence precipitation in a distinct way, with the
exception of Southern Asia and the Sahel. Generally the deviation in the precipitation
simulation compared to observations is larger than the predicted climate change.

5. Summary and conclusions

The inclusion of sulphate aerosols and the early start of the simulation at the end
of the last century create 4 realistic, simulation of the present day climate. For the future
climate the aerosol effect causes a local cooling over some parts of the northern
hemisphere, particularly in summer.

Using model predictions of anthropogenic climate change in an optimal
fingerprint method, it can be tentatively concluded that the probability that the observed
temperature increase during the last decades is of natural origin is less than 5 %, i.e.
that the observed global warming is very likely due to man's activities. The estimate of
natural variability of climate has been assessed by the observations (with an estimated
greenhouse warming signal subtracted), and by two 1000-year CGCM simulations of
the present climate (von Storch, 1994; Stouffer et al., 1994). The fact that the recent
warming coincides closely with the increased greenhouse warming predicted by
coupled ocean-atmosphere general circulation models as well as the agreement between
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the pattern of the combined forcing fingerprint and the observations is strong
circumstantial evidence that the observed temperature change is indeed anthropogenic.

The time-slice method provides a mean to assess the regional climate change with
higher resolution and with a statistical sufficient sample, because it operates at an
equilibrium state. The temperature changes regionally significantly at doubling and
tripling of the atmospheric CO, concentrations, while the precipitation changes are less
clear determined and statistically not significant. It has to be stressed that the time-slice
experiments do not yet take the direct effect of aerosols into consideration, not because
this effect is not important but because they have been based on a set of earlier
experiments.

Furthermore, the inclusion of aerosols can change the sign of the precipitation
change over certain regions of the globe. This indicates how sensitive regional
precipitation change is to the specification of the anthropogenic forcing (whose
magnitude, in the case of the sulfate aerosol forcing, is highly uncertain).

6. Outlook

Despite all the effort it cannot be excluded that important parameters or
experimental conditions have not yet been included or that apparently negligible
parameters become important in a climate change simulation. The sensitivity of the
results to the inclusion of just one effect of the sulphate aerosols, or the starting date of
the integration are indicating it. From the modelers side obvious shortcomings will be
dealt with and new ideas will be implemented as they emerge. Plans have been drawn
up to calculate directly from the sulphate aerosol emissions and their transport the
direct effect interactively. Plan have been made to include the indirect aerosol effect at
a later stage as well.

As the horizontal resolution is a major problem, it is planned to carry out the
transient simulations with a T42 model and the time slice experiments with a T106
model.
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