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Regional aspects of global climate change simulations : Validation and assessment
of climate response over Indian monsoon region to transient increase of
greenhouse gases and sulfate aerosols
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ABSTRACT. The regional climatic impacts associated with global climatic ¢hange and their assessment are very
important since agricullure, water resources, ccology cte., are all vulnerable 10 climatic changes on regional scale.
Coupled Atmosphere-Ocean general circulation model (AOGCM) simulations provide a range of scenarios, which can be
used, for the assessment of impacts and development of adaptive or mitigative strategies. Validation of the models agains!
the obscrvations and establishing the sensitivity to climate change forcing are essential before the model projections are
used for assessment of possible impacts. Mareover model simulated climate projections are often of coarse resolution
while the models used for impact assessment. (e.g. crop simulation models. or river runoff models ete.) operate on a
higher spatial resolution. This spatial mismatch can be overcome by adopting an appropriate strategy of downscaling the
GCM output

This study examines two AOGCM (ECHAMY/OPYC3 and HadCM2) climate change simulations [or their
performance 1 the simulation of monsoon climate over India and the sensitivity of the simulated monsoon climate 1o
transient changes in the atmospherie concentrations of greenhouse gases and sulfate acrosols, The results show that the
two models simulate the gross features of climate over India reasonably well. However the inter-model differences in
simulation of mean characlenstics, sensitivity to forcing and in the simulation of climate change suggest need for caution
Further an empirical downscaling approach is used to assess the possibility of using GCM projections for preparation of
regional climate change scenario for India.

Key words — Chimate models. Climate change, Regional climatic scenario, Downscaling, Monsoon change,
Climate sensitivity,
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1. Introduction

The regional climatic impacts associated with
global climatic change and their assessment are gaining
increasing importance. This is because the agriculture,
water resources, ecology etc., are vulnerable to climatic
changes on regional scale. Though general circulation
models (GCMs) have been successful in  realistic
simulation of the global climate and observed
climate change, significant differences come to the fore
when examined on sub-continental regions with few grid
points.

The three-dimensional climate models involve
comprehensive  coupling  of atmospheric  general
circulation  models with ocean general circulation

models,including sea ice models, and models of land-
surface processes. While even the most complex models
are prone to substantial errors in their simulations
on regional scale, such errors by no means make a
given model totally unusable for regional applications.
Regional validations can be used to identify and
quantify the biases in the simulations. which can
possibly help in deriving correction factors. In addition 1o
regional validation, assessment of the sensitivity of the
model (with reference to regional climate) to various
forcings can help in establishing confidence in the model
projections for assessment of impacts and other
applications.

The impact assessment models (e.g. crop simulation
models, or river runoff models etc.) operate on a
higher spatial resolution (~40 km: Gallaini and Filippini
1985). Derivation of regional climatic information at
such high spatial resolution from the coarse-resolution
GCM products is achieved by ‘downscaling”. This is
done either through dynamical methods, e.g.. regional
models nested with GCMs (Giorgi, 1990; Giorgi and
Mearns, 1991) and ‘time-slice’ methods (Cubasch er al..
1996; 1995a) or through empirical downscaling
techniques (Karl er al., 1990; Wilks. 1989; Wilby er al.,
1998).

In the present study, climate change simulations of
two models are used to develop climate change scenario
over India through assessment of sensitivity to transient
forcings and empirical downscaling.

2. Data

2.1. The AOGCMs and the

simulations used in this study

climate change

The models chosen for this study are the
ECHAM4/0OPYC3 of Deutsches Klimarechenzentrum

(DKRZ) and HadCM2 of Hadley Centre for Climate
Prediction and Research (HCCPR). ECHAM4 is a |9-
level spectral GCM with a resolution of T42 (~ 2.8° in
lat. long.). A detailed account of the model specifications
has been given by Cubasch er al. (1996). HadCM2 is
a grid point GCM with horizontal resolution of 3.75
longitude and 2.5° latitude and 19-levels in the vertical,
Johns er al. (1997) gives full details of the model.
A layout of model grids over the monsoon region is
shown in Fig. | for both models, with shaded area
representing the land grid points of present interest.
Output data of three experiments performed using
these models at the respective centers as part of IPCC
climate change simulations have been obtained from IPCC
Data Distribution Centre (http://www.ipccdde.cru.uea.ac,
uk/). For ECHAM4 a control (C) run in which the
atmospheric forcing is kept constant, has been performed
over a period over 1000 wyears in length. The
concentrations of CO, . CH; and N;O are fixed at the
observed 1990 levels as given by (IPCC'90), and the
concentrations of the industrial gases (CFC’s and others)
are set to zero, while ozone and aerosols are prescribed
as climatological distributions. After a 100-year spin
up. the model was run, with constant flux adjustment,
for another 300 years. The climatology constructed
from this 300-year (C) run serves as a reference for the
time-dependent forcing experiments.  The transient
experiments are initialized at year 100 of control. In
HadCM2 simulations, the control (C) run is initialized
from the end of the spin up (510 years). The two anomaly
runs are initialized at 10" year of control. In the
greenhouse  (G) experiments of both models the
ereenhouse gas forcing is increased gradually to represent
the observed changes in forcing due to all the greenhouse
gases from 1860 to 1990. From 1990 to 2099 it uses a rate
of 1% / year compounded increase in concentrations (a
rather larger forcing scenario than is represented by the
1S92a emissions scenario; Kattenberg et al., 19906).
Another simulation includes the effects of the sulfate
aerosols (GS) in addition to the greenhouse gas forcing.
The forcing due to sulfate aerosol includes the direct
radiative effect of historic sulfate aerosol concentrations
during 1860-1990 and a scenario of sulfate aerosol
concentrations during 1990-2099 derived from the sulfur
emissions in the 1S92a scenario. This anomaly run (GS)
for ECHAM4 is available for the period 1860-2049.

2.2, Observarional data sets

Historical climatic data used for model validation
consist of the rainfall data for 120 years (1871-1990) at
306 raingauge stations in the plains (Parthasarathy er al.,
1994) and mean surface air temperatures data for 90 years
(1901-1990) at 121 stations (Rupa Kumar er al., 1994).
The spatial distribution of the station network is shown in
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Figs.l (a&b). The layout of two GCM grids over India and the network of stations with observational data. (a) ECHAM4 (b) HadCM2.

GCM land grids are shaded and the hox indicates the study area for which downscaling is done

Fig. 1. The rainfall and temperature data have been
gridded onto resolution of ECHAM4 and HadCM2 grids
by using an inverse square distance kernel with search
radius limited to 2.5°, similar to a method proposed by
Cressman (1959). Observed gridded data are used for
validation and downscaling analysis.

3. Regional validation of simulated climate over
India

Model evaluation or validation involves assessment
of model’s ability to simulate the climate of the present
and the past. The assessment further guides the
interpretation and use of the model projections. Model
evaluation can be done either on the basis of a study of the
degree to which the model is physically based and the
degree of complexity with which the various processes
and interactions have been parameterized, or it can be
based on quantification of the model errors and
assessment of causes of errors. In the present study, the
efficiency of the two models ECHAM4 and HadCM2 in
simulating the mean seasonal climate and its variability

over the monsoon region is examined. Monthly rainfall
and temperature, which are end results of all the physical
processes, have been used to characterize the model
simulations. Correlation and RMS error are some of the
effective tools generally used for model evaluation.
However the climate change simulations used in the
present study correspond to a nominal time scale i.e., the
simulated climate approximately represents the period
spanning 1860-2099 but the individual model-years do not
correspond to any specific years or events in this period.
Therefore, the evaluation is based on comparison of
statistical ~characteristics over different sub-periods.
Further for analysis in the spatial domain, the Principal
Component Analysis (PCA) is used to evaluate models’
ability to reproduce the dominant modes of variability.
These tools are also used to assess the sensitivity to
transient forcing.

3.1. Regional climatology in GCM simulations

The simulation of climate over Indian region using
ECHAM3+LSG (Lal er al., 1994; 1995) is reported to be
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TABLE 1

Characteristics of observed and simulated scasonal and annual total rainfall and mean temperatures
for the two models ECITAN and ITadCM2

Rainfall immy

Long-term averages

Mean Temperature (°C)

ECHAM4 DIJF MAM JIAS ON Annual DJF MAM JJAS ON Annual
Observed (E) 43.00 129.70 048.00 330 1256.10 19.60 27.10 27.60 23.90 24.90
CTL 2040 114.30 531.90 54.70 721.40 18.30 28.80 29.30 22.30 25.20
GHG 19.00 114.30 345.10 61.10 739.70 18.60 29.30 29.60 22.60 25.60
SUL 20.30 115.00 52290 55.60 714 00 18.90 29.30 29.70 22.50 25.70
IadCM2

Observed(H) 40 80 136.80 96690 14050 1285.10 19.70 27.10 27.60 23.90 24.90
CTL 45.00 81.20 755350 10990 Y91.50 16.60 26.50 26.9%0 21.40 23.30
GHG 7.30 83.00 764,90 112.50 1007.70 17.20 27.20 27.40 22,10 23.90
SUL 45.60 76.30 722.20 103.40 949.50 16.80 26.80 27.40 21.80 23.70

Standard Deviation
Rainfall (mm) Mean Temperature (°C)

ECIIAM4 DIF MAM 1JAS ON Annual DIF MAM JIAS ON Annual
Observed (E) 15.70 25.50 2890 34.60 03.70 0.39 0.48 0.26 0.42 0.24
CTL 14.70 24.00 77.80 1910 R7.50 (.68 0.54 (LG8 0.88 0.42
GHG 12.10 18.40 87.20 23.60 93,80 0.83 0.55 0.78 0.97 0.40
SuUL 15.30 20.60 08.50 22.70 103,40 0.98 0.60 0.98 1.07 0.49
HadCM2

Observed(H) 14.80 27.10 86.20 37.10 105.60 0.39 046 0.25 0.41 0.24
CTL 13.80 32.20 71.10 32.90 93.00 (.61 0.58 0.75 0.75 0.46
GHG 16.30 34.00 88.30 38.00 115.80 0.76 0.71 0.94 1.01 0.60
SUL 19.50 31.10 80.30 38.30 106.20 0.64 0.63 0.68 0.84 0.39

Lincar trend
Rainfall (% of mean 7 100 years) Mean Temperature (°C / 100 years)

ECIIAM4 DIJF MAM 1JAS ON Annual DJI MAM JAS ON Annual
Observed (E) 0.92 3.07 1.59 9.22 2.54 0.69 0.37 0.12 0.601 (142
CTL 25.20 3.00 21 14,11 354 0.50 0.01 -0.08 -0.22 -0.19
GHG -27.94 9.03 11.93 .53 10.22 0.35 0.94 0.16 0.70 0.49
SUL 27.88 0.30 5.69 18.66 6.45 0.04 0.26 0.80 1.42 0.54
HadCM2

Observed(H) 0.46 3.6 13 5.01 2.2] 0.73 0.39 0.13 062 043
CTL 1.82 0.95 2.15 10.72 288 0.12 014 0.17 0.39 0.19
GHG -4.94 -0.57 1.85 11.10 345 1.49 1.03 1.39 1.94 1.41
SUL -11.68 1.99 -4.41 K9] -5.05 044 0.31 048 0.29 (.39
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Figs.2(a-d). Annual cycle of monthly rainfall (mm) mean temperature (°C) over India. GCM simulated and observed rainfall (mm)
(a) ECHAMA4, (b) HadCM2 and mean temperature (°C), (¢) ECHAM4 and (d) HadCM2

close to the observations, in terms of mean annual near
surface temperature climatology and  interannual
variability of monsoon rainfall. Further the study shows
that the model also simulates the observed cooling trend
over north and northwest India and enhancement of aridity
in semi-arid regions of north India. Using 150-year data
for ECHAM4, Dumenil (1998) reported that monsoon
rainfall simulated by ECHAM4 was considerably less than
that observed. However, the interannual variability of the
monsoon and the occurrence for strong and weak
monsoons associated with ENSO events are very well
simulated. The 150 year control simulation features 31
strong monsoon and 30 weak monsoons, with strong
monsoons most likely to be followed by La Nina (15
cases) than by El Nino (2 cases).

To assess the climatology of the two models over
India, gridded observational data is used. The AISMR
corresponding to 306 stations, averaged over the period of
1871-1990, is 852 mm with an SD of 84 mm. These are
computed from the area weighted rainfall series. However

the observed gridded rainfall data represent the model
resolutions and the mean monsoon works out to 948 mm
with a standard deviation of 89 mm for ECHAM4 and
966 mm with a standard deviation of 86 mm for HadCM2
(Table 1).

The annual cycles of observed and simulated all-
India mean monthly rainfall and temperatures are shown
in Fig.2. Spatial averages of the GCM fields are
computed for the period corresponding to observational
record, vis 1871-1990 for rainfall and 1901-1990 for
temperatures. Both ECHAM4 and HadCM2 underestimate
rainfall especially during the monsoon months (Figs.2
a&b). The annual cycle in the surface air temperatures,
typically having the highest temperatures in the pre-
monsoon months followed by an abrupt drop during the
monsoon months is generally well-represented in both the
models (Figs. 2 c&d). On the whole the two models do
reproduce the annual cycle of both rainfall and
temperature reasonably well. Table 1 summarizes the
observed and simulated rainfall mean, standard deviation
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Figs.3(a-f). Long-term mean spatial patterns of observed and simulated (C) monsoon rainfall during 1871-1990. Mean monsoon rainfall (mm)
(a) Observed. (b) ECHAMA4, (c) HadCM2, and coefficient of variation (%), (d) Observed and (¢) ECHAM4 () HadCM2
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Figs4(a-c).  Long-term mean spatial paticms of observed and simulated (C) mean annual temperature (°C) during 1901- 1990,
(a) Observed. (b) ECHAMJ and (¢) HadCM2
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Figs. 5(a-d).  Principal component analysis of Monsoon rainfall over India : Observed and simulated (C) (a) Observed -ECHAM4 grids,

(b) ECHAM4 —CTL, (c) Observed -HadCM2 grids and (d) HadCM2 -CTL
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Figs. 6(a-h). Time series of all-India summer monsoon rainfall (mm) (a-d) and mean annual temperature(°C) (e-h). Comparison of obscrvations

with model simulations, Monsoon rainfall in ECHAMA4 (1) Obs & C, (b) G & GS, and in HadCM2, (c) Obs & C, (d) G & GS. Mean
annual temperature in ECHAMA. (¢) Obs & C. (1) G & GS and in HadCM2, (g) Obs &C and (h) G & GS
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and linear trends for four seasons and annual. The mean
monsoon rainfall is less than the observations in all the
three simulations of both the models. However the
standard deviation in monsoon rainfall of (G) simulation
by both models compares reasonably well with the
observations. The linear trend in monsoon rainfall
expressed as % of mean/100 years is also indicated in
Table 1. Observations indicate small increasing trends and
the ECHAM4 simulations also show increasing trends
while the HadCM2 simulations show small negative trend.
ECHAM4 simulates a warmer climate (by about 1°C in
mean annual temperature) over India while HadCM?2
simulates cooler climate. Simulated temperatures of both
the models have higher variability compared to the
observations. The observations indicate a warming of
0.42°C/100 years in the mean annual temperature with
highest trend in DJF season (0.73°C/100 years). Trends in
mean annual temperature of sulfate simulation (GS) of
both models are comparable with observations. Johns er
al. (1997) have shown that the (GS) simulation of
HadCM2 captures the observed signal of temperature
change better then the (G) and (C) simulations, based on
the global decadal anomaly pattern correlation between
the two experiments and observations, Over the Indian
region the simulated trends seem to show some agreement
with observations.

3.2. Spatial patterns of monsoon rainfall and
variability

The spatial patterns of the monsoon rainfall and
its coefficient of variation are shown in Fig.3. Both
the models capture the gross features of the monsoon in
terms of low rainfall amount coupled with high variability
over Rajasthan compared to other parts of India.
However, some of the finer details of regional
significance, are completely missed in both the models.
For instance, ECHAM4 (Fig. 3b) fails to reproduce the
rainfall minimum in the rain shadow region over eastern
peninsula. On the other hand HadCM2 (Fig. 3c) seems
to underestimate the rainfall over the Indo - Gangetic
plains. Though HadCM2 does well in simulating the
region of rainfall minimum over southeastern peninsula,
there is a general overestimation of rainfall in and around
peninsula as well as over the Himalayan region.

3.3, Mean annual temperatures

The comparison of simulated mean annual
temperatures with observations (Fig. 4) shows that the
ECHAM4 (Fig. 4b) has a warmer climate compared 1o
observations (Fig. 4a) while HadCM?2 (Fig. 4¢) has a
cooler than observed climate over the Indian region. This
fact is evident from Table |, where ECHAM4 simulated
temperatures are warmer than observed in all the seasons

and HadCM2 simulated temperatures are cooler than
observed in all the seasons. It is observed that both the
models capture the continental warming during the
summer season and simulate the highest temperatures over
northwest India.

3.4. Dominant modes of monsoon variability

One of the major manifestations of spatio-temporal
variations in monsoon rainfall is the occurrence of large
scale flood and drought conditions over India involving
spatially coherent rainfall anomalies over a large area.
PCA applied to monsoon rainfall (Pant and Rupa Kumar,
1997) indicates that the most dominant principal
component representing an east-west dipole involving the
anti-correlation of monsoon rainfall over northeast India
with the rest of India Figs. 5(a, ¢). This pattern represents
a typical drought/flood year over India, when northeast
India features conditions opposite to those seen over rest
of the country.

Similar analysis is carried out using the model
simulated monsoon rainfall in the control simulation for a
fixed common period of 1871-1990 (Fig. 5). The first
principal component pattern resembles the observed
dipole structure suggesting that the models are capable of
simulating patterns that dominate the observed interannual
variability. HadCM2 (Fig. 5d) seems relatively closer to
the observations, while the dipole in ECHAM4 (Fig. 5b)
is rather weak,

Thus from the above discussion it can be understood
that the two models capture the gross characteristics of
climate over the monsoon region in terms of the mean
annual cycle and the dominant modes of variability.
However ECHAM4 simulates a warmer than the observed
climate and the simulated monsoon rainfall is less than
the observed. Further it fails to capture some of the
finer spatial details like the rainfall maximum along the
west coast of India and rain-shadow area eastern part of
Indian peninsula. HadCM2 simulated monsoon rainfall
pattern resembles the observations very well, especially
over the Indian peninsula. Further it produces an
overestimation of rainfall over the Himalayas and eastern

peninsula.

4.  Sensitivity of the climate over India to transient
increase in greenhouse gases and sulfate acrosols

The time series of observed and simulated all-India
mean monsoon rainfall and mean annual temperature
based on an arithmetic mean of land grid padats over India
are shown in Fig. 6. The time series of momsoon rainfall
indicates that the simulated rainfall is lowes compared to
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Figs.7(a-f). Sensitivity of variability in monsoon rainfall to transient forcing (G and GS experiments) relative to control (C).Coefficient
of variation in monsoon rainfall in ECHAM4 (a) C. (b) G, (¢) GS and in HadCM2 and (d) C (¢) G and () GS

observations Figs. 6(a, ¢). On the other hand, in terms of
the mean annual temperatures ECHAM4 simulates a
warmer mean climate and HadCM2 simulates a cooler
climate compared to the observations Figs. Gle.g).
To assess the model sensitivity to the greenhouse gas
forcing, it is compared with the control simulation.
During the period 1871-1990 the monsoon rainfall in the
control run as well as in the two experiments is less
than the observations while the wvariability in the
experiments compare better with observations (Table 1).
Relative to the control run (C), the greenhouse run (G)
has a higher rainfall and also higher variability in both
the models (Table 1). In the sulfate run (GS). on inclusion
of sulfate aerosols in addition to greenhouse gases the
monsoon rainfall is reduced relative to the greenhouse
run (G) and is also less than the rainfall in the control run
(C). The two greenhouse simulations, ECHAM(G) and
the HadCM2(G) indicate opposing scenarios of monsoon

rainfall for the future Figs. 6(b.d). This is also seen in the
(GS) simulation of both the models. However the effect of
sulfate aerosols show a reduction in rate of rainfall
increase, which will be discussed in the next section.

The sensitivity to transient forcing relative to control
(G-C) suggest warming over India (by a maximum of
0.6°C in HadCM2) (not shown) coupled with an increase
in the monsoon rainfall (by maximum of 5% in HadCM2).
The reduction in rainfall enhancement due to inclusion of
aerosols is also clear in both models and is more
pronounced in HadCM2 simulation. The spatial pattern of
variability in monsoon rainfall (Figs. 7a-f) seems to be
insensitive to changes the forcing. This indicates that the
basic character of the monsoon is unchanged while there
might be changes in the total rainfall amount. This fact is
also evident from the PC | (not shown) pattern, which is
same in the three experiments.
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5. Future climatic scenario for India under

continued transient forcings

This inter-model disagreement makes it difficult to
choose a common baseline climate and define climate
change signal. The all-India scenarios of rainfall and
temperature for the period 1980-2039 relative to 1920-
1979 are shown in Fig. 8. ECHAM4 suggests an increased
monsoon rainfall by 13% (Fig. 8a) while HadCM2
suggests a reduction in monsoon rainfall by 6% (Figs. 8b)
in the greenhouse gas (G) simulation, Both GCM’s
suggest an increase in annual mean temperature by more
than 1°C (1.3°C in ECHAM4 and 1.7°C in HadCM2 ; Fig.
8(c-d) respectively). Studies using GCM simulations
indicate an increase in winter temperatures by 1-4°C for a
doubling of CO, concentration (Bhaskaran er al., 1995).
The (G) simulations of two models indicate that under the
influence of a 1 % increase per year in all greenhouse
gases the winter temperatures over India might increase
by nearly 1.7°C (Fig. 8d), However the (GS) simulations
suggest 1°C (HadCM2) to 1.5°C' (ECHAM4) increase in
the winter temperatures over India.

The above analysis suggests that both the models
show warming in all the seasons and in the mean annual
temperature due to transient forcing while response of the
monsoon rainfall in HadCM2 simulations suggests a
scenario that seems to disagree with ECHAMA4
simulations. Decrease of summer (JJA) rainfall (with
transient increase in the forcings), in the HadCM2
simulations is seen over entire south Asian region (Hulme
et al, 1999). The mean annual cycle (not shown) of
rainfall and temperatures is seen to undergo changes in the
scale alone and the amplitude of the cycle remains
unchanged.

Direct use of these model scenarios on regional
scale for studying the impacts is difficult since the
GCM’s do not capture the finer details of spatial
variations. Since some of the large scale features are well
captured by the GCMs, (e.g. PC 1) an attempt is made to
empirically downscale the monsoon rainfall to translate
the model generated climate change information to a
regional scale.
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Figs. 9(a-f).  Standard deviation of monsoon rainfall over central India during 1871-1990. Comparison of observations with ECHAM4
simulations and the downscaled monsoon rainfall. (a) Observed -ECHAM grids, (b)) ECHAMA(G), (¢) ECHAM4(GS),
(d) Observed station data. (¢) downscaled (G) and (f) downscaled (GS)

6. Downscaling methodology
0.1. Review of Empirical downscaling approaches

Empirical downscaling approach is similar 1o the
perfect prog. (PP) method or model output statistics
(MOS) approach used in numerical weather forecasting,
based on multiple regression exploiting the correlation

between the predictand and the predictors. A review of

such methods is given in Giorgi and Mearns (1991) cover-
ing the early works of Kim er a/. (1984) and its advanced
version by Wilks (1989). Karl er al. (1990) give a more
sophisticated strategy-Climatological Projection of Model
output Statistics (CPMS). It involves extensive use of free
atmosphere variables (RPCs) as predictors. CCA is used
to develop simultaneous relationship between a linear
combination of predictors, the canonical variables and the
predictands (surface observations). Important canonical

variables are regressed to each of the surface based
observations through inflated regression.

More recently fuzzy clustering (Bardossy and Plate,
1992), empirical transfer functions (Winkler ef al., 1997),
artificial neural networks (ANN) (Hewitson and Crane
1992), weather generators,(Wilks 1989: 1992: Wilby er
al., 1998), eic are used for downscaling. Wilby er al.
(1998) brings out an exhaustive account of comparison of
all the empirical downscaling techniques and their
performance.

6.2. Application of a
rechnique  over

empirical  downscaling
India  for preparation of
scenario

The GCM simulations are firstly corrected for the
biases, by applying the difference of mean to correct the
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Figs. 10(a-f. Standard deviation of monsoon rainfall over central India during 1871-1990. Comparison of observations with HadCM2
simulations and the downscaled monsoon rainfall. (a) Observed -HadCM2 grids, (b) HadCM2(G), (¢) HadCM2(GS),
(d) Observed station data, (e) downscaled (G) and (f) downscaled (GS)

bias in mean and by ratio of the variance to correct for simulations to be comparable to the

bias in the variance. Downscaling is done using these observations, or any systematic bias is
corrected data. In this study the development of climate eliminated using suitable corrections.

change scenario on a regional scale is done through

empirical downscaling technique in thee steps. STEP 3. In this step the large scale predictor fields

are derived from the changed climate, and

STEP 1. Firstly, across-scale empirical relationship are used to evolve local climate

is established in the historic data. There information.  Assumption  that  the

are several approaches but the most empiricism remains unchanged in the

common one uses the dominant modes of changed climate, is unrealistic. However

variability in the large scale fields as the this study aims at using the downscaling

independent variable with the station or technique as a means to translate the GCM

local climate variable as dependent. generated information, which is usually

not interpretable on local scales.

STEP 2. The empirical relations developed in step
I are applied to the model simulations. Large scale monsoon rainfall (at grid points) is
This approach assumes the model used as predictor to derive the monsoon rainfall at
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various stations in the central India. An area bounded by
73.1250 -81.5625°E and 18.1390 - 26.5108°N is the
ECHAM4 domain with 16 grid points. and 71.2500 -
82.5000°E and 20.0000 - 27.5000°N 1s the HuadCM2
domain with 15 grid points in the region. These two
regions are marked in  Fig. 1. ECHAM4 grid has 38
stations with rainfall data.

Similarly HadCM2 grid has 44 rainfall stations.
Firstly large scale observed rainfall is subjected 10 PCA
to obtain the most dominant modes. The use of PC
scores as predictors prevents the bias due to possible
coherence among the predictors, besides reducing the
dimension. In the second step the scores of the dominant
modes (PC’s 96-98% of variance explained) are used as
predictors to estimate the stations rainfall. The multiple
correlation that can be achieved is fixed at 0.9 and
no variable is forced either into or out of the regression.
The empirical model so obtained is used with the
independent variables of the GCM generated large
scale rainfall corresponding to the comparable time
span. In this case ECHAM4 and HadCM2 (G) and
(GS) simulation corresponding to 1860-1990 are used.
In this study the validation is not done on an
independent data set, since the aim of this approach 1s
not that of forecasting, and more over the simulated
climate corresponds to a nominal time scale. The
downscaling is aimed at reproducing the climatic
characteristics of a sub-grid scale region. Further the same
scheme is used to derive the possible gross changes in the
mean climate of the region as suggested by the GCM
simulations.

Analysis of results is confined to the variability in
monsoon rainfall. Figs. (9 &10) show the SD in monsoon
rainfall in a small region over central India. The coarse
resolution observations (Fig. 9a) and GCM simulations
Figs. 9(b&c) indicate the presence of a region of high SD
in the northeast, with relatively lesser variability in
southwest. However the observations in this region are
computed from the 38 stations. The pattern of variability
indicate similar increase in SD from southwest to

northeast (Fig. 9d). There are three distinct pockets of

high variability in monsoon rainfall between 23-25°N
(representing orographic features). The downscaling of the
(G) and (GS) simulations also show the occurrence of this
feature and gives a pattern. Figs. 9(e&f) that is compar
able to the observations. Similarly in Fig. 10 downscaling
results from HadCM2 show patterns of variability which
not only compare better with the observations, but also
indicate the influence of regional tactors like topography
which are not accounted for in the GCM.

The above discussion suggests that the method of
empirical downscaling used in this study results in

translating the GCM product that is better comparable
with the observations, than the GCM product itself.

Changes in the variability of monsoon rainfall
superimposed on a higher mean state like that of
ECHAM4 or a lower mean state like in HadCM2 simula
tions can lead to changes in the local climate leading to
increased frequency of extremes like floods and droughts.
The uncertainties pertaining to changes in the mean
state of scenarios of these two models calls for caution.

7. Discussion and conclusions

(a) The two models capture the gross
characteristics of climate over the monsoon
region in terms of the mean annual cycle and
the dominant modes of variability. However
ECHAM4 simulates a warmer than observed
climate and the monsoon rainfall is less than
the observed, with poor representation of finer
spatial details like the rainfall minima over the
Indian peninsula. Though HadCM2 simulated
monsoon  rainfall  pattern resembles the
observations, it produces an overestimation of
rainfall over the Himalayas and the eastern
peninsula. The dominant modes of variability
are captured well by both the models.

Inter-experiment comparison of means and the
CV clearly indicate the increase in rainfall in
the G experiment relative to the control
experiment (C). Further the dampening of this
sensitivity due to inclusion of aerosols (GS-C)
suggest strong sensitivitly even on regional
scale. Both the models show increase of rainfall
only over land (particularly NW India) and
decrease over the oceans (particularly over
Arabian sea) in the (G-C and GS-C) case.

The two models show warming in the mean
annual temperature due to transient forcing
while response of the monsoon rainfall in
HadCM2 simulations suggests a scenario that
seems to disagree with ECHAM4 simulations.
The decrease of rainfall in  HadCM2
simulations is seen in other regions also
(Hulme er al., 1999). The mean annual cycle of
rainfall and temperatures are seen to undergo
changes in the scale alone and the amplitude of
the cycle remains unchanged.

Assessment of the causal mechanisms for this higher
sensitivity, inter-model disagreement are beyond the scope
of the present study. Direct use of these model scenarios
on regional scale for studying the impacts is difficult since
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the GCM’s do not capture the finer details of spatial
variations. Since some of the large scale features are well
captured by the GCMs (e.g. PC1), an attempt is made to
empirically downscale the rainfall, to assess the possibility
of use of these simulations for development of climate
change scenario on regional scale. The empirical exercise
suggests that the downscaling approach reproduces the
observed climate on local scale. Applied to the GCM
generated fields it translates the climate change
information to local scale. The method needs to be tested
for a relatively inhomogeneous region, like peninsular
India, with western ghats, the semi-arid region etc., where
the regional geographical features have a strong bearing
on the monsoon rainfall and where the GCM'’s fail to
capture those aspects. Apart from rainfall, downscaling of
temperature is also necessary for in regional climate
change studies. Several studies seek the signal for
variability in surface meteorological parameter, in the free
atmosphere. This work is planned for a subsequent paper.
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