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Figure-1: Upper panel orography (m) over South Asia. Middle panel monsoon season 

precipitation patterns over India simulated by ensemble mean of GCMs and RCMs compared 

to observation IMD, for the period 1970-1999. Lower panel same as middle panel but for 2m-

temperature, CRU is observed.

Figure-2: Monsoon season inter-annual variability simulated by GCMs (1901-2100) and RCMs (1970-2100) ensemble 

mean in mm/d. Their spread is represented by shaded region. IMD (1971-2005) and CRU (1901-2009) are observations.

REMO_ERA_Mean is the RCM REMO forced with reanalysis ERA-Interim. 

Figure-3: Annual mean projection of 

2m-temperature (K) and precipitation 

(mm/d) simulated by all IPCC AR4 

GCMs for the two time slices (i) for 

the period 2021-2050, left panel (ii) 

for the period 2070-2099. Red bullet 

shows ECHAM5/MPI-OM and blue 

shows the position of HadCM3.

Outline of Results

• Improved representation of topography compared to GCM (Figure-1).

• RCM showed more realistic monsoon climate (Figure-1, middle and lower panel).

• The bias in the large scale forcing fields may be one of the important reasons of bias in the regional model 

simulation.  

• The most detailed high resolution (~25Km) climate information available for the region.

• The first complete (transient) high resolution climate simulation data set from 1960 to 2100. 

• The ensemble-mean warming evident at the end of 2050 is 1-2 °C, whereas it is 3-5 °C at the end of century. 

• The projected pattern of the precipitation change shows spatial variability. The increase in precipitation is 

noticed over peninsular and coastal areas and no change or decrease over areas away from the ocean.

• The influence of the driving GCM on projected precipitation change simulated with each RCM is as strong as the 

variability among the RCMs driven with one GCM.

Contact: pankaj.kumar@zmaw.de

Figure-4: Spatial pattern of ensemble mean annual precipitation difference (%age) over south Asia 

with respect to control climate (1970-1999) (i) left panel for the period  2021-2050  (ii) right panel for 

the period 2070-2099.

Figure-5: Spatial pattern of ensemble mean 

annual 2m-temperature difference (°C) over 

south Asia with respect to control climate 

(1970-1999) (i) left panel for the period  2021-

2050  (ii) right panel for the period 2070-2099.
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RCM experiment set-up RCM multi-model Ensemble mean ProjectionsMotivation

• 1/6th of the world population resides over south Asia. The impact of climate change is particularly severe over the region due 

to its extreme poverty and economic dependency on climate-sensitive factors like agriculture, water etc. This mainly depends 

on the summer monsoon rainfall (June-Sept.), accounting for 70-90% of its annual rainfall. Changes in monsoon precipitation 

have strong influence on the regional society.

• South Asia summer monsoon is mainly affected by regional forcing, e.g. steep topography of Himalayas, western (eastern) 

Ghats, its coast lines etc. The complex orography directly effects the precipitation and temperature patterns over the region.

• General circulation models (GCMs) show limitations in capturing the monsoon inter-annual variability because of their coarse 

resolution. 

• This study presents the possible regional climate change over south Asia with a focus over India as simulated by three very 

high resolution regional climate models (RCMs). The models are using the same lateral boundary conditions from two global 

models (ECHAM5/MPI-OM and HadCM3) of IPCC AR4 SRES A1B scenario at a horizontal resolution of ~25Km, except one 

model which with only one GCM.

• The results are presented for two time slices 2021-2050 and 2070-2099 with respect to the control climate of 1970-1999. The 

analysis concentrates on precipitation and temperature and focuses mainly on the monsoon season. Inter-annual variability
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ECHAM5 -> COSMO-CLM

• Long time variation
• Negative trend with scenarios A2 and A1B(??) 

hilly meteorological subdivisions. Its interannual standard
deviation is about ten per cent of the long-term average only.
Nevertheless, severe floods or droughts have been observed in
years with high (low) values [Webster et al., 1998; Krishnan
et al., 2003]. A long-time series of observational data for the
homogeneous all-India monsoon rainfall [Parthasarathy
et al., 1994] is available for the years 1871 to 2009 by the
Indian Institute of Tropical Meteorology (IITM) at http://
www.tropmet.res.in/.
[13] As a measure of convective activity, outgoing long-

wave radiation (OLR) is often used [Wang and Fan, 1999;
Dobler and Ahrens, 2010]. However, as both the spatial
patterns and the average of the OLR trends over the index
region 10°N–25°N, 70°E–100°E (Figure 1) agree well with
those of the monsoon rainfall, the results for OLR are not
presented in this work for the sake of brevity.

3.2. Meridional and Zonal Wind Shear
[14] The wind shear indices were calculated as the differ-

ence between the lower troposphere winds at 850 hPa and
the upper troposphere winds at 200 hPa. The meridional
wind shear index (MWSI) was calculated over 10°N–30°N,
70°E–100°E. This area includes almost all of India, the Bay
of Bengal and a part of the Indian Ocean close to the west
coast of India. The zonal wind shear index (ZWSI) was
obtained over 5°N–20°N, 45°E–80°E including the region
of the Somali Jet and a large part of the Arabian Sea.
[15] Because of the model’s domain size, the two wind

shear averaging domains (Figure 1) were slightly smaller
than the original domains given by Goswami et al. [1999]
and Wang and Fan [1999]. To reduce boundary effects, no
data within 3.5° (i.e., eight grid points) distance from the
boundary was used. Furthermore, winds extrapolated to
pressure levels below the ground should be handled care-
fully. The region where the COSMO-CLM orography is
higher than the model’s reference atmosphere at 850 hPa is
shown in Figure 1. However, only about nine per cent of the
grid points within the MWSI area are in this region, and the
effects on the overall MWSI are negligible (not shown).
Thus, these points were not treated specially.

[16] The reference wind data for the time period of 1948–
2009 at 200 and 850 hPa were taken from the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis 1 [Kalnay
et al., 1996]. The wind fields in NCEP are highly influenced
by observations and are in the most reliable class of
output variables [Kalnay et al., 1996]. NCEP reanalysis
data were obtained from the NOAA/OAR/ESRL PSD
(Boulder, Colorado) Web site (http://www.cdc.noaa.gov/)
at 2.5° grid spacing.

4. Results

[17] In sections 4.1–4.4, we show the results of climate
projections over the time period of 1960–2100. For a
detailed analysis of the different ISM indices as observed
and simulated by the COSMO-CLM and the ECHAM5/
MPIOM for the current climate (that is,1960–2000), we refer
to Dobler and Ahrens [2010] where an evaluation of the two
models has been carried out to determine whether the
regional model improves the GCM simulation. Although
there are some biases in the COSMO-CLM data, the appli-
cation of the COSMO-CLM to the ECHAM5/MPIOM data
has been shown to improve the spatial patterns and the
temporal correlations of the modeled ISM indices [Dobler
and Ahrens, 2010].

4.1. Rainfall
[18] Figure 2 shows the 21 year running means of the

standardized AIMR. There are large long-time variations in
the observations and projections, and the negative trend
observed in the past 50–60 years is within the natural vari-
ability. However, there is clear evidence of a low AIMR by
the end of the 21st century in the higher-emission scenarios
of A1B and A2 in the COSMO-CLM. In the B1 scenario, the
projected decrease at the end of the time series is less
pronounced.
[19] The very low AIMR values at the end of the

COSMO-CLM projections are a result of a decrease in
monsoon precipitation throughout most of India. Figure 3
gives the distribution of the linear trends of monsoon pre-
cipitation in the South Asian region according to the A2,
A1B, and B1 scenarios. In the northwestern parts of India, the
Indo-Gangetic belt and the adjacent regions, a significant
decrease is projected, which would have a strong impact on
future water availability in that region. For A1B and B1, the
drying pattern is similar to A2 but with reduced amplitudes in
accordance with the overall AIMR trend. Furthermore, there
is some increase in monsoon precipitation at the southeastern
edge of the Indian peninsula. The commitment scenario
shows almost no significant trends (not shown).
[20] Note that locally, some larger trends appear in A1B

than in A2. This is due to the combination of the decadal
variabilities and the effects of higher GHG emissions in the
A1B scenario at the beginning of the future projections
(nearly up to the year 2050). As can be concluded from
Figure 2, the linear fit to the A1B projection can result in a
larger slope than in the A2 scenario because of the decadal
variabilities. Although it is also clear from Figure 2 that the
assumption of linear trends in the monsoon precipitation is a
simplification, it is helpful to summarize the projected trends
and their statistical significance. The method also allows to

Figure 2. Centered 21 year running means of the stan-
dardized all-Indian monsoon rainfall (AIMR) index for
observation data and COSMO-CLM projections according
to different Special Report on Emissions Scenarios (SRES)
scenarios.
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Reasons for the difference in the model rainfall projections:
Projections of ISM rainfall frequency

Fig. 4: Changes in the rain day frequency (%) during the monsoon season 
from the time period 1971-2000 to 2071-2100 in the RCM (left) and GCM 
(right) A1B run.

● Rain day frequency in RCM more reduced than in GCM
● Patterns of changes resemble monsoon rainfall trends
● Main differences located over the north-eastern parts of India
● Agreement: southern tip of Indian peninsula, Indian ocean and more

Projections of convective events over the Bay of Bengal

Fig. 5: Daily variations of OLR < 200 W/m2 at 85°E in the COSMO-CLM A1B 
run. The gray lines indicate the location of the coastline and the beginning of 
the Himalayan foothills in the model.

Fig. 6: As for Fig. 5, but for the ECHAM5/MPIOM A1B run.

● Less convective events in the RCM projection only

CONCLUSIONS
● Agreement between RCM and GCM for ISM dynamics
● Negative influence of GHG emissions on the ISM dynamics

● But no agreement in rainfall projections over India
● In COSMO-CLM projection: less depressions moving towards the 
north-western parts of India → absence of disturbing systems → 
enhanced moisture less frequently released → longer residence time 
of water in the atmosphere → lower rain day frequency → less rainfall 
despite increasing rain day intensity

INTRODUCTION
Regional climate projections for the time period 1960-2100:
● using the regional climate model COSMO-CLM (res. 0.44°)
● following the SRES scenarios A2, A1B, B1 and commitment
● driven by the AOGCM ECHAM5/MPIOM

Added value by downscaling of ERA with COSMO-CLM assessed
(Dobler, A. and B. Ahrens, 2010: Analysis of the Indian summer monsoon system in the regional climate 
model COSMO-CLM. J. Geophys. Res., 115, D16101)

Future evolution of the Indian Summer monsoon (ISM, June to Sept.) 
quantified by:

• Vertical wind shear
from 850 hPa to 200 hPa

• All-Indian monsoon
rainfall (AIMR)

Fig. 1: Simulation domain, index areas and 850 hPa level terrain.

RESULTS
Projections of wind shear indices

Fig. 2: Centred 21-year running means of the standardized wind shear indices

● Similarly decreasing wind shear indices in RCM and driving GCM
● Weaker monsoon dynamics with higher GHG emissions
● Decreases mainly due to changes in the upper troposphere winds

Projections of monsoon rainfall

Fig. 3: Linear trends in monsoon rainfall (%/century) during the time period 
1960 to 2100 in the RCM (left) and GCM (right) A1B run. Coloured areas show 
significant trends (at the 5% significance level).

● Up to > 70% rainfall decrease in the RCM projection
● (almost) no negative rainfall trends over India in the GCM projection
● AIMR: in RCM decreasing while in GCM no trend is visible

Nevertheless:
● Significantly positive trends of atmospheric water vapour and rain 
day intensities in RCM and GCM projections with enhanced GHGs

Dx=0.44°



But ...

period of observation (starting in 1871), no value of R21
2

below 0.1 can be found before 1989 to 2009 (not shown).
For the ten to 14 year sliding R2, however, the data show
values above 0.1 for the last few years (Figure 8), indicating
a new strengthening of the teleconnection. Note that sliding
windows below 10 years are excluded.
[25] To create Figure 8, the NINO3.4 data were obtained

from the Climate Prediction Center, NOAA (United States),
Web site (http://www.cpc.noaa.gov/data/indices). The data
set starts in 1871 and is updated continuously. To derive the
values of the explained variance, a linear regression has been
carried out [see, e.g., Ahrens, 2003].
[26] Figure 8 also includes the explained variance in the

observed AIMR by ZWSI and MWSI for different sliding
window sizes using a linear regression. Here too, a clear
decrease of R21

2 during the last decades is evident, but no
further decrease is apparent in the last few years.
[27] The sliding explained variances of the COSMO-CLM

A1B run are given in Figure 9 for the years of 1960–2100.
Like the observations, the COSMO-CLM simulation shows
values of R21

2 below 0.1 for AIMR explained by NINO3.4.
Note that the NINO3.4 index for the COSMO-CLM projec-
tions has been calculated using the data from the ECHAM5/
MPIOM because the NINO3.4 averaging region is outside the
regional simulation domain. Thus, the correlation between
the AIMR and the NINO3.4 index in the COSMO-CLM is
expected to be smaller than that in the driving model. This
biases this evaluation to some extent.
[28] For the explained variance of AIMR by ZWSI and

MWSI only, there are no such limitations. During the time
period common with the observations (1960–2009), the

resulting R2 is 0.63 for the COSMO-CLM and 0.55 for the
observations. Over the complete time series, the 21 year
sliding explained variance shows a mean value of 0.64 for
COSMO-CLM and 0.57 for the observations with a mini-
mum (maximum) value of 0.44 (0.83) for COSMO-CLM
and 0.27 (0.79) for the observations.
[29] Including the MWSI, ZWSI and Niño 3.4 in the linear

model to explain the total variance in AIMR was also tested
but provided no significant increase. The results for the
21 year variances are about 0.01 to 0.03 higher than in the
model using only ZWSI and MWSI.

4.4. GCM Projections
[30] Contrary to the COSMO-CLM, the ECHAM5/

MPIOM projections show an increase in AIMR for all sce-
narios by the end of the 21st century (Figure 10). Figure 11

Figure 8. Explained variance (R2) in the observations of
AIMR by Niño 3.4 (top right) and by MWSI and ZWSI
(bottom left) for different sliding window sizes (left and
right axes) over the time period from 1948 to 2009. Top
and bottom axes denote the starting year of the sliding win-
dow. The black arrow illustrates the 21 year running correla-
tion between AIMR and Niño 3.4 starting in 1948.

Figure 9. Same as Figure 8 but for the COSMO-CLM A1B
simulation over the time period from 1960 to 2100.

Figure 10. Centered 21 year running means of the stan-
dardized AIMR index for observation data and ECHAM5/
MPIOM projections according to different SRES scenarios.
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hilly meteorological subdivisions. Its interannual standard
deviation is about ten per cent of the long-term average only.
Nevertheless, severe floods or droughts have been observed in
years with high (low) values [Webster et al., 1998; Krishnan
et al., 2003]. A long-time series of observational data for the
homogeneous all-India monsoon rainfall [Parthasarathy
et al., 1994] is available for the years 1871 to 2009 by the
Indian Institute of Tropical Meteorology (IITM) at http://
www.tropmet.res.in/.
[13] As a measure of convective activity, outgoing long-

wave radiation (OLR) is often used [Wang and Fan, 1999;
Dobler and Ahrens, 2010]. However, as both the spatial
patterns and the average of the OLR trends over the index
region 10°N–25°N, 70°E–100°E (Figure 1) agree well with
those of the monsoon rainfall, the results for OLR are not
presented in this work for the sake of brevity.

3.2. Meridional and Zonal Wind Shear
[14] The wind shear indices were calculated as the differ-

ence between the lower troposphere winds at 850 hPa and
the upper troposphere winds at 200 hPa. The meridional
wind shear index (MWSI) was calculated over 10°N–30°N,
70°E–100°E. This area includes almost all of India, the Bay
of Bengal and a part of the Indian Ocean close to the west
coast of India. The zonal wind shear index (ZWSI) was
obtained over 5°N–20°N, 45°E–80°E including the region
of the Somali Jet and a large part of the Arabian Sea.
[15] Because of the model’s domain size, the two wind

shear averaging domains (Figure 1) were slightly smaller
than the original domains given by Goswami et al. [1999]
and Wang and Fan [1999]. To reduce boundary effects, no
data within 3.5° (i.e., eight grid points) distance from the
boundary was used. Furthermore, winds extrapolated to
pressure levels below the ground should be handled care-
fully. The region where the COSMO-CLM orography is
higher than the model’s reference atmosphere at 850 hPa is
shown in Figure 1. However, only about nine per cent of the
grid points within the MWSI area are in this region, and the
effects on the overall MWSI are negligible (not shown).
Thus, these points were not treated specially.

[16] The reference wind data for the time period of 1948–
2009 at 200 and 850 hPa were taken from the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis 1 [Kalnay
et al., 1996]. The wind fields in NCEP are highly influenced
by observations and are in the most reliable class of
output variables [Kalnay et al., 1996]. NCEP reanalysis
data were obtained from the NOAA/OAR/ESRL PSD
(Boulder, Colorado) Web site (http://www.cdc.noaa.gov/)
at 2.5° grid spacing.

4. Results

[17] In sections 4.1–4.4, we show the results of climate
projections over the time period of 1960–2100. For a
detailed analysis of the different ISM indices as observed
and simulated by the COSMO-CLM and the ECHAM5/
MPIOM for the current climate (that is,1960–2000), we refer
to Dobler and Ahrens [2010] where an evaluation of the two
models has been carried out to determine whether the
regional model improves the GCM simulation. Although
there are some biases in the COSMO-CLM data, the appli-
cation of the COSMO-CLM to the ECHAM5/MPIOM data
has been shown to improve the spatial patterns and the
temporal correlations of the modeled ISM indices [Dobler
and Ahrens, 2010].

4.1. Rainfall
[18] Figure 2 shows the 21 year running means of the

standardized AIMR. There are large long-time variations in
the observations and projections, and the negative trend
observed in the past 50–60 years is within the natural vari-
ability. However, there is clear evidence of a low AIMR by
the end of the 21st century in the higher-emission scenarios
of A1B and A2 in the COSMO-CLM. In the B1 scenario, the
projected decrease at the end of the time series is less
pronounced.
[19] The very low AIMR values at the end of the

COSMO-CLM projections are a result of a decrease in
monsoon precipitation throughout most of India. Figure 3
gives the distribution of the linear trends of monsoon pre-
cipitation in the South Asian region according to the A2,
A1B, and B1 scenarios. In the northwestern parts of India, the
Indo-Gangetic belt and the adjacent regions, a significant
decrease is projected, which would have a strong impact on
future water availability in that region. For A1B and B1, the
drying pattern is similar to A2 but with reduced amplitudes in
accordance with the overall AIMR trend. Furthermore, there
is some increase in monsoon precipitation at the southeastern
edge of the Indian peninsula. The commitment scenario
shows almost no significant trends (not shown).
[20] Note that locally, some larger trends appear in A1B

than in A2. This is due to the combination of the decadal
variabilities and the effects of higher GHG emissions in the
A1B scenario at the beginning of the future projections
(nearly up to the year 2050). As can be concluded from
Figure 2, the linear fit to the A1B projection can result in a
larger slope than in the A2 scenario because of the decadal
variabilities. Although it is also clear from Figure 2 that the
assumption of linear trends in the monsoon precipitation is a
simplification, it is helpful to summarize the projected trends
and their statistical significance. The method also allows to

Figure 2. Centered 21 year running means of the stan-
dardized all-Indian monsoon rainfall (AIMR) index for
observation data and COSMO-CLM projections according
to different Special Report on Emissions Scenarios (SRES)
scenarios.
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period of observation (starting in 1871), no value of R21
2

below 0.1 can be found before 1989 to 2009 (not shown).
For the ten to 14 year sliding R2, however, the data show
values above 0.1 for the last few years (Figure 8), indicating
a new strengthening of the teleconnection. Note that sliding
windows below 10 years are excluded.
[25] To create Figure 8, the NINO3.4 data were obtained

from the Climate Prediction Center, NOAA (United States),
Web site (http://www.cpc.noaa.gov/data/indices). The data
set starts in 1871 and is updated continuously. To derive the
values of the explained variance, a linear regression has been
carried out [see, e.g., Ahrens, 2003].
[26] Figure 8 also includes the explained variance in the

observed AIMR by ZWSI and MWSI for different sliding
window sizes using a linear regression. Here too, a clear
decrease of R21

2 during the last decades is evident, but no
further decrease is apparent in the last few years.
[27] The sliding explained variances of the COSMO-CLM

A1B run are given in Figure 9 for the years of 1960–2100.
Like the observations, the COSMO-CLM simulation shows
values of R21

2 below 0.1 for AIMR explained by NINO3.4.
Note that the NINO3.4 index for the COSMO-CLM projec-
tions has been calculated using the data from the ECHAM5/
MPIOM because the NINO3.4 averaging region is outside the
regional simulation domain. Thus, the correlation between
the AIMR and the NINO3.4 index in the COSMO-CLM is
expected to be smaller than that in the driving model. This
biases this evaluation to some extent.
[28] For the explained variance of AIMR by ZWSI and

MWSI only, there are no such limitations. During the time
period common with the observations (1960–2009), the

resulting R2 is 0.63 for the COSMO-CLM and 0.55 for the
observations. Over the complete time series, the 21 year
sliding explained variance shows a mean value of 0.64 for
COSMO-CLM and 0.57 for the observations with a mini-
mum (maximum) value of 0.44 (0.83) for COSMO-CLM
and 0.27 (0.79) for the observations.
[29] Including the MWSI, ZWSI and Niño 3.4 in the linear

model to explain the total variance in AIMR was also tested
but provided no significant increase. The results for the
21 year variances are about 0.01 to 0.03 higher than in the
model using only ZWSI and MWSI.

4.4. GCM Projections
[30] Contrary to the COSMO-CLM, the ECHAM5/

MPIOM projections show an increase in AIMR for all sce-
narios by the end of the 21st century (Figure 10). Figure 11

Figure 8. Explained variance (R2) in the observations of
AIMR by Niño 3.4 (top right) and by MWSI and ZWSI
(bottom left) for different sliding window sizes (left and
right axes) over the time period from 1948 to 2009. Top
and bottom axes denote the starting year of the sliding win-
dow. The black arrow illustrates the 21 year running correla-
tion between AIMR and Niño 3.4 starting in 1948.

Figure 9. Same as Figure 8 but for the COSMO-CLM A1B
simulation over the time period from 1960 to 2100.

Figure 10. Centered 21 year running means of the stan-
dardized AIMR index for observation data and ECHAM5/
MPIOM projections according to different SRES scenarios.
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hilly meteorological subdivisions. Its interannual standard
deviation is about ten per cent of the long-term average only.
Nevertheless, severe floods or droughts have been observed in
years with high (low) values [Webster et al., 1998; Krishnan
et al., 2003]. A long-time series of observational data for the
homogeneous all-India monsoon rainfall [Parthasarathy
et al., 1994] is available for the years 1871 to 2009 by the
Indian Institute of Tropical Meteorology (IITM) at http://
www.tropmet.res.in/.
[13] As a measure of convective activity, outgoing long-

wave radiation (OLR) is often used [Wang and Fan, 1999;
Dobler and Ahrens, 2010]. However, as both the spatial
patterns and the average of the OLR trends over the index
region 10°N–25°N, 70°E–100°E (Figure 1) agree well with
those of the monsoon rainfall, the results for OLR are not
presented in this work for the sake of brevity.

3.2. Meridional and Zonal Wind Shear
[14] The wind shear indices were calculated as the differ-

ence between the lower troposphere winds at 850 hPa and
the upper troposphere winds at 200 hPa. The meridional
wind shear index (MWSI) was calculated over 10°N–30°N,
70°E–100°E. This area includes almost all of India, the Bay
of Bengal and a part of the Indian Ocean close to the west
coast of India. The zonal wind shear index (ZWSI) was
obtained over 5°N–20°N, 45°E–80°E including the region
of the Somali Jet and a large part of the Arabian Sea.
[15] Because of the model’s domain size, the two wind

shear averaging domains (Figure 1) were slightly smaller
than the original domains given by Goswami et al. [1999]
and Wang and Fan [1999]. To reduce boundary effects, no
data within 3.5° (i.e., eight grid points) distance from the
boundary was used. Furthermore, winds extrapolated to
pressure levels below the ground should be handled care-
fully. The region where the COSMO-CLM orography is
higher than the model’s reference atmosphere at 850 hPa is
shown in Figure 1. However, only about nine per cent of the
grid points within the MWSI area are in this region, and the
effects on the overall MWSI are negligible (not shown).
Thus, these points were not treated specially.

[16] The reference wind data for the time period of 1948–
2009 at 200 and 850 hPa were taken from the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis 1 [Kalnay
et al., 1996]. The wind fields in NCEP are highly influenced
by observations and are in the most reliable class of
output variables [Kalnay et al., 1996]. NCEP reanalysis
data were obtained from the NOAA/OAR/ESRL PSD
(Boulder, Colorado) Web site (http://www.cdc.noaa.gov/)
at 2.5° grid spacing.

4. Results

[17] In sections 4.1–4.4, we show the results of climate
projections over the time period of 1960–2100. For a
detailed analysis of the different ISM indices as observed
and simulated by the COSMO-CLM and the ECHAM5/
MPIOM for the current climate (that is,1960–2000), we refer
to Dobler and Ahrens [2010] where an evaluation of the two
models has been carried out to determine whether the
regional model improves the GCM simulation. Although
there are some biases in the COSMO-CLM data, the appli-
cation of the COSMO-CLM to the ECHAM5/MPIOM data
has been shown to improve the spatial patterns and the
temporal correlations of the modeled ISM indices [Dobler
and Ahrens, 2010].

4.1. Rainfall
[18] Figure 2 shows the 21 year running means of the

standardized AIMR. There are large long-time variations in
the observations and projections, and the negative trend
observed in the past 50–60 years is within the natural vari-
ability. However, there is clear evidence of a low AIMR by
the end of the 21st century in the higher-emission scenarios
of A1B and A2 in the COSMO-CLM. In the B1 scenario, the
projected decrease at the end of the time series is less
pronounced.
[19] The very low AIMR values at the end of the

COSMO-CLM projections are a result of a decrease in
monsoon precipitation throughout most of India. Figure 3
gives the distribution of the linear trends of monsoon pre-
cipitation in the South Asian region according to the A2,
A1B, and B1 scenarios. In the northwestern parts of India, the
Indo-Gangetic belt and the adjacent regions, a significant
decrease is projected, which would have a strong impact on
future water availability in that region. For A1B and B1, the
drying pattern is similar to A2 but with reduced amplitudes in
accordance with the overall AIMR trend. Furthermore, there
is some increase in monsoon precipitation at the southeastern
edge of the Indian peninsula. The commitment scenario
shows almost no significant trends (not shown).
[20] Note that locally, some larger trends appear in A1B

than in A2. This is due to the combination of the decadal
variabilities and the effects of higher GHG emissions in the
A1B scenario at the beginning of the future projections
(nearly up to the year 2050). As can be concluded from
Figure 2, the linear fit to the A1B projection can result in a
larger slope than in the A2 scenario because of the decadal
variabilities. Although it is also clear from Figure 2 that the
assumption of linear trends in the monsoon precipitation is a
simplification, it is helpful to summarize the projected trends
and their statistical significance. The method also allows to

Figure 2. Centered 21 year running means of the stan-
dardized all-Indian monsoon rainfall (AIMR) index for
observation data and COSMO-CLM projections according
to different Special Report on Emissions Scenarios (SRES)
scenarios.
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No drop in rainfall simulated in ECHAM5/MPIOM 
projections - drift in the RCM?
Both simulations “feel” the same ENSO ...
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Wind shear ind. (850 – 200 hPa)
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Signif. linear trends in B1, A1b, A2 proj, not in COM and 
CTL => no drift in the RCM
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Reasons for the difference in the model rainfall projections:
Projections of ISM rainfall frequency

Fig. 4: Changes in the rain day frequency (%) during the monsoon season 
from the time period 1971-2000 to 2071-2100 in the RCM (left) and GCM 
(right) A1B run.

● Rain day frequency in RCM more reduced than in GCM
● Patterns of changes resemble monsoon rainfall trends
● Main differences located over the north-eastern parts of India
● Agreement: southern tip of Indian peninsula, Indian ocean and more

Projections of convective events over the Bay of Bengal

Fig. 5: Daily variations of OLR < 200 W/m2 at 85°E in the COSMO-CLM A1B 
run. The gray lines indicate the location of the coastline and the beginning of 
the Himalayan foothills in the model.

Fig. 6: As for Fig. 5, but for the ECHAM5/MPIOM A1B run.

● Less convective events in the RCM projection only

CONCLUSIONS
● Agreement between RCM and GCM for ISM dynamics
● Negative influence of GHG emissions on the ISM dynamics

● But no agreement in rainfall projections over India
● In COSMO-CLM projection: less depressions moving towards the 
north-western parts of India → absence of disturbing systems → 
enhanced moisture less frequently released → longer residence time 
of water in the atmosphere → lower rain day frequency → less rainfall 
despite increasing rain day intensity

INTRODUCTION
Regional climate projections for the time period 1960-2100:
● using the regional climate model COSMO-CLM (res. 0.44°)
● following the SRES scenarios A2, A1B, B1 and commitment
● driven by the AOGCM ECHAM5/MPIOM

Added value by downscaling of ERA with COSMO-CLM assessed
(Dobler, A. and B. Ahrens, 2010: Analysis of the Indian summer monsoon system in the regional climate 
model COSMO-CLM. J. Geophys. Res., 115, D16101)

Future evolution of the Indian Summer monsoon (ISM, June to Sept.) 
quantified by:

• Vertical wind shear
from 850 hPa to 200 hPa

• All-Indian monsoon
rainfall (AIMR)

Fig. 1: Simulation domain, index areas and 850 hPa level terrain.

RESULTS
Projections of wind shear indices

Fig. 2: Centred 21-year running means of the standardized wind shear indices

● Similarly decreasing wind shear indices in RCM and driving GCM
● Weaker monsoon dynamics with higher GHG emissions
● Decreases mainly due to changes in the upper troposphere winds

Projections of monsoon rainfall

Fig. 3: Linear trends in monsoon rainfall (%/century) during the time period 
1960 to 2100 in the RCM (left) and GCM (right) A1B run. Coloured areas show 
significant trends (at the 5% significance level).

● Up to > 70% rainfall decrease in the RCM projection
● (almost) no negative rainfall trends over India in the GCM projection
● AIMR: in RCM decreasing while in GCM no trend is visible

Nevertheless:
● Significantly positive trends of atmospheric water vapour and rain 
day intensities in RCM and GCM projections with enhanced GHGs

GCMRCM

linear trends in rainfall (%/100y) A1b
=> rainfall variability/trend is a 
regional process



Less depressions, i.e. less disturbing systems, moving into 
north-west India ... Why?

Explanation
• Nevertheless: positive trends in precipitable water 

and rain day intensities in GCM & RCM projections
• But: regionally different change in rain day frequency
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● Less convective events in the RCM projection only
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● Negative influence of GHG emissions on the ISM dynamics

● But no agreement in rainfall projections over India
● In COSMO-CLM projection: less depressions moving towards the 
north-western parts of India → absence of disturbing systems → 
enhanced moisture less frequently released → longer residence time 
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despite increasing rain day intensity
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RESULTS
Projections of wind shear indices

Fig. 2: Centred 21-year running means of the standardized wind shear indices

● Similarly decreasing wind shear indices in RCM and driving GCM
● Weaker monsoon dynamics with higher GHG emissions
● Decreases mainly due to changes in the upper troposphere winds

Projections of monsoon rainfall

Fig. 3: Linear trends in monsoon rainfall (%/century) during the time period 
1960 to 2100 in the RCM (left) and GCM (right) A1B run. Coloured areas show 
significant trends (at the 5% significance level).

● Up to > 70% rainfall decrease in the RCM projection
● (almost) no negative rainfall trends over India in the GCM projection
● AIMR: in RCM decreasing while in GCM no trend is visible

Nevertheless:
● Significantly positive trends of atmospheric water vapour and rain 
day intensities in RCM and GCM projections with enhanced GHGs



• Soil-moisture precipitation feedback
Sensitivity experiments: Wet/Dry pre-
monsoon SM initialization
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Changes in precipitation 

Asharaf et al, JHM, 2012 12



JJAS Vertically integrated moisture 
flux difference (1990-2008)
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- OBS Prec (IITM Pune):
      1871-2011
- CTL: 2160-2300
- A1B,A2,B1,COM: 
      1960-2100

Trend because of external forcing or 
decadal internal variability?

21y - running means



10 year linear trends
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20 year linear trends
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=> large spread in (multi-)decadal linear trends



Non-linear trend analysis: 
Empirical Mode Decomposition (EMD, Huang et al. 1998) 

- non-parametric, non-stationary  
- decomposes a time series into finite no. of intrinsic 
mode functions (IMFs) and a residual (Trend) 

  • Alg.:

1. Identify all local extrema (both maxima and minima) of the series

2. Connect all maxima (minima) by a cubic spline to define an upper (lower) 
envelope

3. Take mean of the upper and lower envelopes

4. Substract the mean value from the time series => 1st IMF

5. Repeat the above steps (1-4) untill no more IMF => residual (trend)  



Observed AIMR*
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No IMFs with mean periods <9 / < 24 years , trend



Meridional Wind Shear Ind.*
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No IMFs with mean periods <9 / < 24 years , trend



AIMR*
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No IMFs with mean periods <9 / < 24 years , trend

Trend in ECHAM5/MPIOM A2 scenario rainfall was hidden 
by multi-decadal variability ...



Summary
• No drift in the RCM COSMO-CLM
• Variability/Trends in precipitation are regional
• Control/Pre-Industrial simulations are important, but 

150 years very short
• Here trend is defined as linear trend or EMD 

residual. Is there a method independent definition 
(runaway greenhouse effect trend or variability?)

• Quantification of trends / multi-decadal variability is 
a multi-centennial and multi-statistical challenge. 
What about attribution? 



Mann-Kendall Test 
Run Mann-Kendall (tau / p-value)Mann-Kendall (tau / p-value)Mann-Kendall (tau / p-value)Mann-Kendall (tau / p-value)Mann-Kendall (tau / p-value)Run

AIMRAIMR MWSIMWSI ZWSIZWSI
Run

EC5 CLM EC5 CLM EC5 CLM
CTL 0 / 0.9 0.02 / 0.67 -0.01 / 0.76 -0.01 / 0.79 0 / 0.86 -0.01 / 0.79

A1B 0.09 / 0.1 -0.22 / 0 -0.31 / 0 -0.25 / 0 -0.23 / 0 -0.26 / 0

A2 0.07 / 0.2 -0.21 / 0 -0.36 / 0 -0.30 / 0 -0.31 / 0 -0.31 / 0

B1 0.05 / 0.35 -0.06 / 0.28 -0.27 / 0 -0.21 / 0 -0.09 / 0 -0.19 / 0

COM 0.03 / 0.57 -0.05 / 0.37 -0.07 / 0.16 -0.07 / 0.16 -0.09 / 0.09 -0.09 /0.09

no significant linear trend in CTL and COM indices


