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Abstract: We assessed the present and future climatologies of mean summer monsoon over 

South Asia using a high resolution regional climate model (RegCM4) with a 25 km 

horizontal resolution. In order to evaluate the performance of the RegCM4 for the reference 

period (1976–2005) and for the far future (2070–2099), climate change projections under  

two greenhouse gas representative concentration pathways (RCP4.5 and RCP8.5) were 

made, the lateral boundary conditions being provided by the geophysical fluid dynamic 

laboratory global model (GFDL-ESM2M). The regional climate model (RCM) improves the 

simulation of seasonal mean temperature and precipitation patterns compared to driving 

global climate model (GCM) during present-day climate conditions. The regional 

characteristic features of South Asian summer monsoon (SASM), like the low level jet 

stream and westerly flow over the northern the Arabian Sea, are well captured by the 

RegCM4. In spite of some discrepancies, the RegCM4 could simulate the Tibetan 
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anticyclone and the direction of the tropical easterly jet reasonably well at 200 hPa. The 

projected temperature changes in 2070–2099 relative to 1976–2005 for GFDL-ESM2M show 

increased warming compared to RegCM4. The projected patterns at the end of 21st century 

shows an increase in precipitation over the Indian Peninsula and the Western Ghats. The 

possibilities of excessive precipitation include increased southwesterly flow in the wet 

period and the effect of model bias on climate change. However, the spatial patterns of 

precipitation are decreased in intensity and magnitude as the monsoon approaches the 

foothills of the Himalayas. The RegCM4-projected dry conditions over northeastern India 

are possibly related to the anomalous anticyclonic circulations in both scenarios. 

Keywords: regional climate model; South Asia; monsoon variability; climate change 

 

1. Introduction 

Global warming, positive radiative forcing and increasing greenhouse gas (GHG) concentration in 

the atmosphere provide strong evidence of human influence on the Earth’s climate system. From 1951 

to 2010, GHG caused a global surface warming in the range of 0.5 °C to 1.3 °C; continued GHG 

emissions will cause further warming and changes in the composure of the climate system [1]. More 

severe and extreme weather events are likely to occur in the future in global monsoon areas in the form 

of severe floods and droughts under the GHG-induced warmer climate [2–4]. However, the climate 

change response to various regional monsoon areas may differ due to a complex land−ocean 

configuration, topography and regional climate forcing [5]. South Asia has a diverse set of climates and 

the existence of complex geographical features with extensive mountain ranges of Hindukush, 

Karakorum and Himalaya (HKH) pose a great challenge to regional climate models (RCMs) in 

reproducing the observed climatology [6]. The South Asian summer monsoon (SASM) is one of the 

most spectacular and energetic occurrences in the planet’s climate system and exhibits highly complex 

variability from June to September [7]. Substantial variability in the SASM wields significant impacts on the 

economics, ecosystems, agriculture and water resources of the whole subcontinent of South Asia [8–10]. 

Pakistan is located at the western edge of the South Asia monsoon system and the northwestern areas of 

Pakistan including the Upper Indus Basin (UIB) are extremely vulnerable to the SASM. During the 

months of July and August, the monsoon precipitation events cause widespread flooding and damages 

to the land area of northern Pakistan [11]. The ruinous monsoonal flood that occurred in Pakistan in 

summer 2010 is reported as the worst flash flood in the history of entire region [10]. 

The world climate research program (WCRP) released the multi-model data archive of coupled model 

inter-comparison project phase 5 (CMIP5) in 2012 for preparation of the intergovernmental panel on 

climate change (IPCC)’s fifth assessment report (AR5) which describes the performance of various 

coupled general circulation models (CGCM) under four different representative concentration pathways 

(RCPs) [12]. Recent studies have revealed that the performance of CMIP5 models are much better 

compared to CMIP3 models, particularly in their representation of the Asian monsoon [12–14]. Over 

the past few decades, a number of studies have focused on SASM using GCMs [15–20]. Although the 

GCMs are capable of simulating the large-scale aspects of climate in a realistic manner, they do not 
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resolve the topography, land use and influence of local climate forcing at the regional scales [21,22]. 

The GCMs’ application in the SASM region are limited, thus urging the use of the regional climate 

model (RCM) at a high resolution [23]. The dynamic and physics of the RCMs are adequate for 

integrating the climate data at a high resolution and can improve the simulation results from 

comparatively coarse resolution GCMs [24]. At present, the regional climate models (RCMs) are used 

to dynamically downscale the output of the GCMs and reanalysis data for seasonal climate variability, 

climate change impact and regional climate processes studies [25]. The performance of different RCMs 

have been investigated over South Asia with the emphasis on the SASM [6,8,26–35]. Among them, 

Dash et al. [29] conducted a simulation using RegCM3 to evaluate the model performance for Indian 

summer monsoon circulation and rainfall patterns. Islam et al. [30] investigated the frequency of cold 

and warm spells in Pakistan using PRECIS RCM. In their study, Ashfaq et al. [8] used a nested RCM to 

investigate the response of the SASM dynamics under IPCC AR4. They found that changes in the 

monsoon dynamic could have vital effects on decreasing summer precipitation over central areas of 

South Asia. Saeed et al. [34] proposed an evaluation framework for the evaluation of SASM in an RCM. 

Most of these studies have focused either on the evaluation of SASM for a short period of time or 

performed with the output of CMIP3 models dataset. 

In 2012, the International Center for Theoretical Physics Italy (ICTP) released the fourth version of 

the regional climate model (RegCM4) with some major additions including a new land surface scheme, 

the community land model version 3.5 (CLM3.5) and mixed convection schemes running over land and 

ocean [36,37]. The applications of RCMs are very rare over Pakistan, in particular over the UIB.  

Syed et al. [6] investigated the uncertainties related to RCMs for SASM with reference to a driving 

global dataset; however, they used the CMIP3 GCMs dataset under AR4 climate projections. 

In a very recent study, Dash et al. [35] used RegCM4 coupled with a biosphere atmosphere transfer 

scheme (BATS) over South Asia in order to assess the future climate projection of summer monsoon 

variability at 50 km horizontal resolution. They did not configure the model with the CLM land surface 

scheme, though there are several advantages of CLM over BATS [37]. In order to figure out the best 

convective and land surface scheme over South Asia, we have conducted successive sensitivity experiments 

with different physical parameterization schemes available in the current version of RegCM and found 

the improved performance of RegCM-CLM better than RegCM-BATS, which is in line with the study 

of Giogri et al. [37]. The purpose of the study is to analyze the RegCM with the best-suited physical 

parameterization scheme for present and future climate change signals using the latest AR5 scenarios 

based on the CMIP5 project. In order to better represent the responses of climate system dynamics 

associated with atmospheric convection, geographical complexity and heterogeneity of the land cover, we 

conducted the regional climate model simulations at 25 km fine resolution. 

2. Model, Data and Experimental Design 

2.1. Model Description 

The ICTP regional climate model, RegCM, has a wide range of applications from process studies to  

paleo-climate and future climate change projections. RegCM version 4.3 has been adopted for the present 

study. RegCM was originally developed at the National Center for Atmospheric Research (NCAR) and 
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evolved into the later versions, RegCM2 and RegCM2.5, with an up gradation to RegCM3 [38–42]. After 

the substantial evolution in term of physics and software code, ICTP released the fourth version of RegCM 

as documented by Giorgi et al. [37]. RegCM4.3 is a primitive equation model and compressible with 

sigma-p vertical coordinates running on an Arakawa B-grid in which wind and thermo-dynamical variables 

are horizontally staggered. The dynamical structure of RegCM4.3 is the same as that of the hydrostatic 

version of NCAR meso-scale model version 5 (MM5) [43]. 

RegCM4.3 includes two schemes for land surface process representation; the Biosphere Atmosphere 

Transfer Scheme (BATS) of Dickinson et al. [44] and CLM3.5 of Tawfik and Steiner [36]. CLM3.5 is 

one of major augmentation in RegCM4.3 in which land and atmospheric exchanges of water, energy and 

momentum are described through a series of bio-geophysical parameterization [45]. More details about 

the advantages of CLM3.5 over BATS can be found in the reference literature of Oleson et al. [45] and 

Steiner et al. [46]. RegCM4.3 includes the radiation package of NCAR’s global community climate 

model (CCM) version 3 [47]. CCM3 includes all greenhouse gases and the Delta-Eddington formulation 

is used to calculate the solar radiative processes [48]. Resolved scale precipitation scheme is based on 

the simplified sub grid explicit moisture (SUBEX) parameterization of Pal et al. [49] that solves the 

prognostic equation for cloud water. For the planetary boundary layer (PBL) processes representation, 

RegCM4.3 uses Holtslag et al. [50] scheme. Four cumulus parameterization schemes are available in 

the current version of RegCM4.3. The first one is the Kuo-type scheme of Anthes et al. [51] which 

provides poor precipitation simulation as compared to other available convective schemes and hence is 

used very occasionally [37]. The second one is the simplification of the Arakawa and Schubert 

parameterization and is known as the Grell scheme [52]. In this scheme, the clouds are considered as 

two steady state circulations including an updraft and a triggered penetrative downdraft. The Grell 

scheme is triggered when an air parcel reaches the moist convection level. The Grell scheme includes 

two closure assumptions: an Arakawa-Schubert (AS) in which buoyant energy is immediately released 

at each time step and Fritsch-Chappell (FC) type closure in which all available buoyant energy (CAPE) 

dissipates at a specified time step of 30 min [53,54]. The third cumulus scheme available in RegCM4.3 

is Emanuel, which is considered as the most complex amongst the others [55,56]. It is activated when 

the buoyancy level is higher than the cloud base and tends to produce extensive precipitation over land. 

Tiedtke [57] is the fourth available convection scheme in RegCM4.3 which is based on a moisture 

convergence closure. As compared to the previous versions, RegCM4.3 includes a mixed convection 

scheme option in which one of the schemes amongst Grell (GF or AS) and Emanuel can be used at land 

with the other one over ocean. 

2.2. Experimental Design and Model Data 

As mentioned earlier, we conducted various sensitivity experiments and found RegCM-CLM with 

MIX convection scheme (Grell over land and MIT over ocean) as the best-suited combination for climate 

simulation over South Asia. Therefore, in the present study, we configured the RegCM4.3 with CLM3.5 

and MIX convection schemes. The model used 18 vertical sigma levels from ground surface up to the 

50 hPa top level. To assess the performance of the model, for present-day climatology, we selected a 

time period from 1975 to 2005 with the first year being considered a spin up. The resulting 30 years are 

used for analysis. To provide the initial and time-dependent lateral boundary conditions for RegCM4, 
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we used geophysical fluid dynamics laboratory global circulation model (GFDL-ESM2M) of CMIP5 

with approximately 2 degrees horizontal resolution. Note that the selection of GFDL-ESM2M is made 

on the basis of Coppola et al. [58] phase I CORDEX REgCM hyper-Matrix (CREMA) experiments. 

Two sets of RCP experiments are also conducted for far future climate projection (2070–2099), one for 

the moderate level of the GHG scenario (RCP4.5) and the second for the strongest level of the GHG 

scenario (RCP8.5). The United States Geological Survey (USGS) and Global Land Cover Characteristics 

(GLCC) datasets at 10 min resolution are respectively used for model topography and land-use 

information [59]. The observed precipitation and temperature datasets of the Climate Research Unit 

(CRU) of the University of East Anglia, UK at 0.5 degrees in addition to  Asian precipitation, highly 

resolved, observational data integration towards evaluation (APHRODITE) at 0.25 degrees, which 

contains a high-density and quality station network including the Himalayas, are used for the purpose of 

comparison [60,61]. The European Center for Medium Range Weather Forecast (ECMWF) Interim 

reanalysis, hereafter referred to as ERAIM, at 0.7 degrees and National Center for Atmospheric Research 

(NCAR) Reanalysis 2 datasets (hereafter NCEP-DOE), are used to compare the models’ simulated 

fields. South Asia has a relatively homogeneous rainfall with different climatic types, falling in different 

geographic regions [23,62,63]. Based on the aforementioned studies, we present the detail analysis of 

monsoon core region (MCR) ranging between 69–88°E and 18–28°N along with the other 

geographically important areas as mentioned in Figure 1, where the SASM play a vital role [22,64]. 

 

Figure 1. Domain and topography of the RegCM covering South Asia. Surface elevation is 

given in meters. The box defines the monsoon core regions focused on in this discussion. 

The spatial pattern of temperature and precipitation changes in SASM are analyzed by considering 

two GHG RCPs scenarios. First, one is a medium stabilization scenario (RCP4.5), where the total 

radiative forcing is stabilized before 2100 by the usage of a range of technologies and strategies for 

reducing GHG emissions [65]. On the other hand, RCP8.5 is characterized by increasing GHG emissions 
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as a result of high population growth and a lower rate of technology development [65]. RCP8.5 is a  

non-climate policy scenario. In fact, most of the non-climate policy scenarios predict the CO2 emissions 

of the order of 15 to 20 GtC (billion tonnes of carbon) by the end of 21st century [66]. For the RCP4.5 

scenario, the CO2 emissions range from 5 to 10 GtC, which is comparable to several low emission 

reference scenarios such as SRES B1 [66]. Pertaining to aerosol emissions, RCP8.5 radiative forcing 

from tropospheric ozone increases by an additional 0.2 W/m2 and, in contrast, there is a decrease for 

RCP4.5 by 0.7 W/m2 at the end of 21st century [67]. 

3. Results 

3.1. Evaluation of Model Performance for Reference Period 

Before applying the RegCM for future projections, it is necessary to evaluate the model performance 

for the present climate. In this section, we describe the fundamental features of SASM like summer mean 

surface air temperature, precipitation and mean wind field. Figure 2a,b, shows the summer mean surface 

air temperature (1976–2005) from CRU and APHRODITE observations for SASM. Both of the datasets 

show a similar spatial pattern of temperature. The highest temperature up to 30 °C is recorded over 

central Pakistan as well as northwestern India, whereas the lowest temperature of about −15 °C is 

recorded over the Tibetan region. Figure 2c–f illustrates the mean summer biases in temperature for 

RegCM4 and driving GCM with respect to observations. The bias patterns in GCM and RCM present 

noticeable differences over most parts of the domain. Generally, GFDL-ESM2M shows a warmer 

climate, while RegCM4 shows cooler conditions especially over the foothills of HKH regions. The 

underestimation of summer mean surface air temperature (<5 °C) in RegCM over the Tibetan high region 

could be due to the large level of uncertainty present in observed climate data, mostly in the mountainous 

and remote areas [68–71]. 

The tendency of RegCM4 to produce lower temperatures over the northwestern Himalaya region is 

also reported in a few previous studies e.g., Syed et al. [6] and Coppola et al. [58]. The causes are still 

not entirely clear, though they are likely related to the treatment of cloud radiative process [72]. In this 

study, we used a CLM land surface scheme displaying some improvement in reducing the cold bias over 

this area as compared to BATS, used by Syed et al. [6]. The results from RegCM−BATS and 

RegCM−CLM comparison are shown in supplementary Figure S1. 

Comparing with GFDL-ESM2M, RegCM4 has substantially reduced the warm biases from 8 °C to 

−2 °C over the northwestern parts of the domain (Figure 2e,f). The warm bias of GFDL-ESM2M over 

central Pakistan and northwestern India, as seen in Figure 2c,d, is diminished in RegCM4 (Figure 2e,f). 

Overall, RegCM4 is able to simulate the spatial pattern of summer mean surface air temperature which 

is closer to the observations. The spatial variability in the temperature bias as simulated by RegCM4 is, most 

of the time, smaller than that of GFDL-ESM2M. It is worth noting that the large-scale uncertainties are 

present between the station-based dataset and observed satellite dataset, especially over the high 

mountain areas, which should be considered in an evaluation of the climate model assessment [58]. 
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Figure 2. Spatial distribution of summer mean surface air temperature (°C) for (a,b) CRU 

and APHRODITE observations; (c,d) GFDL-ESM2M and (e,f) RegCM4 model biases with 

respect to observations.  

The spatial distribution of SASM mean precipitation from CRU, APHRODITE and the models’ 

biases with respect to observations are displayed in Figure 3a–f. Spatial patterns of SASM precipitation 

are different in CRU and APHRODITE over some parts of the domain. CRU shows excessive 

precipitation as compared to APHRODITE over the MCR and northeastern India. Figure 3a,b depicts 

the weakening of monsoon currents as they enter through the foothills of the Himalayas. Pertaining to 

two models, GFDL-ESM2M shows wet bias over Nepal, whereas RegCM4 shows dry bias over the 

same region (Figure 3c–e). It is interesting to note that the dry biases over northeastern and central India 

are substantially reduced after comparing RegCM4 with APHRODITE (Figure 3e,f). RegCM4 

reproduced the observed precipitation amount and spatial distribution reasonably well as compared to 

GFD-ESM2M L over the MCR and northwestern Himalaya region. The negative bias over northern India 

and Pakistan is up to 5 mm/day for GFDL-ESM2M. Nonetheless it is reduced to −3 mm/day in RegCM4 

(Figure 3d,f). This indicates that RegCM4 at high resolution, which is more comparable to APHRODITE 

produced better spatial patterns of precipitation over the complex topography of the domain. Moreover, 

the precipitation amount in the GCM and RCM are strongly dependent to local dynamical forcing and 

internal model physics. The wet bias over the WG in RegCM4 shows that topographical induced 

precipitation pattern are strongly sensed in the regional climate model. 
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In order to analyze the results more quantitatively, we calculated Taylor diagram for SASM 

temperature and precipitation using the land point within the box (MCR) shown in Figure 1. The 

APHRODITE dataset is used as a reference to compare the spatial correlation and standard deviation in 

CRU, RegCM4 and driving GCM (Figure 4). The spatial correlation of temperature for RegCM4 is about 

0.5 and less than 0.4 for that of GFDL−ESM2M with standard deviation above 1.5. Pertaining to 

precipitation, the spatial correlation for RegCM4 is more than 0.5, while in case GFDL−ESM2M it is 

less than 0.3. Generally the RegCM4 correlation for precipitation is more close to CRU and APHRODITE 

with less standard deviation (<0.75) as compare to GFDL−ESM2M. This consistency of RegCM4 with 

observation is of course due to fidelity of high resolution in capturing the present day monsoon climate. 

Low Level Jet (LLJ) over the Arabian Seas (AS) is one of the most fundamental feature of SASM 

through which the moisture is transported into the flow of monsoon circulation [23]. In addition, the 

moisture transport over the AS is considered as the major source of SASM precipitation over Pakistan 

and adjoining regions [73]. This analysis will help us to understand the systematic biases and differences 

between the RegCM and parent GFDL-ESM2M precipitation. ERAIM and NCEP-DOE observation are 

used to compare the dynamical feature of LLJ with GCM and RCM. Figure 5 represents the mean low 

level wind fields at 850 hPa from the observations, the two models and respective wind biases. 

LLJ over the AS across the Somali coast flows over the southern parts and enter into BB, where it 

hits the WG and generate precipitation [6]. The mean monsoon flow in both observations are almost 

same. However, over the northern part of the domain the circulation in NCEP-DOE is more cyclonic as 

compared to ERAIM (Figure 4a,b). RegCM4 and GFDL-ESM2M successfully represents the location 

of Somali jet over the BB. However, GFDL-ESM2M tends to underestimate the magnitude of wind field 

over most of the locations, particularly over the WG and AS (Figure 5e,f). Over the same regions, the 

circulation is more cyclonic (anomalous) in RegCM4 than that of GFDL-ESM2M, which could be a 

possible cause of excessive precipitation over the WG (Figures 3f and 5h,i). 

On the other hand, RegCM4 tends to overestimate the winds fields (3 m/s) over the HKH as compared 

to both observations. Saeed et al. [34] also found similar result and suggested that the biases could be 

due to the absence of an irrigation scheme in the regional climate model. During the SASM, the upper 

level tropospheric winds (200 hPa) are primarily characterized by the Tibetan anticyclone and Tropical 

Easterly Jet (TEJ) [74]. Figure 5 exhibits the SASM mean wind fields from the observations, two models 

and the models bias from NCEP-DOE. The mean wind fields at 200 hPa as represented in ERAIM and 

NCEP-DOE are nearly same. Therefore, for the sake of brevity, we consider here only the difference 

between the NCEP-DOE and the two models. Figure 6a,b, reveals that both observations are in well 

agreement in representation of Tibetan anticyclone, TEJ and subtropical westerly jet. GFDL-ESM2M 

and RegCM4 has captured the main features of upper tropospheric wind fields reasonably well. 

However, the TEJ and Tibetan anticyclone are slightly broader in RegCM4 (Figure 6c,e). The position 

of northward movement of jet stream extended up to 25°N and induces the anticyclone over the Tibetan 

plateau is realistically represented in RegCM4. Relative to observations, the TEJ is rather weaker in 

GFDL-ESM2M and its northward extension is confined up to 22°N (Figure 6a–c,e). The strong systematic 

biases are also observed in both models, in particular over the Indian land mass areas. GFDL-ESM2M 

and RegCM4 tends to overestimate the magnitude of wind fields of TEJ over the MCR and adjoining 

land areas, while they tends to underestimate it over the northwestern parts of the domain. Over the HKH, 
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region the magnitude of positive wind bias in RegCM4 and GFDL-ESM2M is about 9 m/s and 15 m/s 

respectively (Figure 6d,f). 

 

Figure 3. Spatial distribution of SASM mean precipitation (mm/day) for (a,b) CRU and 

APHRODITE observations, (c,d) GFDL−ESM2M and (e,f) RegCM4 model biases with 

respect to observations. 

Although we have discussed some improvements in wind circulation at 850 hPa, RegCM4 follows 

the mean climatology of GFDL−ESM2M at 200 hPa. In order to check the fidelity of the model at 200 hPa 

wind speed, a statistical significant test is performed at 200 hPa wind speed over the whole domain. 

Correlation coefficients are calculated for ERAIM, NCEP, GFDL−ESM2M and RegCM4 at 99% and 

95% confidence levels, as given in Table 1. 

The results indicate that the correlation between RegCM4 and ERAIM is significant at 99% 

confidence level, while the correlation between GFDL−ESM2M and ERAIM is not significant at this 

level. It is interesting to note that the resolution of ERAIM (0.75 degree) is more comparable to RegCM4  

(0.25 degrees) than that of GFDL−ESM2M (2 degrees). On the other hand, correlations between 

RegCM4 and ERAIM and RegCM4 and NCEP−DOE are significant at 95% confidence level but not 

between GFDL−ESM and NCEP−DOE (Table 1). These results reveal the fidelity of RegCM4 for 200 

hPa wind field as compared to the core GFDL−ESM2M. 
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Figure 4. Temperature (°C) and precipitation (mm/day) Taylor diagram for JJAS season over 

the MCR, compute for land point only for the reference period 1976–2005. The APHRODITE 

dataset is considered as REF point. 

 

Figure 5. Spatial distribution of SASM mean low level wind (850 hpa) speed (shading, m/s) 

and direction (arrows) for (a,b) ERA Interim and NCEP observations; (c) biases in 

observation; (d–f) GFDL−ESM2M and its biases with respect to observations; (g–i) 

RegCM4 and its biases with respect to observations. 
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In spite of improvements, the systematic biases are still present in the RegCM4 simulation.  

This indicates that in order to identify the added value of the regional climate model, higher order 

statistics need to be analyzed [58,75,76]. In order to assess the added, here we present an example of 

added value by analyzing the probability distribution function (PDF) of the seasonal summer precipitation 

anomalies. The PDF is calculated by using the original model grid at each point over the land areas as 

shown in Figure 1. We used APHRODITE-observed gridded precipitation dataset, which contain a high 

density and quality station network of daily rain-gauge data for Asia including the Himalayas [61]. 

Figure 7 depicts that for negative rainfall anomalies, the RegCM4 reproduces better distribution and 

follows APHRODITE more closely compared to driving GCM, whereas in the case of positive rain 

anomalies both models show no differences. The marginal improvement in RegCM4 over the core GCM 

in negative rain anomalies reveals the fidelity of RegCM4 high resolution. 

 

Figure 6. Spatial distribution of SASM mean upper level wind (200 hpa) speed (shading, m/s) 

and direction (arrows) for (a,b) ERA Interim and NCEP observations; (c,d) GFDL−ESM2M 

and its bias with respect to observation; (e,f) RegCM4 and its bias with respect to observation. 
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Table 1. Matrix of Correlation coefficients between ERAIM, NCEP−DOE, GFDL and 

RegCM4 datasets of wind speed at 200 hPa, at confidence level of 95% and 99%. 

-- ERAIM NCEP−DOE GFDL RegCM4 

ERAIM 1.00 0.92 0.45 0.52 
NCEP−DOE 0.92 1.00 0.32 0.40 

GFDL 0.45 0.32 1.00 0.95 
RegCM4 0.52 0.40 0.95 1.00 

Bold figures are at α = 5%; Bold and underline figures are at α = 1%. 

 

Figure 7. Probability density function of the JJAS precipitation anomaly for land points of 

the domain (Figure 1). 

3.2. Assessment of Climate Change Signal for SASM 

Figure 8 shows the projected changes of temperature and precipitation in the future (2070–2099) with 

respect to the reference period (1976–2005) for both scenarios. Under RCP4.5, both models predict 

warming over the whole domain by the end of the 21st century (Figure 8a,c). The projected changes of 

temperature are much higher under RCP8.5 than RCP4.5 (Figure 9b,d). The maximum warming (>6 °C) is 

recorded in GFDL-ESM2M over the Tibetan Plateau and foothills of the HKH under RCP8.5 (Figure 9b), 

which is in line with the findings of Gu et al. [71]. The magnitude of increased warming in RegCM4 

under RCP8.5 is less than the GFDL-ESM2M. 

These warming trends are predominantly observed over northern Indian and Pakistan under both 

scenarios. Kazmi et al. [77] and Kumar et al. [78] also found a similar increased tendency in the summer 

mean surface air temperature over the northern areas of Pakistan, the Himalayas and central India at the 

end of 21st century. Kumar et al. [78] concluded that the warming of southern India is projected to be 

lower than the north. These findings are in line with the predicted increase of warming over the land 

areas (>3 °C), which could develop a thermal contrast between the ocean and land. Over the MCR, the 
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maximum increase in temperature is found to be 4 °C in GFDL-ESM2M under RCP8.5 and the minimum 

temperature increase is about 2 °C in RegCM4 under RCP4.5 (Figure 8b,c). Overall, RegCM4 shows a 

lower climate sensitivity with less warming as compared to the driving GFDL-ESM2M. 

Figure 8e–h exhibits the projected changes in the spatial pattern of precipitation under moderate 

RCP4.5 and strongest RCP8.5 scenarios with respect to present climate as simulated by the two models. 

More than 3 mm/day increased precipitation is predicted over Nepal and Bhutan in GFDL-ESM2M 

under RCP8.5. However, the intensity of increased precipitation over the same region in the case of 

RCP4.5 is slightly less than in the RCP8.5 scenario (Figure 8e,h). In contrast, over most of parts of 

northwestern India, the SASM precipitation either decreases up to 2 mm/day or remains the same. 

Maximum increase in summer precipitation as predicted over MCR (up to 2 mm/day) lies between 15°N 

and 20°N. This projected increase in precipitation in GFDL-ESM2M is comparatively less under RCP4.5 

than RCP8.5. 

The change in precipitation in RegCM4 under RCP4.5 is not very prominent except over the WG and 

AS (Figure 8g). The projected increase of precipitation lies between 0.5 mm/day and 1.5 mm/day over 

this region. Most of the land areas are drier in RegCM4 under RCP4.5 as compared to GFDL-ESM2M. 

Although the northern parts of the domain receive a little amount of precipitation (~1 mm/day), in the 

case of RegCM4 under RCP8.5, these changes are more pronounced than that of driving GCM. Over the 

BB, RegCM4 presents mixed performance in simulating the SASM precipitation under the RCP8.5 

scenario. There is a slight decrease (1 mm/day) and considerable increase (2 mm/day) in the precipitation 

over the BB which supports the conclusions of Islam et al. [30] and Syed et al. [6]. Figure 9h, also 

depicts the overall wet conditions of SASM projection over the MCR as simulated by the regional 

climate model. The increased precipitation patterns are extended up to northwestern India, the UIB and 

central Pakistan. However the magnitude and intensity of monsoon becomes weaker as it penetrates into 

Pakistan. The mountain ranges of WG along the western coast of the Indian Peninsula, which exposed 

to monsoon winds in June and July, receives a large amount of precipitation at the end of the 21st century 

as simulated by the RegCM4. These predicted changes in SASM precipitation are more than 2 mm/day 

under RCP8.5 and less than 1 mm/day under RCP4.5. Such local topographical forcing effects are not 

observed in the driving GCM projections. In general, the parent GFDL-ESM2M predicts stronger 

climate change signals for increasing (decreasing) precipitation as compared to the nested RegCM4. 

Figure 8 depicts that the core GFDL-ESM2M is significantly affecting the RegCM4 in terms of 

temperature, while a different picture is observed for precipitation. To further confirm the robustness of 

the analysis, we devised a variant Taylor diagram to compute the change patterns in temperature and 

precipitation of the period 2070–2099 with respect to the reference 1976–2005 for RegCM4 simulation 

compared to its own driving GCM change (Figure 9). For temperature, we find a better agreement 

between the RegCM and GFDL-ESM2M with correlation approaches to 0.8 and normalized standard 

deviation in the range of 0.5 to 1.5 under the both scenarios. This means that in term of spatial variability 

and spatial pattern, the GFDL affects substantially the temperature change of RegCM4. With precipitation, 

the spatial pattern of correlation is less than 0.6 and the spatial standard deviation is about 2. The former 

analysis clearly depicts the importance of fine-scale forcing and the processes induced by the high 

resolution of the regional climate model. 
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Figure 8. Projected changes (2070–2099 minus 1976–2005) in SASM mean temperature for 

(a,b) GFDL−ESM2M (RCP45 and 85); (c,d) RegCM4 (RCP4.5 and 8.5) and precipitation 

for (e,f) GFDL−ESM2M (RCP4.5 and RCP8.5); and (g,h) RegCM (RCP4.5 and RCP8.5). 

The projected changes in the SASM wind field at 850 hPa and 200 hPa are shown in Figure 10a–h. 

The anticyclonic anomaly (Figure 10a–c) could possibly project drier conditions over central and 

northwestern India (Figure 8e–g). RegCM4 under RCP85 also show anticyclonic circulation (though 

much weaker compared to RCP45), which will bring the drier air from the interior of the continent. On 

the other hand, the RegCM4 under RCP85 data show significantly increased precipitation over the WG 
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(Figure 8h). In order to explore the dynamical consistency of increased projected rainfall over the WG 

in RegCM4 under RCP85, we separated the whole study period into dry and wet years [22]. 

 

Figure 9. Taylor diagram computed for the change in temperature and precipitation of the 

period 2070−2099 with respect to 1976−2005 for RegCM4 simulation compared to its own 

driving GFDL-ESM2M. 

Figure 11 indicates the strengthening of southwesterly seasonal flow (anomalous cyclonic circulation) at 

850 hPa over the Arabian Sea and Peninsular India for the wet period, missing during the dry years.  

This change could be associated with increased rainfall over the WG and supports the conclusion of 

Kunar et al. [78]. In order to further explore the dynamical inconsistency of increased rainfall over this 

region, the spatial correlation between the model bias and change is calculated. The significant 

correlation between RegCM4 bias and change (0.6 to 0.8) confirm that the bias has a significant effect 

on the simulated change. How much these effects could possibly lower the future projection is beyond 

the scope of the present study. The dynamic of South Asia monsoon season is quite complex and there 

are several other factors that could affect future climate changes. Therefore, it is very difficult to specify 

a single reason that may strengthen the South Asia monsoon over the specific areas. 

The RegCM4 follows the driving model boundary forcing in simulating the upper tropospheric 

circulation features for both of the future scenarios. There is little difference between the magnitude of 

upper level circulation in GFDL-ESM2M and RCM over northern Pakistan, but the differences are 

significant over MCR, Nepal and AS under RCP8.5. It is clear from Figure 10e,f that the large-scale 

changes in the magnitude of the wind field (3 mm/s) over Nepal and Bangladesh add up to possible 

evidence of excessive precipitation in GFDL-ESM2M. On the other hand, we can see the prominent 

changes over AS, WG and MCR, where the wind field is underestimated up to 3 m/s in GFDL-ESM2M 
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and 2 m/s in RegCM4 under RCP8.5. These projected changes in the wind fields could be a possible 

reason behind high variability of precipitation in nested and driving models over the MCR and AS. 

 

Figure 10. Projected changes (2070–2099 minus 1976–2005) in SASM mean wind speed 

(shading, m/s) and direction (arrows) at 850 hpa for (a,b) GFDL−ESM2M (RCP45 and 85);  

(c,d) RegCM4 (RCP4.5 and 8.5) and at 200 hpa for (e,f) GFDL−ESM2M (RCP4.5 and 

RCP8.5); and (g,h) RegCM4 (RCP4.5 and RCP8.5). 
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Figure 11. Projected changes (2070–2099 minus 1976–2005) in SASM mean wind speed 

(shading, m/s) and direction (arrows) at 850 hPa for (a) RegCM4 RCP85 (dry period));  

(b) RegCM4 RCP85 (wet period). 

A statistical significance test is performed to assess the models’ bias effects on the simulated change. 

Significant correlation between the bias and change patterns is expected, if the model bias had a strong 

effect on the simulated change. Figures 12 and 13 show the scattered plot with 95% confidence level for 

both temperature and precipitation. The correlations for temperature are generally high (0.8), whilst in 

the case of precipitation, the correlation varies from 0.6 to 0.8. These results indicate that the biases have 

a significant effect on the projected change patterns. These results are consistent with Boberg and 

Christensen [79] and support their conclusion of a significant influence of the bias on the change. 

It should be noted that in spite of numerous improvements made in the regional and global climate 

models, it is still difficult to explain the complex mechanisms driving the variability of the Asian 

monsoon [80]. Moreover, the regional forcing, internal dynamic of the models and high level of 

uncertainties in the observational-based climate dataset could undermine the confidence on the future 

projection as well as the mitigation and adaptation strategies under a changing climate. 
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Figure 12. Effect of temperature bias on the projected changes in SASM for GFDL−ESM2M 

(a,b) RegCM4 (c,d) under both scenarios. Ellipses indicate that the biases are significant at 

95% confidence level. 

 

Figure 13. Effect of precipitation bias on the projected changes in SASM for GFDL−ESM2M 

(a,b) RegCM4 (c,d) under both scenarios. Ellipses indicates that the biases are significant at 

95% confidence level. 
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4. Conclusions 

The present study validates the RegCM4 for present-day climate against the observations and 

explores the possible changes in the South Asian summer monsoon (SASM) on the basis of regional and 

global climate model projections. The simulations are conducted with RegCM4 at a 25 km horizontal 

resolution driven by GFDL-ESM2M lateral boundary forcing under the moderate (RCP4.5) and the 

strongest (RCP8.5) representation concentration pathways. Temperature, precipitation and wind field 

datasets from the Climate Research Unit (CRU), Asian precipitation, highly resolved, observational data 

integration towards evaluation (APHRODITE), the European Center for Medium Range Weather Forecast 

(ECMWF) interim reanalysis (ERAIM) and the National Center for Atmospheric Research (NCAR) 

Reanalysis 2 datasets (NCEP-DOE) are used to assess the performance of the model for the reference 

time period. It is found that the regional climate model (RegCM4) can fairly reproduce summer mean 

surface air temperature and precipitation over most parts of South Asia. However, RegCM4 shows cold 

biases of up to 5 °C over the Hindukush, Karakorum and Himalaya (HKH) region. Although there are 

significant variabilities in the mean wind fields, the location of the Somali jet, low level cyclonic 

circulation over the MCR, and position of upper level Tibetan anticyclone are successfully reproduced 

by RegCM4. The cyclonic circulation at 850 hPa is stronger in RegCM4 as compared to driving general 

circulation models (GCMs) over the Arabian Seas (AS), which could bring enhanced moisture inland, 

resulting in excessive precipitation over the Western Ghats. 

In terms of internal model variability, the spatial correlation of temperature over MCR for RegCM4 

is about 0.5 and less than 0.4 in the case of GFDL−ESM2M. For precipitation, the spatial correlation 

between RegCM4 and APHRODITE is more than 0.5, while in the case of GFDL−ESM2M it is less than 

0.3. The RegCM4 data show better consistency with the observations than the core GCM, thereby 

revealing RegCM4’s fidelity in capturing the present-day monsoon climate. 

The warming patterns in RegCM4 for future climate conditions (2070–2009) with respect to the 

reference time period (1976–2005) are about 2 °C under RCP 4.5 and about 5 °C under RCP8.5 over the 

MCR. It is also observed that RegCM4 shows an approximate 2 °C increase in warming over northern 

India and Pakistan as compared to MCR under RCP8.5. The comparison between the change patterns in 

RegCM4 and driving GFDL−ESM2M shows that the core GCM forcing has substantial effects on the 

temperature change. While in the case of precipitation, RegCM4 tends to develop its own climatology 

in representing the SASM projections for the end of 21st century. 

The significant increase in precipitation projection over the Western Ghats and peninsular India in 

RegCM4 under RCP8.5 is possibly related with the strengthening of southwesterly seasonal flow 

(anomalous cyclonic circulation) at 850 hPa during the wet period. A quantitative analysis of spatial 

correlation indicates a significant influence of model biases on the simulated change. The fact of the 

matter is that many of the climate models overestimate the regional amplification of global warming and 

share the systematic temperature and precipitation-dependent biases which may affect their ability to 

accurately capture certain observable climate conditions [75,78]. Therefore, it is recommended that the 

bias-correction methods should be used before the application of future climate projection for impact 

assessment studies. The present study is limited to the use of the single model and mean climatology of 

SASM. To understand the model biases for climate change projections, an ensemble of experiments are 

required using the additional RCMs with a different GCM boundary forcing and including the climate 
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extremes. Despite some caveats in our results, this study will significantly contribute to the CORDEX 

project and climate change impact assessment over South Asia. 
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