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Introduction 1.1 Background

The Asian Summer Monsoon (ASM) is one of the major components of the global climate system and provides fresh water resources for the most densely populated countries in the world such as India. The ASM constitutes the major portion of the annual mean precipitation over the Indian subcontinent. Given its profound socioeconomic importance, a key problem lies in determining the response of regional monsoon hydrological cycle to global climate change.

However, solving this issue is a big challenge for the current climate models, as there are still a lot of uncertainties and spread affecting the ASM circulation and precipitation in both historical simulations and future climate projections undertaken in the framework of the United Nations Intergovernmental Panel on Climate Change (IPCC; AR4 report Sections 10.3.5.2). Several climate modelling studies suggest that greenhouse warming is likely to intensify the monsoon precipitation over the ASM domain [START_REF] Meehl | South Asian summer monsoon variability in a model with a doubled atmospheric carbon-dioxide concentration[END_REF][START_REF] Bhaskaran | Climatic response of the Indian subcontinent to doubled CO 2 concentration[END_REF][START_REF] Douville | Impact of doubling CO 2 on the Asian summer monsoon: robust versus model-dependent responses[END_REF][START_REF] May | Simulated changes of the Indian summer monsoon under enhanced greenhouse gas conditions in a global time-slice experiment[END_REF][START_REF] May | Simulation of the variability and extremes of daily rainfall during the Indian summer monsoon for present and future times in a global time-slice experiment[END_REF][START_REF] May | The sensitivity of the Indian summer monsoon to a global warming of 2°C with respect to pre-industrial times[END_REF][START_REF] Turner | The effect of doubled CO 2 and model basic state biases on the monsoon-ENSO system. I: mean response and interannual variability[END_REF][START_REF] Turner | Climate change and the South Asian summer monsoon[END_REF]). However, many other studies shared a contrary opinion, highlighting a significant weakening of the large-scale monsoon circulation which may offset the increase in precipitation [START_REF] Ashfaq | Suppression of south Asian summer monsoon precipitation in the 21 st century[END_REF][START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF]). This paradox is often referred in the literature as the "wind-precipitation paradox" ( [START_REF] Kitoh | Simulated changes in the Asian summer monsoon at times of increased atmospheric CO 2[END_REF][START_REF] Stephenson | Searching for a fingerprint of global warming in the Asian summer monsoon[END_REF][START_REF] Gastineau | Hadley circulation changes under global warming conditions indicated by coupled climate models[END_REF][START_REF] Stowasser | Response of the South Asian summer monsoon to global warming: mean and synoptic systems[END_REF][START_REF] Cherchi | Effects of increased CO 2 on monsoons[END_REF][START_REF] Ueda | Impact of anthropogenic forcing on the Asian summer monsoon as simulated by eight GCMs[END_REF][START_REF] Ogata | Projected Future Changes of the Asian Monsoon: A Comparison of CMIP3 and CMIP5 model results[END_REF][START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF]. Some studies also indicated that the precipitation response may not be directly associated with the circulation changes in the climate projections since changes in atmospheric moisture and moisture transport play a vital role in the future ASM rainfall abundance [START_REF] Kitoh | Simulated changes in the Asian summer monsoon at times of increased atmospheric CO 2[END_REF][START_REF] Kitoh | Monsoons in a changing world: A regional perspective in a global context[END_REF][START_REF] Douville | Impact of doubling CO 2 on the Asian summer monsoon: robust versus model-dependent responses[END_REF][START_REF] Douville | Sensitivity of the hydrological cycle to increasing amounts of greenhouse gases and aerosols[END_REF][START_REF] Ashrit | Transient response of ENSO-monsoon teleconnection in MRI-CGCM2.2 climate change simulations[END_REF][START_REF] Meehl | Mechanisms for projected future changes in South Asian monsoon precipitation[END_REF][START_REF] May | Simulated changes of the Indian summer monsoon under enhanced greenhouse gas conditions in a global time-slice experiment[END_REF][START_REF] Hsu | Increase of global monsoon area and precipitation under global warming: a robust signal?[END_REF].

The projected global surface warming scenario is rather more rapid over the land than the ocean, leading to a greater continental-scale land-sea thermal contrast (IPCC; AR4 report Sections 10.3.5.2; see section 3.2). So a simple notion arising from the classical land-sea contrast mechanism of monsoon [START_REF] Fu | The relationship between Tibet tropical ocean thermal contrast and interannual variability of Indian monsoon rainfall[END_REF][START_REF] Webster | Monsoons: Processes, predictability, and the prospects for prediction[END_REF]) is that the ASM circulation will be relatively stronger in the future climate projections. However, the evidences so far seen from climate simulations are not so obvious [START_REF] Ma | Paradox in the South Asian summer monsoon circulation change: Lower tropospheric strengthening and upper troposheric weakening[END_REF][START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF]. In this context, it is important to note that apart from the classical definition involving near-surface temperature [START_REF] Fu | The relationship between Tibet tropical ocean thermal contrast and interannual variability of Indian monsoon rainfall[END_REF], more recent studies have highlighted the dominant role played by the mid-upper (200-500 hPa) tropospheric thermal contrast in driving the monsoon [START_REF] Dai | The relative roles of upper and lower tropospheric thermal contrasts and tropical influences in driving Asian summer monsoons[END_REF]). Some of the previous studies also shared similar viewpoints on the influence of tropospheric thermal contrast on ASM variations [START_REF] Li | The onset and interannual variability of the Asian summer monsoon in relation to land-sea thermal contrast[END_REF][START_REF] Yanai | Mechanism of Heating and the boundary layer over the Tibetan Plateau[END_REF][START_REF] Ueda | Impact of anthropogenic forcing on the Asian summer monsoon as simulated by eight GCMs[END_REF][START_REF] Holton | An Introduction to Dynamic Meteorology[END_REF][START_REF] He | The evolution of tropospheric temperature field and its relationship with the onset of Asian summer monsoon[END_REF][START_REF] Xavier | An objective definition of the Indian summer monsoon season and a new perspective on the ENSO-monsoon relationship[END_REF]. Their fundamental argument is that the establishment and maintenance of the monsoon circulation are closely related to the evolution of the upper tropospheric temperature field trough the thermal wind relation [START_REF] Dai | The relative roles of upper and lower tropospheric thermal contrasts and tropical influences in driving Asian summer monsoons[END_REF]. Further, the meridional gradient in upper tropospheric temperature (MGT) is proportional to the meridional gradient of deep tropospheric heating, and could cause acceleration of deep tropospheric monsoon circulation. According to [START_REF] Xavier | An objective definition of the Indian summer monsoon season and a new perspective on the ENSO-monsoon relationship[END_REF], the change in sign of MGT signals the setting up of the off-equatorial large-scale deep heat source and the associated Gill-type atmospheric response leads to the strengthening of cross-equatorial and low-level monsoon flow [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF]. In contrast, the classical land-sea contrast mechanism of monsoon involving surface temperature could only produce a shallow circulation. [START_REF] Bayr | The Tropospheric Land-Sea Warming Contrast as the Driver of Tropical Sea Level Pressure Changes[END_REF] have provided an updated global view on this land-sea contrast and according to them the land-sea contrast is more precisely described through the temperature gradient of the whole troposphere rather than from the surface.

Present study

Most of the aforementioned studies assessed the future ASM changes through the use of either one specific model or a simple ensemble mean from many climate models and thus are subjected to uncertainties due to various interpretations (based on the choice of model data sets) or to wide variations among the selected model projections ( [START_REF] Kripalani | South Asian summer monsoon precipitation variability: coupled model simulations and projections under IPCC AR4[END_REF][START_REF] Annamalai | The South Asian summer monsoon and its relationship with ENSO in the IPCC AR4 simulations[END_REF][START_REF] Turner | Uncertainties in future projections of extreme precipitation in the Indian monsoon region[END_REF][START_REF] Kumar | The once and future pulse of Indian monsoonal climate[END_REF][START_REF] Fan | Observed and modeled changes in the South Asian monsoon over the historical period[END_REF][START_REF] Seo | Assessing future changes in the East Asian summer monsoon using CMIP3 models: Results from the best model ensemble[END_REF]. Thus, assessment of future ASM changes has remained ambiguous so far.

Furthermore, future changes predicted from climate models highly rely on the simulations of the present-day climate, which have many deficiencies (e.g., [START_REF] Allen | Constraints on future changes in climate and the hydrologic cycle[END_REF][START_REF] Knutti | Robustness and uncertainties in the new CMIP5 climate model projections[END_REF]. Therefore for an improved future change assessment, a prerequisite is a thorough evaluation of the simulated present-day climate as well as an improved selection of climate models that brings out the ASM to a better realism. The present study intends to do this by focusing on the credence and significance of future monsoon projections.

Recently, numerous climate modelling groups took part in a coordinated climate model experiments, comprising the fifth phase of the Coupled Model Inter-comparison Project (CMIP5). Under this project, a series of experiments were performed: the 20 th century historical runs and 21 st century climate projections with four different representative concentration pathway scenarios [START_REF] Taylor | An overview of CMIP5 and the experiment design[END_REF]. Initial analysis of these experiments has shown that the CMIP5 models are comparatively better than the CMIP3 in simulating Asian-Australian monsoon system, especially its seasonal cycle [START_REF] Li | Evaluation of monsoon seasonality and the tropospheric biennial oscillation transitions in the CMIP models[END_REF][START_REF] Sperber | The Asian summer monsoon: An intercomparison of CMIP5 vs. CMIP3 simulations of the late 20 th century[END_REF][START_REF] Jourdain | The Indo-Australian monsoon and its relationship to ENSO and IOD in reanalysis data and the CMIP3/CMIP5 simulations[END_REF]. [START_REF] Lee | Future change of global monsoon in the CMIP5[END_REF] further observed that CMIP5 ensemble mean better simulates the global monsoon intensity and area than the corresponding CMIP3 ensemble average. Additionally, some recent studies showed a slight improved representation of El Niño Southern Oscillation (ENSO) in CMIP5 models (e.g., [START_REF] Bellenger | ENSO representation in climate models: from CMIP3 to CMIP5[END_REF]. Since ENSO is one of the most important forcing for the ASM, this may imply a better representation of ENSO-monsoon relationship in CMIP5 models. In this regard, [START_REF] Jourdain | The Indo-Australian monsoon and its relationship to ENSO and IOD in reanalysis data and the CMIP3/CMIP5 simulations[END_REF] recently pointed that about 11 CMIP5 models have relatively good skill in simulating the ENSO-monsoon relationship. Finally, CMIP5 models have improved response to natural forcing and aerosols than CMIP3 coupled models [START_REF] Yeh | Changes in the tropical Pacific SST trend from CMIP3 to CMIP5 and its implication of ENSO[END_REF][START_REF] Lee | Future change of global monsoon in the CMIP5[END_REF].

A comprehensive study focusing specifically on future changes of the ASM in CMIP5 models is still missing to the best of our knowledge. The objective of this study is thus to investigate the impacts of climate change on ASM using CMIP5 coupled models that participated in the 5 th Assessment Report (AR5) of the IPCC (2001IPCC ( , 2007)). The improvements in CMIP5 against CMIP3, as mentioned above, may bring more robustness and confidence in ASM projections. We restrict mainly our attention to a subset of CMIP5 models that have a better representation of the present-day mean and variability of ASM precipitation. The critical factors associated with the ASM system in the future projections are then carefully examined viz., rainfall, circulation, monsoon seasonality, MGT and water vapour budget. In particular, we focus on the linkage between MTG and ASM circulation (as described in section 1.1) in the future climate. We also seek to establish the relative contributions of thermodynamic and dynamic components to the governing water vapour balance over ASM region, in order to provide a better physical understanding of the processes governing the projected ASM rainfall changes.

The paper is organized as follows. Section 2 presents a brief description of the models, data and methodologies. Section 3 provides an analysis of the present-day monsoon climate and its response in climate change experiments. Section 4 examines the mechanisms responsible for the weakened monsoon circulation in future climate. Section 5 explains the possible mechanism for the enhanced ASM rainfall, followed by discussion and summary in section 6.

Data and Methodology

Datasets

We use the historical and Representative Concentration Pathway (RCP) 4.5 climate experiments from 19 coupled general circulation models (CGCM) contributing to CMIP5 [START_REF] Taylor | An overview of CMIP5 and the experiment design[END_REF]http://pcmdi9.llnl.gov). The models and their descriptions are provided in Table 1. The historical experiments (i.e. the 20 th century) are forced by observed changes in natural and anthropogenic sources, which also include time-varying land-cover. The RCP4.5 experiments are driven by emission scenarios assuming that the net radiative forcing will increase to about 4.5 Wm -2 by the end of 21 st century and stabilize thereafter. This is considered as a "central" scenario in CMIP5 [START_REF] Taylor | An overview of CMIP5 and the experiment design[END_REF].

The 20-year mean during 1980-1999 in historical simulations defines the present-day climatology, the mean during 2080-2099 in RCP 4.5 defines the future climatology, and their difference represents the future change under global warming. Note that each model dataset differs in horizontal grids; therefore, for ease of comparison, the datasets corresponding to all simulations (historical as well as RCP 4.5 runs) are re-gridded into a 2.5°×2.5° horizontal grid using a first-order remapping procedure implemented in the Climate Data Operators (https://code.zmaw.de/projects/cdo) and are then compared against the observed and reanalysis products. It should be further noted that all the diagnostics are performed only for the boreal summer season (June to September, JJAS). Our diagnostics made use of several monthly variables, including surface temperature, rainfall, atmospheric circulation and radiative fluxes (longwave and shortwave fluxes at the surface and top of the atmosphere).

We use the NCEP/NCAR reanalysis products [START_REF] Kalnay | The NCEP/NCAR 40-Year Reanalysis Project[END_REF], which have a horizontal resolution of 2.5° longitudes and 2.5° latitudes, to depict the atmospheric circulation and temperature characteristics. The observed monthly precipitation datasets are from the Global Precipitation Climatology Project (GPCP version 2.1, [START_REF] Huffman | Improving the global precipitation record: GPCP Version 2.1[END_REF]).

The period of analysis is from 1980 to 1999.

Selection of good models

Following the prelude, a detailed evaluation of the model's ability to capture the present-day climate and the subsequent model selection is attempted here. The performance of 19 CMIP5 CGCMs for the present-day climate is assessed through the use of two Taylor diagrams [START_REF] Taylor | Summarizing multiple aspects of model performance in a single diagram[END_REF], based on the fidelity in simulating JJAS rainfall climatology and variability over a broad ASM region (30°E-120°E and 30°S-30°N). The choice of this large domain follows the observational evidence that ASM consists of multiple local rainfall maxima centred over the Bay of Bengal region, the tropical western Pacific and the eastern equatorial Indian Ocean, and a realistic representation of these rainfall centers is vital for assessing the Indian summer monsoon variability [START_REF] Annamalai | Response of the Asian Summer Monsoon to changes in El Niño properties[END_REF][START_REF] Annamalai | The South Asian summer monsoon and its relationship with ENSO in the IPCC AR4 simulations[END_REF]).

The Taylor diagrams succinctly describe the coherence between models and observations in terms of their spatial pattern correlation, their root-mean-square (RMS) difference, and the ratio of their standard deviations [START_REF] Taylor | Summarizing multiple aspects of model performance in a single diagram[END_REF][START_REF] Joseph | Boreal summer intraseasonal oscillations and seasonal Indian monsoon prediction in DEMETER coupled models[END_REF]. In It is clear from the figures that there is significant inter-model spread in capturing the observed climate statistics, particularly for the interannual variability (see Fig. 1b). Taking note of this large spread and the related uncertainty in future monsoon projections, an optimal selection of reliable (or one can say "optimally the good") models among 19 CGCMs is derived based on the following criteria: (i) the pattern correlation in the climatological mean field (Fig. 1a) is above 0.65, (ii) the pattern correlation in the inter-annual standard deviation field (Fig. 1b) is above 0.6, and (iii) spatial inter-annual standard deviation ratio (the spatial standard deviation normalized by the observed spatial standard deviation) is within 1.0 ± 0.2. Similar criteria are used by [START_REF] Seo | Assessing future changes in the East Asian summer monsoon using CMIP3 models: Results from the best model ensemble[END_REF] for selecting the best CMIP3 models in their recent study on East Asian Monsoon future projections. Only the models satisfying all three criteria are used for the full assessment of the ASM future projections. The duly selected 7 models are highlighted in Table 1. For brevity, these seven models are referred to as the "good" in the subsequent text and their multi-model simple ensemble mean is called hereafter as "ensemble mean" or "ENS". Note here that 3 out of the seven selected models (GFDL-ESM-2G, IPSL-CM5A-LR and NorESM1-M) are Earth System Models (ESM). In ESMs, CGCMs are coupled to biogeochemical components so as to account for the carbon surface fluxes between the ocean, atmosphere and terrestrial biosphere carbon reservoirs [START_REF] Taylor | An overview of CMIP5 and the experiment design[END_REF]. Note further that we performed similar Taylor diagnostics using CMIP3 models and these selected good models showed better performance in capturing the observed ASM climate statistics compared to their counterparts in CMIP3 models (figure not shown). This again confirms the recent studies that showed improved representation of ASM in CMIP5 models (e.g., [START_REF] Sperber | The Asian summer monsoon: An intercomparison of CMIP5 vs. CMIP3 simulations of the late 20 th century[END_REF].

Finally, we will also verify some of our results using all the available models in order to test the robustness of monsoon projections and thus to strengthen our conclusions. We demonstrate this using fifteen CMIP5 models (from the 19 models listed in Table 1), for which the necessary wind circulation and temperature fields for both historical and RCP 4.5 simulations were available at the time of our analysis. The excluded models are CSIRO-Mk3.6.0, GISS-E2-H, HadGEM2-CC and INM-CM4. The extended ensemble mean calculated from those 15 models will be referred as "extended ensemble mean" or simply "ENS15 average" in the following sections. Consideration of the ENS15 averages will demonstrate that our results are not very sensitive to our selection procedure and are robust even using a grand ensemble mean of 15 CMIP5 models.

Monsoon climate

Present-day

As described in the preceding section, there are 7 good models that are optimally considered to perform better out of 19 CGCMs. Figure 2 shows the JJAS mean precipitation and 850 hPa winds computed from observations and the ensemble mean (using these 7 good models, see section 2.2) derived from the historical simulations. The precipitation maxima along the west coast of Peninsular India, southern equatorial eastern Indian Ocean, over eastern India, Bangladesh and Bay of Bengal are well simulated by the ensemble mean (Figs. 2a,b). Also, some of the large-scale circulation features such as the band of easterly winds south of the equator, the low-level Somali jet and the strong westerlies across Arabian Sea and southern India are realistically simulated (Figs. 2d,e). The surface skin temperature distribution (Fig. 3a) shows distinct maxima (greater than 30°C) over the land mass in Northern Africa, the Middle east, India, Pakistan, Afghanistan as well as over the Indian Ocean, Bay of Bengal and tropical west Pacific. The ensemble mean reproduces the basic seasonal pattern of surface temperature contrast where the land is significantly warmer than the ocean in the Indian domain. Further, the pattern and strength of the sea level pressure (SLP) field are captured reasonably well (Figs. 3c,d). The magnitude of the negative SLP gradient from the southern Indian Ocean subtropical anticyclonic high towards the monsoon trough is approximately around 16 hPa (Fig. 3c). Furthermore, the strength and spatial pattern of the Hadley circulation, and the upper-level easterly jet stream are also well simulated

(figures not shown).

There are systematic errors, however, found in these good models; especially these models have inherent difficulties in capturing the finer regional precipitation details (Fig. 2c).

The precipitation over the central Indian landmass is underestimated and the ensemble mean further shows that it is comparable or even smaller than that over eastern Indian Ocean. The precipitation over western Indian Ocean, on the other hand, is amplified and may be partly associated with warm sea surface temperature (SST) biases in the models (Fig. 3b; [START_REF] Bollasina | The general circulation model precipitation bias over the southwestern equatorial Indian Ocean and its implications for simulating the South Asian monsoon[END_REF]Prodhomme et al. 2014a). Further, the observations indicate heavy precipitations along the west coast of the Indian peninsula (concentrated over the Western Ghats barrier) and a rain shadow region over the south-eastern parts on its leeside (Fig. 2b).

Although the ensemble mean attempts to capture this detail, it fails to reproduce the observed magnitudes (Fig. 2c). This point towards the coarse resolution of selected CMIP5 models (with a grid size greater than 100 km in most of the cases), thus posing a major challenge in adequately resolving the fine ASM precipitation features [START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF].

As far as the rainfall seasonal cycle over Indian monsoon region (10°-25°N, 60°-100°E) is concerned, all good models depict the transition from May to June, however there are large inter-model spread in the timing of the rainy season with a conspicuous delay in monsoon onset relative to observations (Fig. 2g). Furthermore, the intensity of the simulated monthly precipitation during July-August (observed rainfall peaks in this season) is systematically weaker in most of the selected models (see Table 1 for model details). In addition, there is a significant spread even within the good models in depicting the seasonal cycle of precipitation. Earlier, [START_REF] Annamalai | The South Asian summer monsoon and its relationship with ENSO in the IPCC AR4 simulations[END_REF] have noted similar inter-model spread in CMIP3 models in simulating the seasonal cycle. Recently, [START_REF] Sperber | The Asian summer monsoon: An intercomparison of CMIP5 vs. CMIP3 simulations of the late 20 th century[END_REF] also observed systematic errors that are consistent between CMIP3 and CMIP5 models; however the amplitude of the error is smaller in CMIP5 compared to CMIP3.

Apart from these rainfall biases, the low level winds are underestimated (overestimated) over northern (southern) part of the Arabian Sea (see Fig. 2f). This too weak monsoon circulation over the north Indian Ocean in the models is consistent with rainfall errors discussed above. Surprisingly, SLP shows (Fig. 3d) underestimation especially over the Indian subcontinent, with a lowering of surface pressure, in spite of the dry bias and the southward shift of the ASM circulation noted above (Figs. 2c,f). The surface temperature shows warm bias over the tropical areas, especially over the Indian subcontinent and in the ocean upwelling regions (see Fig. 3b) and a cold bias over extratropical Pacific and Atlantic Oceans. The in-situ SLP anomalies over the Indian landmass may probably due to the increase of surface temperature over there.

Future response

Figure 4a shows the ensemble mean patterns of temperature and SLP changes in the future. These patterns are obtained from the difference between the 2080-2099 period in RCP 4.5 and the 1980-1999 historical period (see section 2.1). In the rest of the manuscript, we alternatively use the term anomaly to refer to this difference. While surface temperature increase is ubiquitous, an enhanced land-sea temperature contrast (surface temperature over the land larger than over the ocean) is projected into the future, consistent with earlier results (e.g., [START_REF] Sutton | Land/sea warming ratio in response to climate change: IPCC AR4 model results and comparison with observations[END_REF][START_REF] Annamalai | The South Asian summer monsoon and its relationship with ENSO in the IPCC AR4 simulations[END_REF]). The surface thermal contrast between the Eurasian continent and tropical Indian Ocean significantly increases in the future climate by about 2°-3°C. Global warming also produces an "El Niño-like" pattern in the equatorial Pacific (e.g., [START_REF] Knutson | Impact of increased CO 2 on simulated ENSO-like phenomena[END_REF][START_REF] Annamalai | The South Asian summer monsoon and its relationship with ENSO in the IPCC AR4 simulations[END_REF]) and a warming as large as 1.5°C in the tropical Indian Ocean, while maximum warming of about 2.5°C is simulated in the extra-tropical north Pacific Ocean. All the aforementioned features are observed consistently across the selected models and in most of the available 15 CMIP5 models (figure not shown). As an example, we tabulated the relative changes in surface temperature over the northern ASM region (50°-100°E and Equator-30°N); all models show pronounced warming of similar magnitude (see Table 2b).

The anomaly patterns of ASM rainfall and circulation for both the ENS and ENS15 ensemble averages are shown in Figure 5. There is an overall robust increase in rainfall over most parts of the Indian subcontinent (Figs. 5a ande). This pattern of enhanced rainfall, exceeding the 90% level of statistical significance, extends from the central Arabian Sea to the whole Bay of Bengal region. Rainfall maxima are found over the north-eastern part of the Indian subcontinent. Also noticeable is the pattern of increased rainfall over the western north Pacific, equatorial Pacific and south-eastern China. For more clarity, we tabulated the relative change in rainfall over northern ASM region for individual models (see Pave estimates in Table 2b). All selected models capture the rainfall intensification with a relative increase of, approximately, 9% in the ensemble mean.

The future response in low-level winds indicates pronounced easterly anomalies (Figs. 5b andf) extending up to 10°N over south Arabian Sea and the southern part of Indian subcontinent, pointing to a weakening of the large-scale summer monsoon flow in the future climate [START_REF] Kitoh | Simulated changes in the Asian summer monsoon at times of increased atmospheric CO 2[END_REF][START_REF] Ashrit | Transient response of ENSO-monsoon teleconnection in MRI-CGCM2.2 climate change simulations[END_REF]. As for the individual models, the relative change in low-level zonal wind over the south Arabian Sea domain (Equator-10°N and 60°-100°E) ranges from -5 to -15%, with a 10% decrease in the ensemble mean (see Table 2b).

The prominent westerly anomalies over north Arabian Sea further manifest a concomitant northward shift in monsoon circulation [START_REF] Menon | Consistent increase in Indian monsoon rainfall and its variability across CMIP-5 models[END_REF], but this feature is less significant in the ENS15 average (Fig. 5f). It should be noted that the easterlies or southeasterlies south of the equator are also weakening, especially for the ENS15 average, which substantiates the weakening nature of the large-scale low-level circulation in future climate projections. Consistent with these circulation anomalies, there is a large SLP increase (of about 0.6 hPa; Figs. 4b andc) over the Indian land mass while positive SLP anomalies are weaker and more uniform across the entire Indian Ocean rim, thereby inflicting a decrease in large-scale interhemispheric meridional SLP gradient around the equatorial Indian Ocean.

Intriguingly, there is a concomitant decrease in SLP over northern Eurasian landmass, coinciding with the large increase of surface temperature over there (see Fig. 4a), and pointing again to a northward shift of the monsoon circulation and a possible widening of monsoon regional Hadley cell [START_REF] Seidel | Recent widening of the tropical belt: Evidence from tropopause observations[END_REF]Siedel et al. 2008). The weakening signature is further evident in the upper-tropospheric tropical easterly jet with anomalous westerlies between the equator and 20°N in the Indian region (see Fig. 5c). Future changes in vertical zonal wind shear (defined as difference in zonal wind at 200 hPa and 850 hPa levels) are also indicative of a declining easterly vertical shear over ASM region. This is consistent in all the selected models, as well as ENS15 average; highlighting again the significant weakening of the ASM circulation as measured, for example, from the classical Webster and Yang dynamical index (Figs. 5d and 6a; [START_REF] Webster | Monsoons: Processes, predictability, and the prospects for prediction[END_REF]. Vecchi and Soden (2007), using CMIP3 models, argued that the zonally asymmetric circulation weakens more than the symmetric one. Figures 5d and6a confirm without ambiguity that the reduction in zonal circulation is valid for the ASM region as well, with all models showing large consensus. However, our subsequent diagnostics (as discussed next) also reveal both a weakening and a widening of the monsoon overturning circulation.

The future response in large-scale monsoon overturning circulation to global warming is examined using the strength of the Monsoon Hadley Circulation (MHC). The average meridional wind in ms -1 at 850 hPa over the region 40°-55°E, 10°S-10°N is taken as a measure for the lower limb of the MHC (V 850 ). The upper limb of the MHC (V 200 ) is taken as the average meridional wind at 200 hPa over the region encompassing 45°-75°E, 20°S-5°S, and V 850 -V 200 indicates the strength of the MHC (see [START_REF] Joseph | Conditions leading to monsoon onset over Kerala and the associated Hadley Cell[END_REF]. Here the MHC is defined by considering the observed significant out of phase relationship between the upper and lower tropospheric meridional winds [START_REF] Wang | Choice of south Asian summer monsoon indices[END_REF]. The relative future change of the MHC is shown in Table 2b. Almost all the selected models (exception is GISS-E2-R, see Table 1 for model descriptions) indicate a weakening of the interhemispheric Hadley circulation, albeit with a large inter-model spread. Such a possible weakening of the Indian Hadley cell in the context of global warming was also reported in [START_REF] Ashfaq | Suppression of south Asian summer monsoon precipitation in the 21 st century[END_REF] and [START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF].

We also analyzed latitude-pressure and longitude-pressure sections of vertical pressure velocity at 500 hPa for a better diagnosis of the evolution of the zonal and meridional circulations in the RCP 4.5 scenario (Figs. 6b andc). Most of the models (e.g. the selected models as well as the ENS15 average) indicate a weaker ascending motion over the southeast Indian Ocean, while no significant changes are found between 5° and 20°N. Most importantly, there are upward velocity anomalies northward of 20°N in the ASM region for the projected changes (Fig. 6c). This is consistent with the positive rainfall anomalies over the northeastern part of the Indian subcontinent in the RCP 4.5 scenario (see Figs. 5a ande) and is again suggestive of a widening of the local Hadley cell during boreal summer in warmer climate [START_REF] Seidel | Recent widening of the tropical belt: Evidence from tropopause observations[END_REF]Siedel et al. 2008). But, again, there are considerable inter-model differences in the strength and locations of anomalous vertical motion, suggesting that future change of regional monsoon Hadley cell, in response to global warming, is model dependent [START_REF] Douville | Sensitivity of the hydrological cycle to increasing amounts of greenhouse gases and aerosols[END_REF][START_REF] Fan | Future changes in the South Asian summer onsoon: An analysis of the CMIP3 multi-model projections[END_REF]. Interestingly, Fig. 6b also displays upward velocity anomalies over the equatorial Pacific with two maxima located, respectively, in the western and eastern sides of the basin. The rainfall projected changes over the equatarial Pacific (figure not shown) confirms that the primary maxima is associated with stronger ascending motion and positive rainfall anomalies (around 1 mm/day between 150°E-150°W, figure not shown for brevity) over the Pacific warm pool, while the secondary maxima is indicative of a weaker subsidence in the eastern side of the Pacific basin consistent with a slowdown of the Pacific Walker circulation (Fig. 6a).

In brief, the aforementioned indicators unequivocally suggest that global warming weakens the large-scale monsoon circulation and induce a widening of the regional Hadley cell in the eastern part of the ASM domain. In the next sections, we examine the mechanisms responsible for the weakened monsoon circulation and rainfall enhancement in future climate.

Processes causing slowdown of the ASM circulation

Having noted the thermo-dynamical linkage between MGT and the large-scale ASM circulation (see section 1.1), we will explore it further by assessing the nature of this relationship in future climate. Our definition of MGT follows from [START_REF] Xavier | An objective definition of the Indian summer monsoon season and a new perspective on the ENSO-monsoon relationship[END_REF], but with some slight differences in the domain definitions, taking into consideration the spatial patterns of the seasonal variability of upper tropospheric temperature (figure not shown). We denote TT for the tropospheric temperature averaged between 200 hPa and 600 hPa levels.

The MGT is subsequently defined based on the reversal of TT between a northern box (50°-100°E, 30°-45°N) and a southern box (50°-100°E, 15°S-10°N). These two regions are chosen such that their TT difference (which is MGT) exemplifies the large-scale heating gradient driving the ASM circulation. [START_REF] Ueda | Impact of anthropogenic forcing on the Asian summer monsoon as simulated by eight GCMs[END_REF] also used similar definitions, but considering the inter-hemispheric upper tropospheric thermal contrast (between the Tibetan Plateau, 35°-45°N, 60°-100°E and the tropical Indian Ocean, 10°S-10°N, 60°-100°N), for analyzing the future change in ASM.

We then carried out the TT diagnostics in CMIP5 good models by examining its structure over the ASM region, to ascertain its importance as a driving force of ASM in future climate (Fig. 7). The present day TT distribution in the ENS average illustrates the role of latent heat release, associated with the ASM rainfall, as a major contributor to the TT spatial pattern in the Indo-Pacific region (Fig. 7a) in agreement with previous studies [START_REF] Xavier | An objective definition of the Indian summer monsoon season and a new perspective on the ENSO-monsoon relationship[END_REF]. Figure 7b shows the projected change of the TT during boreal summer. The increase in tropospheric heating over the tropical belt is rather uniform as expected [START_REF] Wu | Thermally driven tropical circulations under Raleigh friction and Newtonian cooling/analytic solutions[END_REF], however the increase of TT over Eurasian continent is reduced and leads to a weaker MGT across ASM domain.

Observations and model studies also indicated that the global warming signal in the upper troposphere is generally stronger than in the lower troposphere, with maxima in the tropical upper troposphere (e.g., [START_REF] Santer | Consistency of modelled and observed temperature trends in the tropical troposphere[END_REF]Xu and Emanuel 1998;[START_REF] Lu | Response of the Zonal Mean Atmospheric Circulation to El Niño versus Global Warming[END_REF][START_REF] Bayr | The Tropospheric Land-Sea Warming Contrast as the Driver of Tropical Sea Level Pressure Changes[END_REF].

To further demonstrate this feature, the vertical structure of the future change in temperature is examined over the two boxes used to define the MGT (one box along 50°-100°E, 30°-45°N, see Fig. 7c and another along 50°-100°E, 15°S-10°N, see Fig. 7d). It is evident that, at upper levels, the future tropospheric warming over the tropical Indian Ocean exceeds that over the entire Eurasian continent for most selected CMIP5 models. This reduction in MGT at upper levels is conceivable in the ENS15 average as well. Therefore, the pronounced decrease in MGT in the upper troposphere may in turn weaken the ASM circulation [START_REF] Dai | The relative roles of upper and lower tropospheric thermal contrasts and tropical influences in driving Asian summer monsoons[END_REF]. Recently, [START_REF] Bayr | The Tropospheric Land-Sea Warming Contrast as the Driver of Tropical Sea Level Pressure Changes[END_REF] also presented similar arguments while addressing the causes of the weakening of large-scale tropical circulation during climate change. They argued that large-scale response of the tropical circulation (their variable of interest is SLP) is related to the tropospheric (i.e. entire troposphere) land-sea warming contrast, which according to them is evident in all CMIP3 models. Their results coincide with our conclusions using MGT in CMIP5 models. Our present results are also consistent with an earlier study by [START_REF] Ueda | Impact of anthropogenic forcing on the Asian summer monsoon as simulated by eight GCMs[END_REF] who noted a decrease in interhemispheric thermal contrast at upper-levels, while analyzing the future change in ASM circulation using CMIP3 models. Recently, [START_REF] Ogata | Projected Future Changes of the Asian Monsoon: A Comparison of CMIP3 and CMIP5 model results[END_REF] also consistently found decreased MGT in CMIP5 models. Earlier, we have observed reduced upward motion and decreased rainfall over the equatorial Indian Ocean and enhanced rainfall over the northern part of the ASM domain (see Figs. 5a,b and6b,c). So the decreased MGT at upper levels (e.g. 200 hPa) is probably not directly related to the local pattern (e.g. Indian region) of deep convective heating. On the other hand, the MGT at upper levels in the Indian areas is highly sensitive to the extent of tropical Pacific SST warming as the tropical TT anomalies are largely controlled by the Pacific SST evolution [START_REF] Sobel | The ENSO signal in tropical tropospheric temperature[END_REF]Prodhomme et al. 2014b). The El-Niño like SST evolution and the associated increase of vertical motion and rainfall over the Pacific warm pool in the RCP 4.5 scenario imply a tropospheric heating in this region (Figs. 4a and6b).

We further hypothesized that the TT increase in this region is instrumental in explaining the reduced MGT in the Indian areas at upper levels, as atmospheric wave dynamics tend to spread the Pacific TT anomalies to other tropical regions [START_REF] Wu | Thermally driven tropical circulations under Raleigh friction and Newtonian cooling/analytic solutions[END_REF][START_REF] Su | Teleconnection mechanisms for tropical Pacific descent anomalies during El Niño[END_REF].

However, a closer inspection of the vertical temperature profiles in Figs. 7c andd points to a concomitant significant reversed evolution of the MGT in the lower troposphere (e.g. below 600 hPa). This suggests a strengthening of the monsoon circulation at lower levels, which agrees well with the widening of the regional Hadley cell in Fig. 6c, with downward (upward) motion over the southeast Indian Ocean (the northern part of the Indian subcontinent). These apparent opposite MGT changes at upper and lower levels suggest that the ASM circulation reverses between the lower and upper troposphere as well, as discussed recently by [START_REF] Ma | Paradox in the South Asian summer monsoon circulation change: Lower tropospheric strengthening and upper troposheric weakening[END_REF]. These competing effects further complicate the assessment of the ASM evolution in a global warming scenario and may also explain the contradictions found in the literature on this topic.

Theoretical considerations based on thermodynamic arguments postulated that the weakening of the tropical mean circulations is induced by increased atmospheric static stability [START_REF] Knutson | Time-mean response over the tropical Pacific to increased CO 2 in a coupled ocean-atmosphere model[END_REF][START_REF] Held | Robust responses of the hydrological cycle to global warming[END_REF]Vecchi et al. 2006;Vecchi and Soden 2007;[START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF]. Stated in detail, the increase in tropospheric moisture is a robust change under global warming as relative humidity remains relatively unchanged [START_REF] Held | Robust responses of the hydrological cycle to global warming[END_REF]. The resultant increase in moisture transport causes the rainfall to increase.

However, the increasing moisture holding capacity of air in a warmer world is not followed by an equivalent intensification of the hydrological cycle [START_REF] Held | Robust responses of the hydrological cycle to global warming[END_REF]. Thus, tropical circulation may weaken if the rate of rainfall increase is much slower than the rate of increase in moisture content in response to rising surface temperature, as controlled by the Clausius-Clapeyron relationship [START_REF] Cherchi | Effects of increased CO 2 on monsoons[END_REF].

To further understand these thermodynamic arguments in the ASM context, we refer to Tables 2a andb, where values of some relevant time mean variables averaged over the north ASM region (50°-110°E, Eq-30°N) are presented for the selected models. For better clarity, we further displayed the vertical profile of area averaged potential temperature changes over the same domain for the selected models (Fig. 8a). The percentage increase of rainfall (see Pave in Table 2b) and evaporation (see Evap in Table 2b) for the ensemble mean in the future climate relative to present-day climate is less than 9%, whereas the corresponding change in vertically integrated total column water vapour content is higher by about 17% (see CWC in Table 2b), which implies a weakening of the ASM circulation following [START_REF] Held | Robust responses of the hydrological cycle to global warming[END_REF]. At the same time, it is interesting to note that the atmospheric stability (defined as the potential temperature difference between 200 hPa and 1000 hPa over the monsoon domain, see Table 2b) shows a relative increase of about 10% in the ensemble mean, which is quite consistent with the weakening of the monsoon circulation described in the previous section. The vertical profile of potential temperature further substantiates this increase in atmospheric stability across all the models, with the larger increase occurring in the upper troposphere (Fig. 8a). In the same figure, we have also included the analysis over a broader ASM domain (30°-120°E and 30°S-30°N, see dotted lines in Fig. 8b), which also depicts a similar signature. Our results are consistent with [START_REF] Fan | Future changes in the South Asian summer onsoon: An analysis of the CMIP3 multi-model projections[END_REF]. Using selected CMIP3 models, they came with an argument that the increased latent heating in the mid-troposphere associated with enhanced future precipitation, may induce an increase in the lower to middle level dry static stability and thus inhibits the monsoon circulation. Thus, the dry static stability over ASM region under global warming increases as the temperature and moisture increase, eventually weakening the large-scale monsoon circulation.

Large-scale changes in precipitation require compensating changes in radiative heating of the surface and troposphere (Vecchi and Soden 2007). In other words, the sensible and latent heat energy exchanges between the surface and atmosphere should be balanced by the radiative cooling of the atmosphere. So efforts to understand mean atmospheric response to a warmer climate is not complete without addressing its coupling with the radiative energy balance. We analysed here the net radiative energy flux into the atmospheric column for all good models. Note that the net radiative flux is defined here as the difference between surface and top of the atmosphere, following the formulation of [START_REF] Su | Teleconnection mechanisms for tropical Pacific descent anomalies during El Niño[END_REF]. The ensemble mean showed an increased atmospheric radiative cooling of about 4 % in the future climate relative to present-day climate, with individual model values ranging between 2 to 9 % (tabulated values for each model are not shown for brevity). It is noted that the radiative cooling of the atmosphere is compensated by a proportionate increase in rainfall or condensational heating. But an important point is that for all the models, the atmospheric radiative cooling never increases as rapidly as the tropospheric moisture (on similar lines with rainfall). CMIP3 model studies also indicate that radiative cooling increases more slowly than the atmospheric moisture in response to warming (e.g., Vecchi and Soden 2007).

As the net radiative flux increased at a slower rate than moisture, again the thermodynamic energy arguments outlined above would consistently imply a weakened monsoon circulation.

Possible mechanism for enhanced ASM rainfall

In order to account for the enhancement of ASM precipitation in the future climate despite weaker monsoon circulation, water vapour budgets are analyzed using the following decomposition, i.e., future ASM rainfall change ( ) is decomposed into

( ̅ ̅ ) ( 1 
)
where P denotes the precipitation, q is surface specific humidity, is the Lagrangian pressure tendency at 500 hPa (a measure of atmospheric vertical velocity), and the overbar and denote the present-day climatology and change in future climate, respectively. Our budget estimation also uses the convention that the upward vertical pressure velocity is positive. The underlying assumption for equation ( 1) is that precipitation is produced by air that is being pumped from the boundary layer (through means of ascending motion) into the free troposphere where most of the vapour condenses to form precipitation [START_REF] Held | Robust responses of the hydrological cycle to global warming[END_REF]. The two terms on the right hand of the equation (1) represent the dynamic and thermodynamic components, respectively. A similar method of decomposition can be found in [START_REF] Huang | Patterns of the seasonal response of tropical rainfall to global warming[END_REF]. This analysis provides a useful insight into the relative importance of each component and its contribution to the future rainfall change over ASM domain. and southern (with decreased rainfall) parts of the region of interest (see Fig. 9a). It shows that our results are robust throughout the troposphere until 300 hPa (for most selected models) and, hence our subsequent inferences remain identical even after performing the vertical integration of equation ( 1). It is clear from Figure 9b that the dynamic component shows large spatial variations (with changes of sign) and hence differs from the rainfall change pattern shown in Figure 9a as far as the Indian subcontinent is concerned. This implies that, in the selected CMIP5 models, low level wind convergence (dynamic factor) contributes less to the future uniform rainfall increase over the north ASM region, especially over the Indian subcontinent. Interestingly, when thermodynamic factor is considered (Fig. 9c) it portrays an increased moisture flux convergence over the ASM region in agreement with the rainfall distribution over the Indian subcontinent (Fig. 9a). Thus, the thermodynamic component mostly explains the ascending motion over the climatological convergence zone of ASM region, thus resulting in increased moisture flux and convergence near the surface.

For further demonstration, we calculated the area average (over northern ASM region) of budget components from equation (1) using the ensemble mean (using good models). While thermodynamic component shows a positive contribution (6.1×10 -5 Pa s -1 units) to rainfall changes (0.5 mm day -1 ), its dynamic counterpart (-2.5×10 -5 Pa s -1 units) shows a drying effect. Since all the selected models show (Figure 10c) positive moisture anomalies throughout the lower troposphere, the vertical integration of equation (1) will consistently imply the dominance of thermodynamic component in future rainfall changes over northern ASM region (70°-100°E and Equator-20°N). In most of the models, the dynamic component tends to show a drying effect, but not strong enough to counterbalance the thermodynamic changes (see Fig. 10a, with exceptions only in GFDL-ESM-2G). The opposite contribution of these two components may probably explain the differential response in precipitation and tropospheric moisture over north ASM region, as noted in section 4. The final implication from our budget analysis is that the future abundance of Indian monsoon rainfall as seen in CMIP5 projections is dominated by thermodynamic component rather than its dynamic counterpart. Previous global warming experiments using individual CGCMs also suggest that enhanced thermodynamical changes act to favour the future abundance of Indian monsoon rainfall (e.g., [START_REF] Kitoh | Simulated changes in the Asian summer monsoon at times of increased atmospheric CO 2[END_REF][START_REF] Meehl | Mechanisms for projected future changes in South Asian monsoon precipitation[END_REF][START_REF] Ashrit | Transient response of ENSO-monsoon teleconnection in MRI-CGCM2.2 climate change simulations[END_REF][START_REF] Dairaku | Dynamic and thermodynamic influences on intensified daily rainfall during the Asian summer monsoon under doubled atmospheric CO 2 conditions[END_REF]. The present study by invoking the water vapour budget argument has provided a more elaborated, but consistent, view of this important result.

Discussion and summary

Discussion

Recently, some studies (e.g., [START_REF] Chou | Evaluating the "rich-get-richer" mechanism in tropical precipitation change under global warming[END_REF][START_REF] Chou | Mechanisms of future precipitation changes[END_REF] ). However, they did not precisely concentrate on the rainfall change over a specific region, for example, the region surrounding the Indian landmass. A question arises now: how do our present results fit in their discussion on thermodynamic and dynamic contributions to future rainfall changes? Firstly over area IIb, as per their result, the rainfall change is mainly associated with the moisture convergence induced by thermodynamic component. In this region, their results show reduced upward motion at low and mid troposphere, while it is enhanced in the upper troposphere. They interpreted these changes as an uplift of tropical convection, which enhances the dry static stability of the atmosphere. This increase in stability overcompensates the increase in low-level moisture and thus tends to reduce the ascending motion. Figure 10a fully supports their interpretation, but for a specific domain over the northern part of ASM. According to them, this imparted negative contribution to the dynamic component, but not sufficient to overcome the thermodynamic contribution and so the overall rainfall is still increased. This coincides with our current findings over the major convection center in north ASM region (see Figure 9).

Secondly over area I (convective margins, coinciding with our south ASM domain of decreased rainfall), where they found most of the decrease in future rainfall, the rainfall change is associated with a pronounced weakening of the ascending motion (Fig. 10b). Their argument is that since thermodynamic component is always positive over climatological ascending regions, the contribution of dynamic component to total rainfall changes must be strongly negative in order to have negative rainfall anomalies. A closer inspection of Figures 9a-b shows a more conclusive evidence of this: negative anomalies in dynamic component, confined over the oceanic convergence zone in south ASM region, which coincides with reduced rainfall. This negative contribution due to dynamic component is further manifested in Figure 10b, with nearly all the models consistently showing descending anomalies throughout the troposphere. [START_REF] Chou | Evaluating the "rich-get-richer" mechanism in tropical precipitation change under global warming[END_REF] argued that this reduced ascending motion and suppressed precipitation are associated mainly with dry advection from subsidence regions (refer to area III in [START_REF] Chou | Evaluating the "rich-get-richer" mechanism in tropical precipitation change under global warming[END_REF]) into convective margins, which they described as "upped-ante" mechanism (e.g., [START_REF] Neelin | Tropical drought regions in global warming and El Niño Teleconnections[END_REF][START_REF] Chou | Mechanisms of future precipitation changes[END_REF].

Earlier we noted (e.g. section 5) that the differential response in precipitation and tropospheric moisture, in response to global warming, may be due to the opposite contribution of thermodynamic and dynamic components. It point towards an interesting observation that the precipitation conversion from water vapour is not effective over north ASM region, which in turn implies the weakening of precipitation conversion efficiency in CMIP5 model projections [START_REF] Lee | Future change of global monsoon in the CMIP5[END_REF].

Summary

This study investigates the response of ASM system to global warming using two realizations (historical and RCP 4. that the future deep tropospheric heating over the Eurasian continent is less pronounced as compared to that of tropical Indian Ocean, thus giving rise to a decrease in MGT at upper levels over the ASM region (see Fig. 7). The accentuated tropospheric warming with resultant increase (decrease) in atmospheric stability (MGT), contributes to weaken the largescale ASM circulation in spite of the enhanced land-sea thermal contrast at the surface. An analysis of approximate water vapour budgets (see Fig. 9) showed that the increase of moisture convergence due to enhanced column integrated water vapour in the atmosphere (thermodynamic processes) appears to be one of the main mechanisms responsible for the intensified rainfall, implying the smaller role from low-level wind convergence (dynamic processes). Our interpretation is that the thermodynamic component (moisture increase due to global warming) dominates its dynamic counterpart (weakened monsoon circulation), thus accounting for the future enhancement of ASM rainfall in the CMIP5 models.

It should be worth mentioning here that although all the selected good models invariably suggest a likely increase of static stability over ASM region in the future due to vertically differential warming, the physical mechanisms controlling upper tropospheric warming has only been suggested here and is not studied in detail. The warming may be partially due to the increased rainfall and condensational heating over the Pacific warm pool in the future climate [START_REF] Wu | Thermally driven tropical circulations under Raleigh friction and Newtonian cooling/analytic solutions[END_REF]). Some of the earlier studies also attributed similar reasons for this maximum warming in upper troposphere. [START_REF] Lindzen | Some Coolness Concerning Global Warming[END_REF] illustrated that the global warming leads to the rising of the cloud top, and leads to the elevation of the altitude at which there is maximum cumulus heating. On similar lines, [START_REF] Kitoh | Simulated changes in the Asian summer monsoon at times of increased atmospheric CO 2[END_REF], [START_REF] Douville | Impact of doubling CO 2 on the Asian summer monsoon: robust versus model-dependent responses[END_REF] and [START_REF] Fan | Future changes in the South Asian summer onsoon: An analysis of the CMIP3 multi-model projections[END_REF] suggested increased mid-tropospheric latent heating, in response to the rainfall intensification in future.

It is important to note here that the future changes in other climate phenomena, such as ENSO or Indian Ocean Dipole Mode (IOD), can also modulate ASM. The present study has not addressed the roles of such changes in climate phenomena. [START_REF] Jourdain | The Indo-Australian monsoon and its relationship to ENSO and IOD in reanalysis data and the CMIP3/CMIP5 simulations[END_REF] have recently evaluated some of these aspects using CMIP5 models. According to them, a set of selected CMIP5 models (those models showing limited biases with regard to monsoon-ENSO relationship) produce significantly more summer rainfall in India and South Asian region during the twenty-first century compared to the historical period. Their results show a rainfall increase of 5 to 20% across the models, which is consistent with our results.

The selected CMIP5 models used in this study have horizontal resolution varying from 1.25° to 3.75°. Such a coarse resolution may not be sufficient to simulate realistically all the important processes regulating the ASM system, particularly those associated with the orography, the western Ghats or the precipitation extremes [START_REF] Sabin | High resolution simulation of the South Asian monsoon using a variable resolution global climate model[END_REF]. Recently, [START_REF] Ashfaq | Suppression of south Asian summer monsoon precipitation in the 21 st century[END_REF] and [START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF] showed the weakening of large-scale ASM overturning circulation using (regional or global) warming simulations from ultra-high resolution models (with 20 km horizontal resolution) consistent with our results. However, these ultra-high models also simulate decreasing summer precipitation in key areas of south Asia, especially over the western Ghats, under global warming scenarios; results which are not consistent with the coarse CMIP5 projections analysed here. The specific reasons for these discrepancies are not clear and need to be investigated, especially in light of Nevertheless, the insights gained from the present study are beneficial for the ongoing Coordinated Regional Downscaling Experiment (CORDEX, http://wcrpcordex.ipsl.jussieu.fr/) which is an international coordinated framework to produce an improved generation of regional climate change projections world-wide (based on CMIP5 simulations) for input into impact and adaptation studies. Precipitation downscaling, by improving the coarse resolution and poor representation of precipitation in global climate models, supports user communities to evaluate the possible hydrological impacts of climate change [START_REF] Maraun | Precipitation downscaling under climate change: Recent developments to bridge the gap between dynamical models and the end user[END_REF]) and, hence, plays an important role for impact-adaptation studies, but is subject to inherent uncertainty. As thermodynamic mechanism (noted earlier in section 5) dominates the future rainfall changes, the well-observed precipitation climatology can be used to constrain future rainfall projection [START_REF] Huang | Patterns of the seasonal response of tropical rainfall to global warming[END_REF]) and thus partially limits the uncertainty. As one last note to this discussion on regional projection, the current study also suggests that downscaling of the local precipitation changes needs to be performed with only climate models that simulate precipitation variability reasonably well. This strategy, to some extent, may also reduce the burden and uncertainty on the estimation of regional or local precipitation changes in future changes [START_REF] Joseph | ENSO evolution and teleconnection in IPCC's twentieth-century climate simulations: Realistic representation?[END_REF][START_REF] Seo | Assessing future changes in the East Asian summer monsoon using CMIP3 models: Results from the best model ensemble[END_REF]. listed in Table 1. See text more details. In (e) and (f), same as that of (a) and (b), respectively, but for ENS15. ENS15 refers to model ensemble mean using 15 models listed in Table 1. See text for more details. (c) and (d), same as that of (a) and (b), but for specific humidity (×10 3 Kg Kg -1 ) . Vertical axis is in hPa units. Fig8: Vertical profile of potential temperature changes Fig9: Decomposition of future rainfall change from moisture equ.
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  Fig.2ain[START_REF] Chou | Evaluating the "rich-get-richer" mechanism in tropical precipitation change under global warming[END_REF]). However, they did not precisely concentrate on the rainfall

  5) from 19 CGCM simulations archived in CMIP5. The historical run is based on evolving solar forcing and anthropogenic influences from 1850 to 2005, and the climate change experiment (RCP 4.5) assumes stabilization of radiative forcing to 4.5Wm -2 after 2100. Taking into account of considerable uncertainty in the monsoon future change as projected by the state-of-the-art CGCMs, seven models were identified for detailed analysis on the basis of fidelity in simulating JJAS rainfall climatology and variability over ASM region. The other CGCMs were also used to test the robustness of the results (the ENS15 average). It is demonstrated that the response to greenhouse warming causes enhanced ASM precipitation by about 9% in the 21 st century (see Figs. 5a and e), while the large-scale ASM flow weakens (see Figs. 5b, c, d and f); thus illustrating again the so called "windprecipitation paradox" in the CMIP5 climate change experiments. Our results further revealed

  thermodynamic and dynamic components. Nevertheless, these results are based on time slice experiments using prescribed SST and as per many studies (e.g.,[START_REF] Douville | Limitations of time-slice experiments for predicting regional climate change over South Asia[END_REF][START_REF] Copsey | Recent trends in sea level pressure in the Indian Ocean region[END_REF][START_REF] Krishnan | The crucial role of ocean-atmosphere coupling on the Indian monsoon anomalous response during dipole events[END_REF][START_REF] Krishnan | Will the South Asian monsoon overturning circulation stabilize any further?[END_REF], this type of sensitive experiments has inherent limitations in simulating the coupled climate processes over ASM region, compared to transient coupled model runs. Hence, these results may be subjected to uncertainties in specifying future SST distributions and its subsequent feedbacks involving convection, particularly over the tropical Indo-Pacific domain, in spite of the improved simulation in other aspects of the ASM system.In other words, the question of the ASM changes under global warming is far from being settled. Continued effort in model development and deeper exploration of the impact of ultrahigh resolution on the ASM changes in climate projections, probably hold the key for solving these incertitudes about the ASM rainfall changes under global warming.
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 Captions1 Figure Captions Figure 1. Taylor diagram analysis using JJAS mean rainfall (mm day -1 ) over ASM region (30°E-120°E and 30°S-30°N) during the present-day period of 1980-1999 for 19 CMIP5 coupled models. In (a) climatological mean and (b) interannual standard deviation.
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 2 Figure 2. Mean patterns in rainfall (mm day -1 ) and 850 hPa wind (m s -1 ) for JJAS period. In (a) ensemble mean (ENS average for 7 good models) and (b) GPCP rainfall. In (d) ensemble mean wind and (e) same as (d), but for NCEP reanalysis. (c) and (f), show the ensemble mean model bias relative to GPCP and NCEP, respectively. Shadings in (d), (e) and (f) represent the zonal wind flow. In (g), seasonal cycle of rainfall (mm day -1 ) over Indian monsoon region (10°N-25°N, 60°E-100°E) for 7 good models (see text for more details) and observation.
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 3 Figure 3: Ensemble mean (ENS) patterns in (a) surface temperature (°C) and (c) sea level pressure (hPa), for JJAS period. (b) and (d) show, respectively, the model temperature and SLP biases relative to NCEP reanalysis.
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 4 Figure 4: Future change patterns in ensemble mean for 7 good models (ENS). In (a) surface temperature (°C) and (b) sea level pressure (hPa), for JJAS period. Please see the text (see section 2.2) for more details. Shadings represent the significant changes at the 90% confidence level. (c) is same as (b) but for ensemble mean made using 15 models (ENS15)
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 5 Figure 5: Future change patterns in ensemble mean (ENS). In (a) precipitation (mm day -1 ), (b) wind at 850 hPa (m s -1 ) and (c) wind at 200 hPa (m s -1 ), for JJAS period. Shadings in panel (a) represent the significant rainfall changes at 90% confidence level and zero contours are highlighted in black colour. Shadings in (b) and (c) are the significant zonal wind at 90% confidence level. In (d), future change in zonal vertical wind shear averaged along a latitudinal band of Equator-10°N, as observed across the good models. Shear is defined as difference in zonal wind at 850 hPa and 200 hPa levels. In (e) and (f), same as that of (a) and
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 6 Figure 6: (a) Future change in zonal vertical wind shear averaged along a latitudinal band of Equator-20°N, as observed across the good models. Shear is defined as difference in zonal wind at 850 hPa and 200 hPa levels. In (b), same as that of (a), but for vertical velocity (×-10 2 Pa s -1 ) at 500 hPa averaged along a latitudinal band of 10°S-10°N in the Indo-Pacific region. (c) is same as that of (b), but averaged along 60°-100°E. We have also included the ENS and ENS15 averages in all the panels. See the figure caption of Figure 5 for details on ENS and ENS15.
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 7 Figure 7: (a) Present-day pattern in ensemble mean (ENS) TT. See text for a detailed definition of TT (upper tropospheric Temperature, °K). In (b), future change patterns (in contours) in ENS TT. In (b), shadings represent significant TT at 90% confidence level. In (c), vertical profile of temperature changes (°C) averaged over the domain (50°-100°E, 30°-45°N) is plotted across the models. In (d), same as (c), but over the domain (50°-100°E, 15 0 S-

Figure 8

 8 Figure8(a) to (b): Vertical profile of potential temperature changes (°K), averaged over two domains, is plotted across good models. In (a), the domains are bounded by 50°-110°E, Eq-30°N, while (b) is bounded by 30°-120°E, 30°S-30°N. Vertical axis is in hPa units.
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 9 Figure 9 a-d: Decomposition of future rainfall change in the ENS average as determined from the water vapour budget equation (1), see text for more details. (a) rainfall (in mm day -1 ) change, (b) dynamic component ( ̅) and (c) thermodynamic component ( ̅ ). (d) is (b) + (c). Unit for (b), (c) and (d) is in 10 -5 Pa s -1 . In all the panels, zero contours are highlighted in black colour. Note here that equation (1) implicitly assumes that the upward velocity is positive.
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 10 Figure 10: Vertical profile of vertical pressure velocity changes (×-10 2 Pa s -1 ), averaged over the region in (a) over 70°E-100°E, Equator-20°N and in (b) over 70°E-100°E, 10 0 S-Equator.
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V represents the meridional wind. Note that here the future change (defined as the difference between the 2080-2099 period in RCP 4.5 and the 1980-1999 historical period) is expressed in percentage, relative to the mean during the period 1980 to 1999 of the historical simulation.