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Article 

MRI-AGCM Global Warming Experiments towards 
the Rainfall Characteristics Over India 

Sridhara Nayak 

Research and Development Center, Japan Meteorological Corporation, Osaka 530-0011, Japan; 

nayak.sridhara@n-kishou.co.jp 

Abstract: We investigated rainfall patterns in India over during the 60-year period from 1951 to 2010 and 

predicted changes for the next century (2051-2100) with an assumed 4K warming from large ensemble 

experiments (190 members). We focused on rainfall patterns during two periods of present-day climate (1951-

1980 and 1981-2010) and their projected changes for the near and far future (2051-2080 and 2081-2110). Our 

analysis revealed that the northeastern region of India and some southern regions received higher rainfall 

during the period of 1951-2010. This finding is consistent with daily observations from the Asian Precipitation 

Highly Resolved Observational Data Integration Towards Evaluation (APHRODITE). In a warming climate, 

rainfall events in India are predicted to carry more precipitation, with the northeast and southern regions 

experiencing stronger rainfall events. The frequency and intensity of these events (with more than 20mm of 

rainfall per day, on average) are also expected to increase. Overall, our study suggests that water-related 

disasters such as flooding and landslides could be much worse in India in the future due to climate warming. 

Keywords: climate change; d4PDF; annual cycle; ensemble experiment 

 

1. Introduction 

In India, water-related disasters, including floods, landslides, coastal erosion, and other hazards, 

have become a growing concern over the last few decades [1]. These calamities are predominantly 

triggered by rainfall events and are heavily impacted by the volume, intensity, and frequency of 

precipitation in targeted regions [2,3]. Therefore, it is essential to comprehend precipitation levels 

and distributions, not just for the present climate but also for future planning and decision-making 

to alleviate the consequences of climate change [4]. Rainfall distribution over India is highly variable 

across regions and time scales. For example, the northeastern regions and some areas in southern 

India receive more rainfall than other regions [5–8]. The western and northwestern regions, on the 

other hand, receive less rainfall than the rest of the country [6,9]. Additionally, there is significant 

variability in rainfall patterns on different time scales, including seasonal and inter-annual variability. 

During June through September, most of the rainfall in India occurs, and the pattern of rainfall 

distribution is highly influenced by the topography of the country. The southwestern regions of India 

receive the maximum rainfall during this period, while the northwestern regions receive the least 

amount of rainfall [6].  Moreover, there are variations in rainfall distribution patterns over time. For 

example, in the last few decades, there has been a decreasing trend in monsoon rainfall over some 

parts of India, such as central and northwest India [10]. This trend has been attributed to various 

factors, including changes in land use, atmospheric aerosols, and greenhouse gases [3,11–13].  

Although numerous studies have examined the rainfall pattern and climatology across the 

Indian region through observation, reanalysis, and model datasets, the majority of these studies have 

concentrated on the current climate's rainfall characteristics [5,14–19]. For example, some studies 

have analyzed the historical rainfall data to understand the spatiotemporal variability of monsoon 

rainfall [2,6,14]. Others have used climate models to project rainfall patterns over India under 

different scenarios of greenhouse gas emissions [11,15,20,21]. However, there is still a need for more 

studies that focus on the future changes in rainfall patterns over India. These studies can provide 

valuable insights into the possible repercussions of climate change on extreme weather events' 

frequency and intensity, which are anticipated to rise in the future. Furthermore, understanding the 
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future changes in rainfall patterns is crucial for developing effective adaptation strategies to mitigate 

the consequences of climate change on several sectors, including infrastructure, water resources, and 

agriculture [1,22–26]. In recent years, there has been a growing number of studies that have 

investigated the future changes in rainfall patterns over India using different modeling approaches 

[8,9,13,27–30]. These studies have provided important insights into the possible consequences of 

climate change on the Indian monsoon and highlighted the need for further research to better 

understand the complex mechanisms driving the future changes in rainfall patterns over India. 

In a study by Kishore et al. [14], it was reported that India experienced an average monthly 

rainfall of around 99 mm between 1989 and 2007, with the monsoon season (June-July-August-

September) receiving approximately 330 mm per month and autumn (October-November) receiving 

about 52 mm per month. Nayak et al. [31] reported that the 30-year mean rainfall climatology (1981-

2010) corresponds to an average of about 3 mm/day of rainfall annually, which is about 7 mm/day 

during the monsoon season and below 1 mm/day in October-November. However, a recent study by 

Dey and Mujumdar [32] showed that the rainfall homogeneity over India has significantly changed 

in recent periods (1951–1980 and 1981–2010) both in terms of the amount and timing. Previous studies 

have also reported changes in the pattern of rainfall over India. Goswami et al. [6] documented that 

extreme rainfall events during 1951-2000 over central India have significantly changed. Das and 

Lohar [33] conducted a study on future rainfall pattern over eastern India and found that the region 

is likely to experience a 4% increase in rainfall amount in the future climate (2010-2039) as compared 

to the present climate (1961–2000). Another study conducted by Chaturvedi et al. [20] projected that 

the rainfall amount over India would increase by 4-5% by 2030 and 6-14% by 2080 compared to the 

amount in 1961-1990. These findings suggest that the future climate change could have a significant 

impact on the rainfall pattern over India, which would affect the water availability, agriculture, and 

other sectors in the country. Understanding the future rainfall pattern and its variability is crucial for 

developing effective adaptation and mitigation plans to deal with the impacts of climate change. 

Although previous studies have examined the rainfall characteristics over India in present-day 

climate, there is a lack of information on how these characteristics may change in the far future, 

particularly beyond 2080 [8,29]. This study aimed to bridge this gap by analyzing 190 ensemble 

experiment results to investigate rainfall characteristics over India during two present-day climate 

periods (1951-1980 & 1981-2010), as well as in the near and far future climate periods (2051-2080 & 

2081-2110).By investigating these rainfall characteristics, we can gain insights into how rainfall 

amounts, intensities, and frequencies may change in response to future climate change, which can 

inform decision-making for adaptation and mitigation strategies. 

2. Methods and Dataset 

In this study, we analyzed 190 ensemble experiment results obtained from the Atmospheric 

General Circulation Model (AGCM) at a resolution of 60km. The dataset used for this analysis was 

produced by the Meteorological Research Institute AGCM (MRI-AGCM) and included 90 

experiments for the present climate and 100 experiments for the future climate. The dataset covered 

the period from 1951 to 2010 for the present climate and the period from 2051 to 2110 with a future 

warming of 4°C. This dataset, called the d4PDF data, was simulated globally by the MRI-AGCM at a 

resolution of 60km [34]. Additional information about this dataset can be found in the Data DIAS 

data catalog at http://search.diasjp.net/en/dataset/d4PDF_RCM. To validate the model's ability to 

simulate present climate rainfall characteristics, we used the Asian Precipitation-Highly-Resolved 

Observational Data Integration Towards Evaluation (APHRODITE) daily datasets for the period 

1961-2000. 

We utilized AGCM simulations to obtain ensemble rainfall characteristics for India. The first 

step involved analyzing 190 ensemble experiment results, comprising 90 experiments for the present 

climate and 100 experiments for the future climate, at a 60km resolution. This enabled us to derive 

the ensemble rainfall climatology, annual cycle, and frequency distributions for the period 1961-2000. 

After verifying the model's ability to simulate present climate rainfall characteristics, we analyzed 

the same characteristics for two present-day climate periods (1951-1980 & 1981-2010) and their near 
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and far future changes (2051-2080 & 2081-2110). To assess the impact of climate change on rainfall 

characteristics over India, we calculated the mean difference between the corresponding climate 

periods (present and future) by subtracting the average value of the rainfall parameter in the present 

climate period from that in the future climate period. Various parameters such as mean annual 

rainfall, monthly rainfall, rainfall frequency, and intensity were analyzed. The significance of changes 

in rainfall characteristics was assessed using the student t-test, which was applied to evaluate changes 

in mean and annual cycle across the climate periods. 

3. Results 

3.1. Validation of model data 

Figure 1 displays a comparison of the rainfall climatology between the period of 1961–2000 from 

APHRODITE observation and the ensemble mean of AGCM experiments. The results indicate that 

the AGCM ensemble shows a mean rainfall distribution of 3-5 mm/day over central India and 1–3 

mm/day over southern India, with a standard deviation varying between 0.2–1 mm/day in 

comparison to APHRODITE observation. Notably, the Northeastern regions, including the Western 

Ghat, received the highest amount of rainfall (>7 mm/day) during the same period, which is 

consistent with the APHRODITE daily observations. These findings suggest that the AGCM 

ensemble captures the present climate's mean rainfall distribution fairly accurately.  

Figure 2 displays the annual cycle and frequency distribution of rainfall climatology over India 

between 1961 and 2000, as observed by APHRODITE and simulated by the AGCM model. The 

monsoon season from June to September, which aligns with the southwest monsoon, exhibits the 

highest amount of rainfall in both datasets. The peak of the rainfall amount is observed in July, and 

the rainfall amount starts decreasing in August and September. The rainfall amount during the 

winter season (December to February) is relatively low over most of the Indian region. The 

comparison between AGCM model and APHRODITE observation shows that both the distributions 

display the same qualitative features, which suggests that the model has successfully captured the 

broad characteristics of the rainfall climatology over India. However, there is a slight difference 

between the model and observation as AGCM model tends to overestimate the rainfall amount by 

about 1 mm/d. Additionally, the model is found to capture the annual cycle and frequency 

distribution of rainfall for the period 1961-2000 quite well. Specifically, the model accurately captures 

the highest amount of precipitation in the month of July, as observed in APHRODITE. The model 

accurately represents the amount of rainfall for the months of May, June, and September through 

December, and this is supported by observations. However, there are some minor discrepancies 

between the model and observation in terms of maximum rainfall intensity, with the model showing 

a higher intensity of about 20 mm/d compared to the observed value of around 18 mm/d. Despite 

this, the model is able to accurately represent the frequency of rainfall with intensity less than about 

7 mm/day, which is an important parameter for understanding the hydrological cycle over India. 

Similar studies have been conducted in the past that compare climate models with observations. 

For instance, Kumar et al. [35] (2013) compared the performance of the CMIP5 climate models with 

observations of temperature and precipitation across the globe. They found that the model had a 

relatively good skill in reproducing the temperature and precipitation patterns, but there were still 

some discrepancies in terms of the timing and intensity of extreme events. Another study by Nayak 

et al. [31] assessed the performance of regional climate modeling system (RegCM4) over India. They 

found that the RegCM4 was able to capture the observed temperature and rainfall patterns 

reasonably well, but there were still some discrepancies in the spatial distribution and intensity of 

precipitation, particularly in mountainous regions. Overall, these studies together with our study 

indicate that climate models can reproduce the broad characteristics of climate patterns including 

mean rainfall distribution, annual cycle and frequency distribution, but there are still limitations and 

uncertainties associated with their performance. 
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Figure 1. Rainfall climatology (mm/d) for the period 1961–2000. 

 

Figure 2. Annual cycle of rainfall climatology and frequency distributions over India for the period 

1961-2007. 

3.2. Future changes in the rainfall characteristics 

3.2.1. Rainfall Climatology 

Figure 3 depicts the rainfall climatology for two climate periods of the present day (1951–1980 

and 1981–2010), as well as for near future (2051–2080) and far future periods (2081–2110). It shows 

that the rainfall pattern in 1981–2010 & 1951–1980 are almost the same over almost all regions of India. 

Similarly, the rainfall pattern during 2051-2080 & 2081–2110 is also almost the same over most of the 

regions of India. However, the rainfall is increased in both near and far futures by about 1.5 mm/d 

over almost all regions. Overall, the rainfall events in future are likely to carry more rainfall to nearly 

entire Indian regions, with stronger rainfall events predicted for the northeast and southern regions. 

However, our analysis revealed a decrease in rainfall amount along the Western Ghats. We 

performed the Student’s t-test at each grid point over India at 95% significance level with the null 

hypothesis as there is no significant difference in rainfall between the climate periods - 1951-1980 & 

2051-2080 and 1981-2010 & 2081-2110- over India. We obtained lower p-value which means that the 

differences in rainfall between the climate periods are unlikely to occur by chance. Therefore, the null 

hypothesis was not supported, and the alternative hypothesis was favored, demonstrating a 

noteworthy distinction in rainfall pattern across these climate periods over India. 

There are several studies that have investigated changes in rainfall patterns in India over 

different climate periods. Goswami et al. [6] examined changes in rainfall patterns over India for the 

period 1951 to 2000 and found that there has been a significant increase in rainfall during the 

monsoon season, particularly in the northern regions of India. Another study by Krishnan et al. [7] 

projected changes in monsoon rainfall over India during the period of 2071-2100 based on different 
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climate scenarios. The study found that there is a high likelihood of increased monsoon rainfall in 

most regions of India during this period. Chaturvedi et al. [20] projected changes in rainfall patterns 

over India during the period of 1860–2099 based on different climate scenarios. The study found an 

increase in rainfall under warming scenario over most regions of India, with some regions 

experiencing more significant changes than others. Nayak and Takemi [29] analyzed rainfall trends 

in India during 1951-2010 & 2051-2100 with 4K warming and found that there has been an overall 

increase in rainfall during the period of 2051-2110 compared to the reference period 1951-2051. 

Overall, the findings of various studies, along with our study, suggest that there is a likelihood of an 

increase in rainfall over most regions of India in the near and far future. While the specific reasons 

behind this increase in rainfall may vary, climate change and global warming are known to have an 

impact on precipitation patterns [24]. As the Earth's temperature continues to rise, it is expected that 

the atmospheric moisture content and water cycle will also change, leading to changes in 

precipitation patterns over different regions (we have discussed more on this in the discussion 

section). 

 

Figure 3. Rainfall climatology (mm/d) for two climate periods of the present day (1951-1980 and 1981-

2010), as well as for near future (2051-2080) and far future periods (2081-2110). 

3.2.2. Annual Cycle 

Figure 4 shows the annual cycle of rainfall climatology during two present-day and two future-

day climate periods over India. We find that the annual cycle in both present-day climate periods is 

almost the same, suggesting consistency in the rainfall patterns over India during this time. Similarly, 

the annual cycle in both future-day climate periods is also almost the same. However, we also notice 

that the future warming climate will result in increased rainfall intensities, especially during the 

monsoon and autumn seasons from July to October. The findings suggest that India is expected to 

experience greater precipitation during these periods in the coming years, which could have 

noteworthy effects on agriculture, water resource management, and the prevalence of natural 

disasters like floods. It should be noted that this study employs a range of potential outcomes using 

ensemble members, and all the individual members show similar changes in rainfall patterns. This 
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increases the confidence in the results and suggests that the increased rainfall intensity is a robust 

and reliable projection for the future climate. Despite the projected increase in rainfall intensity 

during the monsoon and autumn seasons, the study finds that there are no major changes in the 

rainfall amount for other months. This suggests that the changes in rainfall patterns are season-

specific and do not affect the overall annual rainfall amount significantly.  

Several other studies [16,17,36–38] have also analyzed the changes in the annual cycle of rainfall 

climatology in India in response to future climate scenarios, and their findings are generally 

consistent with our results. Kumar et al. [36] examined the impact of greenhouse gas-induced 

warming on the monsoon precipitation over India using high-resolution atmospheric models. The 

study found that the monsoon precipitation would increase by 5-10% under the future warming 

scenario, with a stronger increase in the rainfall intensity during the latter part of the monsoon season. 

Similarly, Shahi et al. [37] analyzed the changes in the annual cycle of rainfall over India in response 

to future climate scenarios using multiple climate models. The study found that the rainfall intensity 

would increase during the monsoon season, with a higher increase in the northwestern and central 

parts of India. The study also found that the rainfall amount in other months would not change 

significantly. Another study by Seth et al. [39] analyzed the changes in the annual cycle of rainfall 

over India using CMIP5 climate model. The study found that the countries of South and Southeast 

Asia show rainfall increases during most of the rainy seasons in the future warming scenario, with a 

higher increase in the later part of the monsoon season. The study also found that the rainfall intensity 

would increase during the monsoon season, leading to a higher risk of floods and other natural 

disasters. 

These studies provide consistent evidence that the monsoon season in India is likely to 

experience an increase in rainfall intensity and amount in response to future climate warming 

scenarios. These findings have important implications for agriculture, water management, and 

natural disaster management in India and highlight the need for continued monitoring and 

adaptation efforts. 

 

Figure 4. Annual cycle of rainfall climatology for two climate periods of the present day (1951-1980 

and 1981-2010), as well as for near future (2051-2080) and far future periods (2081-2110). 

3.2.3. Frequency Distribution 

Figure 5 displays the frequency distribution of rainfalls over India for the aforementioned 

periods. The findings reveal that there is an increase in the frequency and intensity of both the 

present-day climate periods during their corresponding warming periods. This indicates that under 

the warming scenario, there will be more rainfall events in India, which will occur more frequently 

and with greater intensity. Additionally, under a warming scenario, there is a predicted increase in 

the frequency and intensity of more intense rainfall events (averaging over 20 mm/d) over India. This 

suggests that there will be more instances of heavy rainfall over India, which could have significant 

implications for the country's water resources and infrastructure. Notably, the outcomes obtained 

from each of the ensemble experiments demonstrate similar attributes of intensity and frequency for 
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both the near future and far future periods. This strengthens the robustness of the findings, indicating 

that the observed trends are likely to persist under various climate scenarios.  

A study by Kumari and Kumar [40] examined the projected changes in precipitation 

characteristics over India under future climate scenarios. They found that there would be an increase 

in the extreme precipitation events and their intensity over the country, particularly during the 

monsoon season. Similarly, Chaubey et al. [41] also reported an increase in the extreme precipitation 

events and their intensity over India, particularly during the monsoon season. In comparison, few 

studies [42,43] found that some Indian regions may not experience a significant change in the extreme 

precipitation events between present and future climate scenarios. However, these studies did report 

an increase in the intensity of such events. Overall, while there may be some differences in the specific 

findings of each study, they all indicate that extreme precipitation events over India are expected to 

become both more frequent and intense under future climate scenarios. 

 

Figure 5. Frequency distribution derived from the AGCM ensemble experiment results for two 

climate periods of the present day (1951–1980 and 1981–2010), as well as for near future (2051–2080) 

and far future periods (2081-2110). 

4. Discussion and Conclusions 

Our study delved into 190 ensemble experiments to explore rainfall patterns over India during 

the past 60 years and predict their future changes for the next 100 years. Our focus was on three key 

aspects of rainfall: amounts, intensities, and frequency distributions. Specifically, we examined two 

climate periods, 1951-1980 and 1981-2010, for present-day and their projected changes in the near and 

far future (2051-2080 and 2081-2110). We found that some southern regions and northeast India 

received greater rainfall during 1951-2010 and are likely to receive even more in warming climate 

(2051-2110). We also found that under warming scenario, rainfall events are expected to bring more 

precipitation to nearly all regions of India. 

Our study analyzed 190 ensemble experiment results to investigate the rainfall patterns over 

India in the past 60 years and their future changes in the next 100 years. We focused on three aspects 

of rainfall: amounts, intensities, and frequency distributions. Specifically, we examined two present-

day climate periods (1951-1980 and 1981-2010) and their near and far future changes (2051–2080 and 

2081–2110). Our analysis of the ensemble mean of spatial distributions of rainfall in present-day 

climate revealed that northeast India and some regions of southern India received more rainfall 

during 1951-2010 and are expected to receive even more in a warming climate (2051-2110). 

To better understand the mechanisms behind the projected increase in rainfall over India in a 

future climate, we examined two key factors: surface specific humidity (see Figure 6) and vertical air 

motion (see Figure 7). Our analysis indicates that in both future climate periods, there is a greater 

upward motion of air in warming scenario than in the present climate. Furthermore, we anticipate 

that specific humidity over the Indian region will rise in response to warming scenario. This increase 

in specific humidity and upward motion of air could explain the anticipated intensification of rainfall 

over India under future warming climate conditions [4,44–50]. However, it's worth noting that our 
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analysis also revealed weaker vertical motion of air in warming scenario over the Western Ghats 

areas. This could lead to decreased precipitation along the coast of western India, particularly along 

the Western Ghats. This phenomenon has been documented in previous research. For example, wind 

patterns and atmospheric circulation across the Arabian Sea can have a significant impact on 

monsoon rainfall in the Western Ghats region [51]. Similarly, a decrease in low-level convergence 

along the western coast of India can result in diminished rainfall in the area [9]. 

Furthermore, previous studies indicated that changes in the sea surface temperature (SST) and 

wind fields over the Arabian Sea can impact the rainfall distribution over the Indian subcontinent 

[3,52]. Similarly, changes in the SST and atmospheric circulation can affect the frequency and 

intensity of tropical cyclones that hit the west coast of India, which can in turn affect the precipitation 

patterns in the region [52]. Our finding combined with previous studies suggest that the weakening 

of the vertical motion of air over the Western Ghats region in a future climate can have significant 

implications for the precipitation patterns along the coast of western India, and further research is 

needed to understand the underlying mechanisms and potential impacts on the region's water 

resources, agriculture, and ecosystem. 

 

Figure 6. Specific humidity (g/kg) for two climate periods of the present day (1951–1980 and 1981–

2010), as well as for near future (2051–2080) and far future periods (2081–2110). 
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Figure 7. Same as Fig. 6, but with Vertical velocity (Pa/s). 

We further find that as the climate warms, the intensity and frequency of heavier rainfall events 

in India, which are defined as those exceeding 20 mm/day on an areal average, are likely to increase. 

Moreover, analyzing the yearly cycles of the rainfall patterns indicates that the intensities of these 

heavier rainfall events are projected to increase significantly between July and October. This study 

aligns with earlier research that has emphasized the impact of climate change on extreme rainfall 

events, particularly over the South Asian region. For instance, Mishra [21] observed an increase in 

the intensity and frequency of heavy rainfall events over India during recent decades, which is in line 

with the warming trend experienced in the region. In addition, Chaubey et al. [53] indicated that 

climate change has made extreme precipitation events more probable in the Indian subcontinent. A 

separate study conducted by Pai et al. [54] found a significant rise in the number of extreme 

precipitation events in India during the past few decades, with a notable increase in the intensity of 

these events. 

Overall study suggests that under a warming scenario, water-related disasters such as local 

flooding and landslides would be much worse in India. These findings have significant implications 

for future climate scenarios in India, and can help guide the development of effective strategies for 

water resource management and disaster risk reduction. The study offers valuable insights into how 

climate change affects rainfall patterns in India, which can inform policy and decision-making to 

reduce the impact of climate change. In summary, analyzing the climate periods of this study can 

help us better comprehend the alterations in rainfall trends resulting from global warming. This 

information is essential for stakeholders and policymakers to make informed decisions. 
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