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ABSTRACT
This current research work is focused on the performance of the Coupled Model Intercomparison Project (CMIP6) 

models in replicating Indian Summer Monsoon (ISM) rainfall patterns, mainly focusing on the Gangatic Plain, spanning 
from 1979 to 2014. The evaluation employs rigorous validation against rainfall data from the Indian Meteorological 
Department (IMD) and includes models with a resolution of 100km or less. Results highlight three standout models—
CMCC-CM2-SR5, EC-Earth3-AerChem, and CMCC-ESM2—for their commendable accuracy in capturing rainfall 
distribution in the Gangatic Plain. Monthly assessments reveal that these models closely mimic observed rainfall, unlike 
other models such as CMCC-CM2-HR4, CNRM-CM6-1-HR, EC-Earth3-CC, and MPI-ESM1-2-HR, which fail to rep-
licate observed rainfall patterns. The simulated seasonal cycle of rainfall in CMCC-CM2-SR5 aligns well with observed 
patterns, especially for July, August, and September. Although there are some amplitude differences, CMCC-CM2-SR5 
accurately represents the range and median of observed rainfall during these months. Interannual fluctuations in mean 
rainfall during the JJAS period can also be derived from observed data. Furthermore, CMCC-CM2-SR5, EC-Earth3-
AerChem, and CMCC-ESM2 successfully capture interannual variability in July, August, and September, indicating 
substantial rainfall variability on a sub-seasonal scale across the Indian subcontinent. However, the assessment empha-
sizes the need for improved accuracy in depicting rainfall variability in CMIP6 models to bridge existing gaps between 
simulated and observed rainfall. Nevertheless, the study emphasizes the ongoing necessity for enhancements to ensure 
more accurate simulations and a closer match to actual rainfall variability in the examined CMIP6 models. 
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1.	 Introduction

The Indian Summer Monsoon (ISM), the lifeline of 
the Indian Economy, remains for four months i.e. June-
July-August-September (JJAS) over India because of the 
land-sea heating contrast between the Indian Ocean and a 
large Indian land mass. Of all the monsoon systems discov-
ered worldwide, the ISM is the fastest and most potent [1].

The variability is shown in IMS in timespans rang-
ing from Intraseasonal to Interannual [2], and around 80% 
of the rainfall produced during ISM (JJAS) and rainfall 
extremes i.e. Floods and droughts are caused by irregular 
pattern of rainfall during ISM, especially over the Indian 
subcontinent’s northern plains, and have had a significant 
impact on the use of water resources with agriculture. 
The geographical and temporal variability of rainfall has 
been predicted to vary in recent decades, although there 
has been no discernible effect of global warming on the 
long-term series of All India Summer Monsoon Rainfall [3–5].  
However, a notable pattern is seen at the regional level [6,7].  
The AMIP stands for Atmospheric Model Inter-comparison 
Project, which carried out the global model inter-com-
parison work that started in the late 1980s [8–10]. In previ-
ous studies, researchers [9,11–19] have looked at how well 
climate models simulate rainfall variability. The inherent 
bias [20] is employed in 20 Atmospheric Global Circula-
tion Models (AGCMs) operating under the Atmospheric 
Model Intercomparison Project (AMIP), and their analysis 
demonstrated that models are not yet advanced enough to 
reproduce year-to-year variation in Indian Summer Mon-
soon Rainfall (ISMR) [21]. However, modeling studies have 
been conducted to explore future summer monsoon rainfall 
patterns across different emission scenarios. In evaluating 
the climate models, the ISMR shows little change [22–24].  
Coupled Model Inter-comparison Project (CMIP) tests us-
ing climate models have also been conducted [14,25–28]. For 
control runs and idealized 1% per year CO2 rise experi-
ments in climate models in the 1990s, the World Climate 
Research Programme (WCRP) coordinated CMIP [28]. The 
CMIP underwent many further stages, known as CMIP2 
and CMIP2+ [25,27,29]. In Coupled Model Intercomparison 
Phase 3 (CMIP3), the changes in East Asian monsoon 
mean precipitation and its variability and using the t-test 
and F-ratio, respectively, to assess their statistical sig-

nificance [30]. For CNRM-CM3 and UKMOHadCM3, the 
variations in mean precipitation ranged from 0.6% to 14%. 
In addition, they looked at the variability of precipita-
tion during the Summer Monsoon in South Asia in IPCC 
models Assessment Report 4 (IPCC AR4) [31].  Out of the 
twenty-two (22) models of the IPCC AR4 that could cap-
ture 500–900 mm of precipitation in the summer monsoon 
season, only nineteen (19) models did so. This simulated 
mean precipitation ranges between 500 and 900 with a 3 
to 13% coefficient of variance in the IPCC AR4 report. 
Under a CO2 doubling scenario, an eight percent rise in the 
average amount of monsoon precipitation is anticipated. In 
scenarios B1, A1B, and A2, the CMIP3 data collection was 
used to explore how the South Asian summer monsoon 
might react to a temporary increase in future human radia-
tive forcing during the years 2031–2050 and 208–1100 [32]. 
Selected ten (10) models’ predictions of seasonal monsoon 
rainfall variations revealed an uptick in precipitation across 
the southern regions of India and the western equatorial 
Indian Ocean [33]. The potential upcoming modifications to 
ISMR in CMIP3 data for the A2, B1, and A1B scenarios [34]. 
The suppression of ISMR going forward owing to the deg-
radation concerning the monsoon circulation using a high-
resolution nested model [35]. Using CMIP5 and CMIP3 
data, research is being carried out when the Indian Sum-
mer Monsoon arrives in a variety of approaches. A 3.2%/
K rise in global mean precipitation is seen in CMIP5, the 
RCP 4.5 experiment (2075–1999), and there is a greater in-
crease in annual mean precipitation across the Asian mon-
soon area than in CMIP3 models [36]. The global monsoons 
in an atmosphere-ocean general circulation model that is 
completely connected and proposed the intensification of 
summer monsoons in the future in light of the growing 
moisture under CO2 forcings [37]. The rainfall patterns in 
monsoon regions under different radiative forcings protect-
ed for the 21st century of CMIP5 [38]. The complex behavior in 
the Hamburg COSMOS models, including changes in rainfall 
distribution skewness and an increase in episodes of monsoon 
failure [39]. The climate model performance in reproducing ob-
served ISMR variability in CMIP5 data and predicted ISMR 
future forecasts [40]. The ISMR variability in 20 CMIP5 
models from the mid-19th century to the end of the twenty-
first century and concluded that considerable increases in 
ISMR and sub-seasonal variability would be expected un-
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der unrestricted climate change [41,42]. In CMIP5 historical 
and climate change simulations, the worldwide monsoons, 
including statistical assessment of changes in the pattern of 
Asian summer monsoon rainfall [43]. In addition to address-
ing cyclonic circulation and the resulting ISMR deficit the 
value of the variability of Northwest Pacific (NWP) circu-
lation in forecasting summer monsoon precipitation across 
South Asia [44]. The capabilities of CFSv2 in modeling the 
ISMR and select areas that need significant development 
for higher Indian summer monsoon forecast skills [45]. To 
assess advancements in the ability to anticipate outcomes 
in both the CFSv1 and CFSv2 models given the current 
beginning circumstances, they have run 30 years’ worth 
of anticipated system outages. Consequently, the model’s 
simulations of Intraseasonal and interannual variability 
may be evaluated alongside the data. In the future climate, 
the CMIP6 models display higher sensitivity to green-
house gas emissions over South Asia compared with the 
CMIP5 models [46]. The model BCC-CSM2-MR and BCC-
ESM1 which are performing well in the Indian peninsula 
in CMIP5, perform well in CMIP6 also to simulating JJAS 
rainfall in comparison to recorded precipitation in IMD [47]. 
It shows that CMIP6 models are far better than CMIP5. 
The CMIP6 model (BCC-CSM2-MR and BCC-ESM1) 
performs well in simulating JJAS rainfall contrasted with 
the IMD rainfall that has been recorded.

In previous studies, the evaluation of ISM rainfall 
and associated circulation pattern in CMIP6 simulation is 
not examined on the sub-seasonal scale over the Gangatic 
plain, although it is an important region of India since rain-
fall variability largely influences rice production. The pre-
sent paper evaluates the model’s performance in simulat-
ing sub-seasonal rainfall over the Gangatic Plain of India. 
Section 2 contains specifics about the models, data, and 
experiments while section 3 describes the CMIP6 model’s 
effectiveness of rainfall simulation under Historical Ex-
periments. Section 4 discusses conclusions.

2.	 Study Area and Data 

In the study area, the Gangatic Plain of India com-
prises meteorological sub-divisions of three states namely 
Uttar-Pradesh (East), Bihar, and West-Bengal (as shown in 

Fig.1) and monsoon rainfall is analyzed over these areas. 
The lists of the CMIP6 models used during the historical 
trial in CMIP6 data are included in Table 1. The selection 
of seven (7) models is based on either nominal surface 
horizontal resolution of 100km or less, as the area of study 
is relatively smaller and a greater number of grids may fall 
over the study area. The Historical experiment incorpo-
rates models from 1850 to 2014, which is analogous to the 
20th-century simulation (20C3M) of CMIP5 and CMIP3, 
in which external forcing varying through time and green-
house gases, the solar constant, ozone, and volcanic activ-
ity, CO2 and aerosols are some of the external driving fac-
tors. The 1850–2014 forced data comes from observation. 
The simulated rainfall during the historical assessment for 
the years 1979 to 2014 is compared with observed rain-
fall from The Global Precipitation Climatology Project 
(GPCP) and the India Meteorological Department (IMD) 
for the same years to assess the performance of the models 
in simulating past rainfall. The resolution of the IMD data 
set is 0.25×0.25 while that of GPCP is less than or equal 
to 1.0×1.0. Detailed information on the dataset, resolution, 
and country/institution is provided in Table 1.

Figure 1. Study area comprising West Bengal, Bihar and Uttar 
Pradesh.
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3.	 CMIP6 Model Performance

The simulated rainfall in models of CMCC-CM2-
SR5, EC-Earth3-AerChem, CMCC-ESM2, CMCC-CM2-
HR4, CNRM-CM6-1-HR, EC-Earth3-CC, and MPI-
ESM1-2-HR is contrasted with observed gridded rainfall 
data of IMD to get insights into the rainfall distribution 
patterns (1979–2014).

 Figure 2 visually depict the geographical distribution 
of simulated rainfall in the aforementioned climate models, 
overlaying them with the observed rainfall data from IMD. 
It has been observed that the models’ ability to replicate the 
observed rainfall patterns shows the disparities or similari-
ties between the simulations and actual observations [55,56]. 
Such variations in the layout of the sub-seasonal rainfall 
among the models may be because of variations in horizon-
tal and vertical resolutions as well as representation of com-
ponents namely atmosphere, land surface and vegetation, 
biogeochemistry (land and ocean), atmospheric chemistry, 
ocean, sea ice, lake treatment [57–60]. It is reported that the 
EC-Earth3 model simulated precipitation rate showed biases 
to a lesser extent inside the hemisphere that is northern in 
comparison with the observational dataset Project for Global 
Precipitation Climatology [61] .The negative biases appear 
in the simulation of different versions of CMCC models [60].  
The positive biases are noticed in simulated rainfall in MPI-
ESM-LR and MPI-ESM-HR against GPCP rainfall [62] .The 
simulated rainfall over the part of the Gangetic plain in 
MPI-ESM1-2-HR failed to reproduce the observed rainfall 
pattern [56]. Nation, among the models, lack of appropriate 
representation of known physical processes, such as cloud 

processes, radiative processes, and boundary-layer pro-
cesses, which interact with each other on many temporal 
and spatial scales and are not sufficiently resolved on the 
model’s sub-grid scales and therefore incorporated different 
parameterization schemes could be able to produce different 
rainfall pattern in different climate models simulated rainfall 
against the observed rainfall pattern [63–65]. 

Major parameterization schemes such as clouds [66–68] ,  
convection [69,70], boundary layer, and vertical diffusion: 
surface fluxes of momentum, heat, water vapor, and cloud 
water [71], radioactivity in the SW [72], LW [73], and water va-
por effect [74] has been incorporated in CMCC-CM2-SR5, 
CMCC-ESM2, and CMCC-CM2-HR4 models. In the cli-
mate models, when matched with observed IMD rainfall, 
we gain insights into the strengths and limitations of the 
climate models for replicating the rainfall patterns over the 
Gangatic Plain of India. Such evaluations are essential to 
enhancing the accuracy and reliability of climate models, 
our understanding of regional climate dynamics, and aid-
ing in climate change projections for the Gangatic Plain of 
India.

Figure 3 presents a graphical representation of the 
daily climatology of predicted rainfall in seven historical 
climate models, along with the observed data from the 
Department of Meteorology in India (IMD) represented 
by a blue line. This visualization allows us to compare and 
assess each individual’s model performance in simulation 
of rainfall against the actual observations recorded by the 
IMD. In this specific analysis [75] However, we can rely on 
the summarize and assess how well each model’s simula-
tion of rainfall compares to the IMD’s observed data [55].

Table 1. Details of the considered models and observed data.

CMIP-6 Model’s Name (Resolution 1 or Less Than 1) Country’s Name Horizontal Surface Resolution

CMCC-CM2-HR4 [48] ITALY 1×1

CNRM-CM6-1-HR [49] FRANCE 0.5×0.5

CMCC-ESM2 [50] ITALY 1×1

CMCC-CM2-SR5 [51] ITALY 1×1

EC-EARTH3-ARCCHEM [52] EUROPE 0.7×0.7

EC-EARTH-3-CC [52] EUROPE 0.7×0.7

MPI-ESM1-2-HR [53] GERMANY 0.9×0.9

Observed data Country’s Name Horizontal Surface Resolution

IMD [54] INDIA 0.25×0.25
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Figure 2. Cont.
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Several key factors need to be considered to evaluate 
the models’ performance. Firstly, the comparison between 
the modeled predictions and the observed data is crucial 
to identify any discrepancies or similarities. By visually 
examining the plotted lines in Figure 3, we can gain a 
qualitative understanding of how closely the models’ simu-
lations align with the actual rainfall patterns observed by 

the IMD. Additionally, quantitative measures can be em-
ployed to provide a more objective assessment. Statistical 
metrics such as correlation coefficients, root mean square 
errors (RMSE), and bias can be calculated to quantify the 
degree of agreement between the models’ simulations and 
the observed rainfall data. A higher correlation coefficient 
and lower RMSE and bias values indicate a better match 

Figure 2. Spatial monthly variation of rainfall in June, July, August and September.

Figure 3. Climatological daily average (1 June–30 September) rainfall during considered period.
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between the models and the actual observations. Note-
worthy is the fact that the evaluation should consider the 
geographical and chronological scales at which the models 
operate. Different models may exhibit varying degrees of 
accuracy in capturing regional or local rainfall patterns. 
Therefore, the assessment should take into account the 
specific geographical context and the temporal resolution 
of the data. By summarizing the findings from the study 
was conducted [55]. We can gain insights into the compara-
tive accuracy of all models in recreating the trends in 
rainfall. This summary would provide information on the 
strengths and weaknesses of each model, helping research-
ers and stakeholders make informed decisions based on the 
reliability and skill of these climate models. In conclusion, 
although specific details about the models [75]  might be dif-
ficult to obtain, it is possible to summarize and assess the 
way in which seven historical climate models by compar-
ing their simulations of rainfall with the IMD’s observed 
data. By combining qualitative analysis with quantitative 
metrics, we can gain valuable insights into the accuracy 
and reliability of these models, ultimately contributing to a 
better understanding of rainfall patterns and their implica-
tions for climate studies and water resource management.

To quantitatively compare the performance of rainfall 
simulations in models to observations, Taylor’s diagram 
approach, as introduced by Taylor in 2001, is employed. 
This approach provides a comprehensive and graphic de-
piction of the degree of similarity between the simulated 
rainfall patterns in the models and the observed data. 

Figure 4 illustrates Taylor’s diagram, which is con-
structed to assess the quantitative performance of the rain-
fall simulations. In this diagram, each model is represented 
by a data point, and its location and proximity to the ref-
erence point (in this case, the observed data) indicate the 
model’s similarity to the observations. The radial separa-
tion from the point of origin in Taylor’s diagram is inverse-
ly proportional to the departure from the mean of a pattern. 
This means that models with a smaller radial distance have 
a closer agreement with the observed rainfall variability 

in terms of its spread. Models that exhibit a larger radial 
distance indicate greater variability compared to the ob-
servations. The separation between the testing area (model 
simulation), as well as the reference area (observed data), 
is proportional to the cantered root mean square (RMS) 
variation between the two domains. This measure quanti-
fies the overall dissimilarity between the model’s rainfall 
simulation and the observed data, taking into account both 
the size and geographical dispersion. The azimuthal loca-
tion of the test field in Taylor’s diagram determines the as-
sociation between the model simulation and the observed 
data. Models that closely align with the observed rainfall 
patterns will have a higher correlation, indicating a better 
match in terms of spatial arrangement and timing. By ana-
lyzing Taylor’s diagram, the model EC-Earth3-AerChem 
corresponds to point D, the CMCC-ESM2 to point E, and 
the CMCC-CM2-SR5 to point F. These models demon-
strate the closest agreement with the observational data 
from the IMD. Conversely, however, the remaining four 
models do not exhibit assimilation with the observational 
data, indicating a potential discrepancy or limited accuracy 
in their rainfall simulations.

The study conducted for this assessment [76], allowing 
for a clear understanding of the model’s performance and 
how well they capture the observed rainfall patterns. By 
considering Taylor’s diagram and the associated analysis, 
researchers and stakeholders can make informed decisions 
based on the models’ reliability and suitability for specific 
applications related to rainfall studies and water resource 
management. In summary, Taylor’s diagram approach pro-
vides a useful tool for comparing the numerical results of 
rainfall simulations in models to observed data. By exam-
ining the radial distance, separation, and azimuthal loca-
tion in the diagram, we can assess the similarity, dissimi-
larity, and correlation between the model simulations and 
the observed rainfall patterns. This approach allows for a 
more thorough assessment of the models’ performance and 
facilitates the identification of models that best capture the 
observed rainfall characteristics.
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In Figure 5, a set of boxplots is presented, illustrat-
ing the scores among the CMIP6 models for the correlation 
between observed rainfall (IMD) and the CMIP6 simula-
tion. These boxplots give a graphic depiction of the statis-
tical distribution of correlation scores among the different 
models, highlighting the range of performance across the 
ensemble. The box in each plot represents the interquar-
tile range (IQR), which encompasses the middle 50% of 
the data. The lower and upper edges of the box denote 
the percentiles of 25 and 75 respectively, while the line 
inside the box represents the median correlation value. As 
the box gets longer, it shows the spread of the correlation 
scores within the interquartile range. Outliers, represented 
by circles, are data points that fall outside the whiskers 
of the boxplot, indicating extreme values or data points 
that deviate significantly from the majority. These outli-
ers might suggest models that perform exceptionally well 
or poorly in terms of their correlation with the observed 
rainfall data. By examining the boxplots, we can gain in-
sights into the variability and performance of the CMIP6 
models’ ability to replicate the observed rainfall patterns. 
Models with higher median correlation values and nar-
rower interquartile ranges indicate better agreement with 
the observed data, suggesting greater accuracy and reliabil-
ity. The analysis [77] provides valuable information on how 
well the CMIP6 models performed, specifically focusing on 
the correlation between the observed rainfall data from IMD 
and the CMIP6 simulations. This assessment allows for a 
comparative evaluation of the model’s capacity to record 

the observed rainfall patterns and provides insights into the 
model’s strengths and weaknesses. By considering the box-
plots and examining the statistical distribution of correlation 
scores, researchers and stakeholders can identify models 
that exhibit higher correlation values and therefore offer bet-
ter agreement with the observed rainfall data. Conversely, 
models with lower correlation scores may require further 
investigation and potential refinement. Overall, Figure 5, 
which displays the boxplots of correlation scores, serves as a 
valuable tool for assessing the CMIP6 models’ ability to ac-
curately simulate rainfall patterns compared to the observed 
data. By analyzing the interquartile range, median values, 
and outliers, researchers can obtain an understanding of the 
range of model performance and come to wise judgments 
regarding the selection and utilization of models for various 
applications related to rainfall studies, climate change as-
sessments, and water resource management.

Figure 6 presents a regression analysis of the CMIP6 
models with the IMD observational data. This analysis 
aims to investigate the connection between the simulated 
rainfall in the CMIP6 models and the observed data, allow-
ing for a quantitative assessment of how well the models 
capture the observed rainfall patterns. By conducting a 
regression analysis, researchers can ascertain the nature 
and degree of the connection between the model simula-
tions and the observed data. The analysis involves fitting 
a regression line that represents the best-fit relationship 
between the two variables, with the incline of the line indi-
cating the magnitude of the relationship.

Figure 4. Taylor diagram for the considered models.
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Figure 5. Box plots of IMD observed and models simulated rainfall.
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Figure- 6(A) CMCC-CM2-HR4 Figure- 6(B) CMCC-CM2-SR5

Figure- 6(C) CMCC-ESM2 Figure- 6(D) CNRM-CM6-1_HR

Figure- 6(E) EC-Earth3_AerChem Figure- 6(F) EC-Earth3_CC

Figure- 6(G) MPI

Figure 6. Scatter plots between IMD observed (A) and models simulated rainfall (B–G).
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According to the outcomes of the regression analysis, 
it is evident that certain CMIP6 models exhibit a stronger 
alignment with the IMD observational data. Specifi-
cally, the CMIP6 models CMCC-CM2-SR5, EC-Earth3-
AerChem, and CMCC-ESM2 demonstrate the closest 
agreement with the observed data. The term “best suited” 
suggests that these models have higher regression coef-
ficients, indicating a stronger correlation or association 
between their simulated rainfall and the observed data. 
This implies that these models more accurately capture 
the rainfall patterns observed by the IMD. Conversely, 
other CMIP6 models might exhibit weaker regression 
coefficients, suggesting a less robust relationship with the 
observed data. These models might have a higher degree 
of uncertainty or larger deviations from the observed rain-
fall patterns. The findings mentioned herein indicate that 
the CMCC-CM2-SR5, EC-Earth3-AerChem, and CMCC-
ESM2 models perform well in terms of their regression 
analysis with the IMD observational data. These models 
demonstrate a better ability to reproduce the observed rain-
fall patterns, providing researchers and stakeholders with 
increased confidence in their simulation results. Overall, 
the regression analysis in Figure 6 provides valuable in-
sights into the CMIP6 models’ performance in the IMD 
observational data. It allows for a quantitative assessment 
of the model’s capacity to record the observed rainfall 
patterns and identifies models that exhibit a stronger align-
ment with the observations. These findings can guide 
further analysis, decision-making, and model selection 
in various applications related to rainfall studies, climate 
change assessments, and water resource management

4.	 Conclusions

The assessment focuses on evaluating the ability of 
different CMIP6 models to reproduce rainfall patterns on 
seasonal and monthly scales for the Summer Monsoon in 
India (ISM) season from 1979 to 2014. The validation pro-
cess involves comparing the rainfall recorded through the 
Indian Meteorological Department (IMD) with the simu-
lations from CMIP6 models with a resolution equal to or 
less than 100 km. The analysis specifically focuses on the 
Gangatic Plain region of India. The findings of the valida-
tion reveal that among the CMIP6 models analyzed, three 
models stand out for their good performance in capturing 

the rainfall patterns in the Gangatic Plain. These models 
are CMCC-CM2-SR5, EC-Earth3-AerChem, and CMCC-
ESM2. These models demonstrate a higher level of accu-
racy in representing the regional rainfall distribution in the 
Gangatic Plain compared to the other models. When as-
sessing the monthly rainfall patterns, the simulations from 
CMCC-CM2-SR5, EC-Earth3-AerChem, and CMCC-
ESM2 closely resemble the actual rainfall observations in 
the Gangatic Plain. Conversely, however, the simulations 
from CMCC-CM2-HR4, CNRM-CM6-1-HR, EC-Earth3-
CC, and MPI-ESM1-2-HR do not match the observed rain-
fall in the region. The simulated seasonal cycle of rainfall 
in CMCC-CM2-SR5 aligns well with the observed pattern, 
albeit with some differences in amplitude. In particular, 
for July, August, and September, the CMCC-CM2-SR5 
simulation accurately represents the range and median of 
observed rainfall [78] .The interannual fluctuation of mean 
rainfall during the JJAS period can also be obtained from 
the observed data. Furthermore, the simulations from CM-
CC-CM2-SR5, EC-Earth3-AerChem, and CMCC-ESM2 
successfully capture the fluctuations between years of 
rainfall during July, August, and September. This indicates 
the presence of significant rainfall variability on a sub-
seasonal scale across the Indian subcontinent. However, 
it is mentioned that there is a need for improved accuracy 
in depicting rainfall variability in the examined CMIP6 
models to better match the actual rainfall observations and 
reduce significant discrepancies between simulated and ac-
tual rainfall.

In conclusion, the analysis of the CMIP6 models for 
the ISM season reveals that CMCC-CM2-SR5, EC-Earth3-
AerChem, and CMCC-ESM2 demonstrate better perfor-
mance when replicating patterns of rainfall in the Gangatic 
Plain of India. These models exhibit a closer resemblance 
to observed rainfall variability on both monthly and inter-
annual scales, indicating their suitability for studying and 
understanding rainfall patterns in the region. Nonetheless, 
further improvements are necessary to enhance the ac-
curacy of simulated rainfall and better capture the actual 
variability in the examined CMIP6 models.

Author Contributions

Conceptualization, D.K.T. and P.P.S.; methodology, 
D.K.T.; software, D.K.T.; validation, D.K.T., P.P.S.; formal 



76

Journal of Atmospheric Science Research | Volume 08 | Issue 01 | January 2025

analysis, D.K.T.; investigation, D.K.T.; resources, D.K.T.; 
data curation, D.K.T.; writing—original draft preparation, 
D.K.T.; writing—review and editing, D.K.T.; visualization, 
D.K.T.; supervision, P.P.S.; project administration, no one.; 
funding acquisition, no funding source. All authors have 
read and agreed to the published version of the manuscript.

Funding

This work received no external funding.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

For the study of the given manuscript, the observed 
rainfall data is taken from Indian Meteorological Depart-
ment (IMD) at nominal resolution 0.25x2.5 and for model 
simulation Coupled Model Intercomparison Project Phase 
6(CMIP-6) data was taken and these data-sets are open ac-
cess for all.

Acknowledgments

I acknowledge the Central University of South Bihar 
for providing the laboratory for my work.

Conflict of Interest

The authors declare no conflict of interest.

References

[1]	 Pant, G.B., Kumar, K.R., 1997. Climates of South 
Asia. John Wiley & Sons, Chichester, UK. pp. 1–320. 

[2]	 Webster, P.J., Magana, V.O., Palmer, T.N., et al., 
1998. Monsoons: Processes, predictability, and the 
prospects for prediction. Journal of Geophysical Re-
search: Oceans. 103(C7), 14451–14510. 

[3]	 Mooley, D., Parthasarathy, B., 1984. Fluctuations in 
All-India summer monsoon rainfall during 1871–
1978. Climatic Change. 6, 287–301.  

[4]	 Kripalani, R.H., Kulkarni, A., Sabade, S.S., et al., 
2003. Indian monsoon variability in a global warm-

ing scenario. Natural Hazards. 29, 189–206. 
[5]	 Guhathakurta, P., Rajeevan, M., 2008. Trends in the 

rainfall pattern over India. Journal of the Royal Me-
teorological Society. 28(11), 1453–1469.  

[6]	 Goswami, B.N., Venugopal, V., Sengupta, D., et al., 
2006. Increasing trend of extreme rain events over India 
in a warming environment. Science. 314(5804), 1442–
1445. DOI: http://dx.doi.org/10.1126/science.1132027

[7]	 Kumar, K.R., Pant, G.B., Parthasarathy, B., et al., 
1992. Spatial and subseasonal patterns of the long-
term trends of Indian summer monsoon rainfall. In-
ternational Journal of Climatology. 12(3), 257–268. 

[8]	 Cess, R.D., Potter, G.L., Blanchet, J.P., et al., 1989. 
Interpretation of cloud-climate feedback as produced 
by 14 Atmospheric General Circulation Models. Sci-
ence. 245 (4917), 513–516. DOI: http://dx.doi.org/ 
10.1126/science.245.4917.513 

[9]	 Gadgil, S., Sajani, S., 1998. Monsoon precipitation in 
the AMIP runs. Climate Dynamics. 14, 659–689. 

[10]	 Gates, W.L., Boyle, J.S., Covey, C.C., et al., 1999. 
An overview of the results of the Atmospheric Model 
Intercomparison Project (AMIP I). Bulletin of the 
American Meteorological Society. 80(1), 29–56. 

[11]	 Cubasch, U., Meehl, G. A., Boer, G. J., et al. 
(2001). Projections of future climate change. In J. T. 
Houghton, Y. Ding, D. J. Griggs, et al. (Eds.), Cli-
mate change 2001: The scientific basis. Contribution 
of Working Group I to the Third Assessment Report 
of the Intergovernmental Panel on Climate Change 
(pp. 525–582). Cambridge, UK: Cambridge Univer-
sity Press.

[12]	 Fan, F., Mann, M.E., Lee, S., et al., 2012. Future 
changes in the south Asian summer monsoon: An 
analysis of the CMIP3 multi-model projections. Jour-
nal of Climate. 25(11), 3909–3928. 

[13]	 Hu, Z., Latif, M., Roeckner, E., et al., 2000. Inten-
sified Asian summer monsoon and its variability 
in a coupled model forced by increasing green-
house gas concentrations. Geophysical Research 
Letters. 27(17), 2681–2864. DOI: http://dx.doi.
org/10.1029/2000GL011550

[14]	 Kang, I.S., Jin, K., Wang, B., et al., 2002. Intercom-
parison of the climatological variations of Asian sum-
mer monsoon precipitation simulated by 10 GCMs. 
Climate Dynamics. 19, 383–395. 

[15]	 Kitoh, A., Yukimoto, S., Noda, A., et al., 1997. Simu-
lated changes in the Asian summer monsoon at times 
of increased atmospheric CO2. Journal of the Mete-
orological Society of Japan Ser II. 75(6), 1019–1031.

[16]	 Lal, M., Nozawa, T., Emori, S., et al., 2001. Future 
climate change: Implications for Indian summer 
monsoon and its variability. Current Science. 81(9), 
1196–1207. 

[17]	 May, W., 2002. Simulated changes of the Indian sum-
mer monsoon under enhanced greenhouse gas condi-

http://dx.doi.org/10.1126/science.1132027
http://dx.doi.org/ 10.1126/science.245.4917.513
http://dx.doi.org/ 10.1126/science.245.4917.513
https://journals.ametsoc.org/view/journals/clim/clim-overview.xml
https://journals.ametsoc.org/view/journals/clim/clim-overview.xml
http://dx.doi.org/10.1029/2000GL011550
http://dx.doi.org/10.1029/2000GL011550


77

Journal of Atmospheric Science Research | Volume 08 | Issue 01 | January 2025

tions in a global time-slice experiment. Geophysical 
Research Letters. 29(7), 1118. DOI: http://dx.doi.
org/10.1029/2001GL013808

[18]	 Meehl, G.A.,Washington, W.M., 1993. South Asian 
summer monsoon variability in a model with doubled 
atmospheric carbon dioxide concentration. Science. 
260(5111), 1101–1104. 

[19]	 Wang, B., Kang, I.S., Lee, J.Y., 2004. Ensemble 
simulation of Asian–Australian monsoon variability 
by 11 AGCMs. Journal of Climate. 17(4), 803–818. 

[20]	 Turner, A., Annamalai, H., 2012. Climate change and 
the South Asian summer monsoon. Nature Climate 
Change. 2, 587–595. 

[21]	 Lal, M., Cubasch, U., Santer, B., 1994. Effect of 
global warming on Indian monsoon simulated with a 
coupled ocean-atmosphere general circulation model. 
Current Science. 66(6), 430–438. 

[22]	 Mahfouf, J., Cariolle, D., Royer, J., et al., 1994. 
Response of the Meteo-France climate model to 
changes in CO2 and sea surface temperature. Climate 
Dynamics. 9, 345–362.

[23]	 Timbal, B., Mahfouf, J., Royer, J., et al., 1995. Sen-
sitivity to prescribed changes in sea surface tempera-
ture and sea ice in doubled carbon dioxide experi-
ments. Climatic Change. 12, 1–20. 

[24]	 Achuta-Rao, K., Covey, C., Doutriax, C., et al., 2004. 
An appraisal of coupled climate model simulations. 
In: Bader, D. (eds.). UCRL-TR−202550. Lawrence 
National Laboratory: Livermore, CA, USA. pp. 183.

[25]	 Covey, C., Achuta-Rao, K.M., Cubasch, U., et al., 
2003. An overview of results from the Coupled 
Model Intercomparison Project. Global and Planetary 
Change. 37(1–2), 103–133. 

[26]	 Kucharski, F., Scaife, A.A., Yoo, J.H., et al., 2008. 
The CLIVAR C20C Project: Skill of simulating In-
dian monsoon rainfall on interannual and to decadal 
time scales, Does GHG forcing plays a role? Climate 
Dynamics. DOI: http://dx.doi.org/10.1007/s00382-
008-0462-y

[27]	 Meehl, G.A., Boer, G.J., Covey, C., et al., 2000. The 
coupled model intercomparison project (CMIP). Bul-
letin of the American Meteorological Society. 81(2), 
313–318. 

[28]	 Meehl, G.A., 1997. The south Asian monsoon and 
the tropospheric biennial oscillation. Journal of Cli-
mate. 10(8), 1921–1943. 

[29]	 Meehl, G.A., Arblaster, J.M., Tebaldi, C., 2005. Un-
derstanding future patterns of increased precipitation 
intensity in climate model simulations. Geophysical 
Research Letters. 32(18), L18719. DOI: http://dx.doi.
org/10.1029/2005GL023680

[30]	 Kripalani, R.H., Oh, J.H., Chaudhari, H.S., 2007. 
Response of the East Asian summer monsoon to dou-
bled atmospheric CO2: Coupled climate model simu-
lations and projections under IPCC AR4. Theoretical 

and Applied Climatology. 87, 1–28.
[31]	 Kripalani, R.H., Oh, J.H., Kulkarni, A., et al., 2007. 

South Asian summer monsoon precipitation vari-
ability: coupled climate model simulations and pro-
jections under IPCC AR4. Theoretical and Applied 
Climatology. 90, 133–159. 

[32]	 Sabade, S.S., Kulkarni, A., Kripalani, R.H., et al., 
2010. Projected changes in South Asian summer 
monsoon by multimodel global warming experi-
ments.  Theoretical and Applied Climatology. 103, 
543–565.

[33]	 Sarthi, P.P., Dash, S.K., Mamgain, A., 2012. Pos-
sible changes in the characteristics of Indian Sum-
mer Monsoon under warmer climate. Global and 
Planetary Change. 92–93, 17–29. DOI: http://dx.doi.
org/10.1016/j.gloplacha.2012.03.006  

[34]	 Ashfaq, M., Shi, Y., Tung, W.W., et al., 2009. Sup-
pression of South Asian summer monsoon precipita-
tion in the 21st century. Geophysical Research Let-
ters. 36(1), 1–5.

[35]	 Lee, Y.J., Wang, B., 2014. Future change of global 
monsoon in the CMIP5. Climate Dynamics. 42, 101–
119.

[36]	 Cherchi, A., Alessandri, A., Masina, S., & Navarra, 
A. (2011). Effects of increased CO2 levels on mon-
soons. Climate Dynamics, 37(1-2), 83–101. https://
doi.org/10.1007/s00382-010-0801-7

[37]	 Taylor, K.E., Stouffer, R.J., Meehl, G.A., 2012. An 
overview of CMIP5 and the experiment design. Bul-
letin of the American meteorological Society. 93 (4), 
485–498. 

[38]	 Schewe, J., Levermann, A., 2012. A statistically pre-
dictive model for future monsoon failure in India. 
Environmental Research Letters. 7(4), 044023. 

[39]	 Preethi, B., Kripalani, R.H., Mujumdar, M., et al., 
2012. Projections of Indian Summer Monsoon Rain-
fall based on CMIP5 Datasets. Proceedings of the 
International conference on “Opportunities and Chal-
lenges in Monsoon Prediction in a Changing Cli-
mate” (OCHAMP-2012); July 1–3 2012; Pune, India.

[40]	 Menon, A., Levermann, A., Schewe, J., 2013. En-
hanced future variability during India0s rainy season. 
Geophysical Research Letters. 40(12), 3242–3247. 

[41]	 Menon, A., Levermann, A., Schewe, J., et al., 2013. 
Consistent increase in Indian monsoon rainfall and 
its variability across CMIP-5 models. Earth System 
Dynamics. 4(2), 287–300. http://dx.doi.org/10.5194/
esd-4-287-2013

[42]	 Jayasankar, C. B., Surendran, S., & Rajendran, K. 
(2015). Robust signals of future projections of In-
dian summer monsoon rainfall by IPCC AR5 climate 
models: Role of seasonal cycle and interannual vari-
ability. Geophysical Research Letters, 42(4), 1090–
1097. https://doi.org/10.1002/2015GL063659

[43]	 Kitoh, A., Endo, H., Kumar, K.K., et al., 2013. Mon-

http://dx.doi.org/10.1029/2001GL013808
http://dx.doi.org/10.1029/2001GL013808
http://dx.doi.org/10.1007/s00382-008-0462-y
http://dx.doi.org/10.1007/s00382-008-0462-y
http://dx.doi.org/10.1029/2005GL023680
http://dx.doi.org/10.1029/2005GL023680
http://dx.doi.org/10.1016/j.gloplacha.2012.03.006
http://dx.doi.org/10.1016/j.gloplacha.2012.03.006
https://doi.org/10.1007/s00382-010-0801-7
https://doi.org/10.1007/s00382-010-0801-7
http://dx.doi.org/10.5194/esd-4-287-2013
http://dx.doi.org/10.5194/esd-4-287-2013
https://doi.org/10.1002/2015GL063659


78

Journal of Atmospheric Science Research | Volume 08 | Issue 01 | January 2025

soons in a changing world: a regional perspective in 
a global context. Journal of Geophysical Research: 
Atmospheres. 118(8), 3053–3065. DOI: http://dx.doi.
org/10.1002/jgrd.50258

[44]	 Bandgar, A.B., Chowdary, J.S., Gnanaseelan, C., 
2014. Indian summer monsoon rainfall predictability 
and variability associated with Northwest Pacific cir-
culation in a suit of coupled model hindcasts. Theo-
retical and Applied Climatology. 118, 69–79.

[45]	 Kumar, S., Saha, S. K., Goswami, B. N., & Ma-
hapatra, S. (2014). Role of Indian Ocean warming 
in modulating Indian summer monsoon variability. 
Climate Dynamics, 42(9-10), 2419–2434.

[46]	 Almazroui, M., Islam, M.N., Saeed, S., et al., 2020. 
Future changes in climate over the Arabian Peninsula 
based on CMIP6 multimodel simulations. Earth Sys-
tems and Environment. 4, 611–630.

[47]	 Kumar, P., Sarthi, P.P., 2021. Intraseasonal variability 
of Indian Summer Monsoon Rainfall in CMIP6 mod-
els simulation. Theoretical and Applied Climatology. 
145(1), 687–702.

[48]	 Scoccimarro, E., Bellucci, A., Peano, D., 2017. IPCC 
DDC: CMCC CMCC-CM2-HR4 model output pre-
pared for CMIP6 HighResMIP. Earth System Grid 
Federation. DOI: https://doi.org/10.22033/ESGF/
CMIP6.1359

[49]	 Voldoire, A., Saint‐Martin, D., Sénési, S., et al., 
2019. Evaluation of CMIP6 deck experiments with 
CNRM‐CM6‐1. Journal of Advances in Modeling 
Earth Systems. 11(7), 2177– 2213.

[50]	 Peano, D., Lovato, T., Materia, S., 2020. CMCC 
CMCC-ESM2 model output prepared for CMIP6 
LUMIP. Earth System Grid Federation. DOI: https://
doi.org/10.22033/ESGF/CMIP6.13166

[51]	 Lovato, T., Peano, D., 2020. CMCC CMCC-CM2-
SR5 model output prepared for CMIP6 ScenarioMIP 
ssp585. Earth System Grid Federation. DOI: https://
doi.org/10.22033/ESGF/CMIP6.3896

[52]	 Döscher, R., Acosta, M., Alessandri, A., et al., 2022. 
The EC-Earth3 Earth system model for the Coupled 
Model Intercomparison Project 6. Geoscientific 
Model Development. 15(7), 2973–3020.

[53]	 Müller, W.A., Jungclaus, J.H., Mauritsen, T., et al., 
2018. A higher‐resolution version of the max planck 
institute earth system model (MPI‐ESM1. 2‐HR). 
Journal of Advances in Modeling Earth Systems. 
10(7), 1383–1413.

[54]	 Pai, D.S., Sridhar, L., Rajeevan, M., et al., 2014. De-
velopment of a new high spatial resolution (0.25° × 
0.25°) long period (1901–2010) daily gridded rainfall 
data set over India and its comparison with existing 
data sets over the region. Mausam. 65(1), 1–18. 

[55]	 Parth Sarthi, P., Kumar, P., & Ghosh, S. (2015). Pos-
sible future projection of Indian summer monsoon rain-
fall (ISMR) with the evaluation of model performance 

in Coupled Model Inter-comparison Project Phase 5 
(CMIP5). Global and Planetary Change, 129, 92–106. 
https://doi.org/10.1016/j.gloplacha.2015.03.005

[56]	 Kumar, P., Sarthi, P.P., 2021. Intraseasonal variability 
of Indian Summer Monsoon Rainfall in CMIP6 mod-
els simulation. Theoretical and Applied Climatology. 
145(1), 687–702.

[57]	 Döscher, R., Acosta, M., Alessandri, A., et al., 2022. 
The EC-Earth3 Earth system model for the Coupled 
Model Intercomparison Project 6. Geoscientific 
Model Development. 15(7), 2973–3020.

[58]	 Lovato, T., Peano, D., Butenschön, M., et al., 2022. 
CMIP6 simulations with the CMCC Earth system 
model (CMCC‐ESM2). Journal of Advances in Mod-
eling Earth Systems. 14(3), e2021MS002814.

[59]	 Voldoire, A., Saint‐Martin, D., Sénési, S., et al., 
2019. Evaluation of CMIP6 deck experiments with 
CNRM‐CM6‐1. Journal of Advances in Modeling 
Earth Systems. 11(7), 2177– 2213.

[60]	 Oliver, E. C. J., Donat, M. G., Burrows, M. T., 
Moore, P. J., Smale, D. A., Alexander, L. V., 
Benthuysen, J. A., Feng, M., Sen Gupta, A., Hob-
day, A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. 
E., Scannell, H. A., Straub, S. C., & Wernberg, T. 
(2019). Projected marine heatwaves in the 21st cen-
tury and the potential for ecological impact. Frontiers 
in Marine Science, 6, 734. https://doi.org/10.3389/
fmars.2019.00734

[61]	 Gehne, M., Hamill, T. M., Kiladis, G. N., & Tren-
berth, K. E. (2016). Comparison of global precipita-
tion estimates across a range of temporal and spatial 
scales. Journal of Climate, 29(21), 7773–7795. 
https://doi.org/10.1175/JCLI-D-15-0618.1

[62]	 Müller, W.A., Jungclaus, J.H., Mauritsen, T., et al., 
2018. A higher‐resolution version of the max planck 
institute earth system model (MPI‐ESM1. 2‐HR). 
Journal of Advances in Modeling Earth Systems. 
10(7), 1383–1413.

[63]	 Lock, A.P., Brown, A.R., Bush, M.R., et al., 2000. A 
new boundary layer mixing scheme. Part I: Scheme 
Description and Single-Column Model tests. Month-
ly Weather Review. 128(9), 3187–3199. 

[64]	 Lock, A.P., 2001. The numerical representation of 
entrainment in parameterizations of boundary layer 
turbulent mixing. Monthly Weather Review. 129(5), 
1148–1163. 

[65]	 Martin, G., Ringer, M.A., Pope, V.D., et al., 2006. 
The physical properties of the atmosphere in the 
New Hadley Centre Global Environmental Model 
(HADGEM1). Part I: Model Description and Global 
Climatology. Journal of Climate. 19(7), 1274–1301. 
DOI: https://doi.org/10.1175/jcli3636.1

[66]	 Sundqvist, H. (1978). A parameterization scheme for 
non-convective condensation including prediction of 
cloud water content. Quarterly Journal of the Royal 

http://dx.doi.org/10.1002/jgrd.50258
http://dx.doi.org/10.1002/jgrd.50258


79

Journal of Atmospheric Science Research | Volume 08 | Issue 01 | January 2025

Meteorological Society, 104(441), 677–690. https://
doi.org/10.1002/qj.49710444110

[67]	 Rockel, B., Raschke, E., & Weyres, B. (1991). A pa-
rameterization of broad-band radiative transfer prop-
erties of water, ice, and mixed clouds. Contributions 
to Atmospheric Physics, 64(1), 1–12.

[68]	  Roeckner, E. (1995). Simulation of present-day 
climate with the ECHAM4 model: Impact of model 
physics and resolution. Max Planck Institute for Me-
teorology, Report No. 218.

[69]	 Tiedtke, M. (1989). A comprehensive mass flux scheme 
for cumulus parameterization in large-scale models. 
Monthly Weather Review, 117(8), 1779–1800. https://
doi.org/10.1175/1520-0493(1989)117<1779:ACMFSF
>2.0.CO;2

[70]	 Nordeng, T. E. (1996). Extended versions of the 
convective parameterization scheme at ECMWF and 
their impact upon the mean climate and transient ac-
tivity of the model in the tropics. ECMWF Technical 
Memorandum No. 206.

[71]	 Louis, J. F. (1979). A parametric model of vertical 
eddy fluxes in the atmosphere. Boundary-Layer Me-
teorology, 17(2), 187–202. https://doi.org/10.1007/
BF00117978

[72]	 Fouquart, Y., & Bonnel, B. (1980). Computations of 
solar heating of the Earth’s atmosphere: A new pa-
rameterization. Contributions to Atmospheric Phys-

ics, 53, 35–62.
[73]	 Morcrette, J. J., Smith, L., & Fouquart, Y. (1986). 

Pressure and temperature dependence of the absorp-
tion in longwave radiation parameterizations. Contri-
butions to Atmospheric Physics, 59, 455–469.

[74]	 Giorgetta, M. A., & Wild, M. (1995). The water 
vapor continuum and its representation in GCM ra-
diation schemes. Journal of Geophysical Research: 
Atmospheres, 100(D8), 16619–16636.

[75]	 Sperber, R.K., Annamalai, H., 2014. The use of frac-
tional accumulated precipitation for the evaluation 
of the annual cycle of monsoons. Climate Dynamics. 
43, 3219–3244. 

[76]	 Wang, J., Zhuo, L., Han, D., Liu, Y., & Rico-Ram-
irez, M. A. (2023). Hydrological model adaptability 
to rainfall inputs of varied quality. Water Resources 
Research, 59(1), e2022WR033123. https://doi.
org/10.1029/2022WR032484

[77]	 Noguera, M., Mitra, A., & Sengupta, D. (2021). A 
comparative study on the skill of CMIP6 models to 
preserve daily spatial patterns of monsoon rainfall 
over India. Frontiers in Climate, 3, 654763. https://
doi.org/10.3389/fclim.2021.654763

[78]	 Cherchi, A., Fogli, P.G., Lovato, T., et al., 2019. 
Global mean climate and main patterns of variability 
in the CMCC‐CM2 coupled model. Journal of Ad-
vances in Modeling Earth Systems. 11(1), 185–209. 

https://doi.org/10.1002/qj.49710444110
https://doi.org/10.1002/qj.49710444110
https://doi.org/10.1029/2022WR032484
https://doi.org/10.1029/2022WR032484

