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Abstract 

Earth System Models (ESMs) are important tools for understanding Earth’s climate variability and change arising from the 

interactions among the different Earth system components (viz., atmosphere, ocean, land, cryosphere, biosphere, including 

human activities). The Centre for Climate Change Research (CCCR) at the Indian Institute of Tropical Meteorology (IITM) 

focuses on the development of the IITM Earth System Model (IITM-ESM) to understand the science of climate change and 

also create climate modelling capabilities in India. Long term (multi-century) simulations of the preindustrial and present-day 

climate and future projections are performed using the IITM-ESM, to assess climate variability and change with special focus 

on the South Asian monsoon. This article discusses key aspects of the IITM-ESM simulation of the time-mean atmosphere and 

ocean large-scale circulation and dominant modes of climate variability and its teleconnections to South Asian monsoon. The 

IITM-ESM participated in the Coupled Model Inter-comparison Project Phase-6 (CMIP6) of the World Climate Research 

Program (WCRP) and contributed to Intergovernmental Panel on Climate Change Sixth Assessment Report (IPCC AR6), the 

first time from India. 

 

 

Introduction  

Global and regional climate variations on different time-scales 

involve complex interactions among different components of 

the Earth System (viz., atmosphere, cryosphere (ice), 

hydrosphere (oceans), lithosphere (land), and biosphere 

(life)).  Earth System Models (ESMs) are important tools for 

understanding the climatic variations resulting from 

interactions between different Earth system components. 

ESMs are global climate models with the added capability to 

explicitly represent biogeochemical processes that interact 

with the physical climate. Climate models, also known as 

general circulation models or GCMs, are based on 

mathematical formulations of the natural laws that govern the 

evolution of climate-relevant systems. They build on the 

fundamental laws of physics (e.g., Navier-Stokes) or empirical 
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relationships established from observations, constrained by 

fundamental conservation laws (e.g., mass and energy). ESMs 

are useful for enhancing our fundamental understanding of the 

climate system, its multi-scale variability, global and regional 

changes in climate including projected changes in the future. 

An ESM is a computer code that estimates the solution to 

differential equations of fluid motion and thermodynamics to 

obtain time and space-dependent values for temperature, 

winds, currents, moisture, salinity and pressure in the 

atmosphere and ocean. ESMs integrate the interactions of the 

atmosphere, ocean, land, ice, and biosphere to estimate the 

state of regional and global climate under a wide variety of 

conditions (shared socioeconomic pathways). ESMs resolve 

main physical processes like atmospheric circulation and 

radiation, ocean circulation, land use, land physics, sea-ice 

dynamics, ocean ecology and biogeochemistry. 

Basic data-assimilated ocean, atmosphere and land initial 

conditions are required to be provided as input to the model. 

However, depending on the simulation, we provide time-

varying forcings of various green house gases (GHG) 

including CO2, CH4, N20, O2, O3, chloro-fluoro carbons; 

anthropogenic aerosols, solar forcing, and land-use land-cover 

change. The ESM is integrated for years, decades and 

centuries for obtaining the climate of the past, present and 

future. More detailed information about each targeted 

simulation and length of the simulation is described in the 

subsequent sections 

In this article we briefly describe the salient features of the 

Indian Institute of Tropical Meteorology ESM (IITM-ESM), 

that has contributed to the Coupled Model Inter-comparison 

Project Phase-6 (CMIP6) of World Climate Research Program 

and Intergovernmental Panel on Climate Change Sixth 

Assessment Report (IPCC AR6). 

The IITM Earth System Model  

Advancing our understanding of the science of regional 

climate change requires a multidisciplinary and integrated 

approach. The challenges emanating from the rising trend of 

global temperature have brought renewed focus on the 

fluctuating behaviour of monsoons, increasing climate 

extremes, rising sea levels and changes in many other 

components of the Earth system. The Centre of Climate 

Change Research (CCCR) launched in 2009 with the support 

of the Ministry of Earth Sciences (MoES), Government of 

India at Indian Institute of Tropical Meteorology (IITM) 

located at Pune focuses on the development of climate 

modelling capabilities in India and South Asia to address 

issues concerning the science of climate change, including 

detection, attribution and future projections of global and 

regional climate. 

Development of IITM-ESM is an important step towards 

understanding the global and regional climate response to 

long-term climate variability and climate change. The first 

version (IITM ESM version 1, IITM-ESMv1) was developed 

at the CCCR-IITM, Pune by transforming a state-of-the-art 

seasonal prediction model – the Climate Forecast System 

version 2 (CFSv2, [1] into a model suitable for addressing the 

long-term changes in climate [2]. A 100-year long control 

simulation performed with IITM-ESMv1 showed fidelity in 

capturing South Asian monsoon and its teleconnection to 

coupled climate phenomena like El Niño Southern Oscillation 

(ENSO), Pacific decadal variability [2]. However, a major 

challenge with the IITM-ESMv1 was a large radiation 

imbalance ~6 Wm-2 at the top of the atmosphere (TOA). For 

reliable assessments of climate change simulations, it is 

imperative that the global radiation energy balance is 

realistically represented in climate models. This problem was 

addressed in the second stage of the model development, the 

IITM-ESM Version 2 (IITM-ESMv2) by incorporating 

various improvements, which led to significant reduction in 

the radiation imbalance. The IITM-ESMv2 is a radiatively 

balanced global climate modeling framework appropriate for 

addressing the science of climate change.  

The IITM-ESM configuration includes an atmosphere general 

circulation model (Global Forecast System, GFS) with a 

global spectral triangular truncation of 62 waves (T62,  grid 

size ~200 km) and 64 vertical levels with top model layer 

extending up to 0.2 hPa, a global ocean model based on the 

Modular Ocean Model Version 4p1 (MOM4p1) having a zonal 

resolution of ~100 km and the meridional resolution ~ 35 km 

between 10°S and 10°N and coarser grid ~100 km poleward 

of 30° latitude in both Hemispheres and with 50 levels in the 

vertical, a land surface model (Noah LSM) with four layers, 

and a dynamical sea-ice model known as the Sea Ice Simulator 

(SIS). A schematic of the IITM-ESM is shown in Figure 1. 

 

Figure 1: Schematic showing the different components of 

IITM Earth System Model. 

Long-term climate simulations using the IITM-ESM 

To address the longer time-scale climate variability, a climate 

model needs to reasonably simulate the observed mean 

climate. Equally important is the ability to replicate the 

observed sensitivity in temperature to the increasing 

greenhouse gases (GHGs).  In order to assess climate 

variability and change with special focus on the South Asian 

monsoon, long-term climate simulations are performed using 

the IITM-ESMv2. Multi-century simulations corresponding to 

preindustrial and present-day conditions show fidelity in 
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capturing key aspects of the time-mean atmosphere and ocean 

large-scale circulation. Representations of the Atlantic 

Meridional Overturning Circulation, poleward ocean heat 

transport, and major global climate drivers are superior to 

ESMv1. Teleconnections of the South Asian monsoon with 

climate drivers such as the El-Niño–Southern Oscillation 

(ENSO) and the Indian Ocean Dipole (IOD) are found to be 

more robust in IITM-ESMv2 [3], leading to improved 

simulation of South Asian monsoon and its variability [4]. 

Time-series of global mean air temperature and top of 

atmosphere (TOA) net radiation flux from the 500 years 

Preindustrial (1850) Control simulation is shown in Figure 2. 

The model is successful in simulating preindustrial climate 

with a global mean temperature of 14 oC and top of 

atmosphere radiation imbalance of about 0.8 Wm-2. Similarly, 

the Arctic sea-ice concentration and extent are also well 

simulated in ESMv2 compared to ESMv1. 

 

Figure 2: Time-series plots from the Preindustrial control 

simulation of IITM-ESMv2 of global mean annual mean (a) 

Surface air-temperature (oC), (b) Sea surface temperature 

(oC), and (c) Net radiation flux at the top of atmosphere (TOA, 

Wm-2). (d) Latitudinal variation of annual mean zonal mean 

components of TOA flux (Wm-2) and (e) Seasonal distribution 

of sea-ice extent (×106 km2). Spatial map of mean sea-ice 

concentration (%) over the Arctic during Northern Summer 

(June to August) from (f) Observations, (g) ESMv2, and (h) 

ESMv1. 

IITM-ESM contribution to CMIP6 and the Sixth 

IPCC Assessment Report 

IITM has contributed to Coupled Model Inter-comparison 

Project Phase-6 (CMIP6) of World Climate Research Program 

(WCRP) and Intergovernmental Panel on Climate Change 

Sixth Assessment Report (IPCC AR6), first time from India, 

using IITM-ESM. The objective of the CMIP is to better 

understand the past, present and future changes in climate 

arising from natural, unforced variability or in response to 

changes in radiative forcing in a multi-model context. CMIP 

began in 1995 under the auspices of the Working Group on 

Coupled Modelling (https://www.wcrp-climate.org/wgcm-

cmip). CMIP has had a number of phases and provided 

significant input to the IPCC assessments. The latest phase is 

CMIP6, which has provided valuable information to the recent 

IPCC Sixth Assessment Report. CMIP6 comprises core 

experiments that all models are expected to perform and 

CMIP-endorsed Model Inter-comparison Projects (MIPs) that 

modelling groups can choose to participate depending on their 

expertise, interest and resources. The set of CMIP6 

experiments performed using IITM-ESM are shown in Table 

1.   

Table 1: CMIP6 experiments performed using IITM-ESM 

Experiment Period Major purpose 
Historical AMIP 1979–2014 Evaluation 
Pre-industrial 

control (piControl) 
1850 

Evaluation, 

unforced variability 
1 %/yr CO2 

(1pctCO2)  
n/a 

Climate sensitivity, 

feedbacks 
Quadruple CO2 

abruptly, then hold 

fixed (abrupt4xCO2) 

n/a 

Climate sensitivity, 

feedbacks, fast 

responses 
Past centuries  

 (historical) 
1850–2014 Evaluation 

Future Projections 

(ScenarioMIP) 
2015–2100 Projected change 

Global Monsoon 

MIP 
1979–2014 

Evaluation of 

changes in 

monsoon 

Detection and 

Attribution MIP 
1850–2014 

Detection and 

attribution of 

climate change 

The CMIP6 historical simulations performed using time-

varying aerosols, land-use land-cover changes and GHG 

concentrations for the period 1850-2014, realistically simulate 

the present-day climate [5] and global teleconnections [6–8]. 

The DECK simulations of IITM-ESM CMIP6 include a 300-

year spin-up and 500-year preindustrial control (PI Control) 

simulation, historical simulations of recent past (1850-2014), 

AMIP simulations, transient CO2 and abrupt CO2 increase 

simulations. Four tier-1 scenario runs (SSP1-2.6, SSP2-4.5, 

SSP3-7.0 and SSP5-8.5) for the end of the 21st century and 

Model Inter-comparison Project (MIP) experiments including 

Global Monsoon MIP (GMMIP) and Detection and 

Attribution MIP (DAMIP) are also completed using IITM-

ESM. The datasets from IITM-ESM simulations are 

disseminated publicly using the ESGF node located at IITM 

(http://cccr.tropmet.res.in/home/esgf_data.jsp). The IITM-

ESM CMIP6 data can be downloaded through https://esgf-

data.dkrz.de/search/cmip6-dkrz/. 

Analysis of the selected global climate indicators including 

Global Mean Surface Temperature (GMST), global mean 

precipitation and Global Mean thermosteric Sea Level 

(GMSL) for the period 1900 to 2099 from IITM-ESM CMIP6 

simulations and other CMIP6 models are shown in Figure 3. 

These include historical simulations for the period 1850-2014 

and projections from 2015 onwards. The time-series of GMST 

(h) 

(f) 

(g) 

https://www.wcrp-climate.org/wgcm-cmip
https://www.wcrp-climate.org/wgcm-cmip
http://cccr.tropmet.res.in/home/esgf_data.jsp
https://esgf-data.dkrz.de/search/cmip6-dkrz/
https://esgf-data.dkrz.de/search/cmip6-dkrz/
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show an increase of more than 0.6 oC during 1951-2014 (with 

reference to a base period of 1961-1990). The CMIP6 models 

simulate the observed warming trend, however, exhibit a wide 

range of warming levels especially at the end of the 21st 

century (Figure 3(a)). The GMST from the IITM-ESM for the 

historical period closely follow the observed warming (figure 

not shown), and the global mean temperature rise is within the 

range of warming shown by other CMIP6 models during the 

historical period (Figure 3(a)). Global mean precipitation 

show an increase with increase in temperature in IITM-ESM 

and other CMIP6 models, higher rate of increase is seen in 

those models with higher levels of warming (Figure 3(b)). The 

global mean thermosteric sea level (TSL) from IITM-ESM 

and other CMIP6 models show an increase, especially in the 

recent decades and is projected to increase with increase in 

GMST (Figure 3(c)).  

 

Figure 3: Time-series of global mean annual mean climate 

indicators from IITM-ESM and CMIP6 historical simulations. 

Number of models selected for each variables are shown in 

numbers. The blue solid (dashed) curve represents IITM-ESM 

historical (ensemble) simulation. The grey curve represents 

other CMIP6 models and red curve the CMIP6 ensemble 

mean. The error bars (shaded) are based on one standard 

deviation shown for observation. 

The observed and projected changes in surface air temperature 

and precipitation over the globe, as well as exclusively over 

the Indian region are presented in the “Assessment of Climate 

Change over the Indian Region”, a report prepared for the 

Ministry of Earth Sciences (MoES) [9]. In addition to the 

above, various studies using the IITM-ESM are also 

conducted to assess the impacts of Greenhouse gases (GHG) 

and anthropogenic aerosols on the Indian monsoon [5], 

volcanic forcing on ENSO and Indian monsoon coupling [8], 

weakening of the Atlantic meridional overturning circulation 

(AMOC) on the South Asian monsoon [6], increasing intense 

tropical cyclones in the Indian Ocean [10] and projected 

changes in the global temperature and precipitation from a 

suite of CMIP6 models including IITM-ESM [11].   

IITM-ESM has contributed to the IPCC Working Group-1, 

Sixth Assessment Report (IPCC, WG1) published during 

August 2021, using the CMIP6 simulations. The next version 

of IITM-ESM development is on-going by incorporating 

interactive land-ice model (Community Ice-sheet Model, 

CISM) and new spectral dynamical core with a higher 

resolution ocean and atmosphere components to better 

simulate the regional and global aspects of climate change. 

Summary 

The Centre for Climate Change Research (CCCR) at the 

Indian Institute of Tropical Meteorology (IITM) focuses on 

the development of the IITM Earth System Model (IITM-

ESM) to understand the science of climate change and also 

create climate modelling capabilities in India. The IITM-ESM 

configuration includes an atmosphere general circulation 

model (Global Forecast System, GFS), a global ocean model 

based on the Modular Ocean Model Version 4p1 (MOM4p1), 

a land surface model (Noah LSM) and a Sea-ice simulator 

(SIS). Multi-century simulations corresponding to 

preindustrial and present-day conditions performed using 

IITM-ESM showed fidelity in capturing key aspects of time-

mean atmosphere and ocean large-scale circulation and 

dominant modes of climate variability and its teleconnections 

to South Asian monsoon. The IITM-ESM has participated in 

the Coupled Model Inter-comparison Project Phase-6 

(CMIP6) of the World Climate Research Program (WCRP) 

and contributed to Intergovernmental Panel on Climate 

Change Sixth Assessment Report (IPCC AR6), the first time 

from India. 
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The Earth System Grid Federation (ESGF) is an international collaboration to facilitate advancements in Earth System 

Science. They support the development of climate models and also of data facilities for the use of such models. They also create 

and improve software infrastructure and tools through involvement of the software development community. The map above 

shows the international laboratories which are part of the ESGF. (Image Courtesy: https://esgf-node.llnl.gov/projects/esgf-

llnl/)
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