














  

 
Fig. 7. Values of SScore ((a) to (c)), MAE ((d) to (f)) and IoA ((g) to (i)) produced by EC-Earth3 of CMIP6 in simulating Tmax ((a), (d), (g)), Tmean ((b), (e), (h)) and 

Tmin ((c), (f), (i)) considering whole year’s data. 
 

                    
 

Fig. 8. Values of SScore ((a) to (c)), MAE ((d) to (f)) and IoA ((g) to (i)) produced by CMCC-CMS of CMIP5 in simulating Tmax ((a), (d), (g)), Tmean ((b), (e), (h)) 
and Tmin ((c), (f), (i)) considering whole year’s data. 
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Fig. 9. Taylor diagrams showing the performance of all models of CMIP6 (in blue) and CMIP5 (in red) in simulating Tmax, Tmean and Tmin by considering data of 
whole year (WHY) and four seasons (JJA, SON, DJF, MAM). 
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Fig. 10. Percentage of grid-points in which the 1st and 99th percentiles of Tmax, Tmean and Tmin are underestimated by all selected GCMs of CMIP6 (in blue) and 

CMIP5 (in red). 
 
In order to further explore the simulation performance of 

the temperature extremes over mainland India, the over- or 
under-estimation of the 1st and 99th percentiles were 
estimated at each grid-point for each of Tmax, Tmean and Tmin by 
the best model of each of the two CMIP phases as described 
in subsection B. For this purpose, the over- or 
under-estimation, i.e., error, of a temperature extreme by a 
GCM was calculated as the deviation of a selected percentile 
of the model-estimated data computed over the whole data 
period from that of the reference data expressed as percentage 
of the latter. A positive or a negative value of this percent (%) 
error indicates an over- or under-estimation of a temperature 
extreme. Accordingly, the over- or under-estimation of the 
extreme values by EC-Earth3 of CMIP6 and CMCC-CMS of 
CMIP5 at all grid points are presented on the maps of India in 
Fig. 11 and 12 respectively.  

It may be found from Fig. 10 that the 1st percentile 
extremes of Tmax, Tmean and Tmin are generally overestimated 
and the 99th percentile extremes are generally underestimated 
in large fractions of the grid points across mainland India by 
both models. These observations are reflected in Figs. 11 and 
12. With reference to Fig. 1, it appears from these two figures 
that both models produce large underestimations of the 1st 
percentile extremes in the mountainous regions of the north 
and northeast India and considerably large overestimations in 
the north and central Indian plains. Parts of south and west 
India exhibit a relatively small overestimation of the 1st 

percentile extremes by both models. In the case of the 99th 
percentile extremes, both models yield relatively large 
underestimations of Tmax, Tmean and Tmin in the mountainous 
regions of the north and northeast India like those in the case 
of the 1st percentile extremes. For the rest of India, relatively 
small underestimations are produced by EC-Earth3 of 
CMIP6 and relatively small overestimations are produced by 
CMCC-CMS of CMIP5 in simulating the 1st percentile 
extremes of Tmax and Tmean. For the simulation of Tmin by 
EC-Earth3 model, the degree of underestimation of the 99th 
percentile extremes appear as being pronounced over much 
of mainland India with considerable underestimations 
occurring in the mountainous regions of the north and 
northeast. However, when simulated by CMCC-CMS, the 
99th percentile extremes appear as being better simulated than 
EC-Earth3 with relatively small overestimations over much 
of India and considerable underestimations in the 
mountainous regions of the north and northeast India and in 
some patches on the west, south and central India. These 
discernible patterns of simulations of temperature extremes 
by the two GCMs appear as being closely related to the broad 
topographical and climatological features of mainland India. 
Suitable methods of bias correction with reference to 
physiographical characteristics may be devised in future 
studies for reducing errors in estimating temperature 
extremes by GCMs of either of the two CMIP phases at 
different locations of mainland India. 
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Fig. 11. Spatial distribution of % error (+ve for over- and -ve for under-estimation) of the 1st percentile ((a) to (c)) and 99th percentile ((d) to (f)) of Tmax ((a) and 
(d)), Tmean ((b) and (e)) and Tmin ((c) and (f)) by EC-Earth3 of CMIP6.

 

 
Fig. 12. Spatial distributions of % error (+ve for over- and -ve for under-estimation) of the 1st percentile ((a) to (c)) and 99th percentile ((d) to (f)) of Tmax ((a) 

and (d)), Tmean ((b) and (e)) and Tmin ((c) and (f)) by CMCC-CMS of CMIP5. 
 

V. CONCLUSIONS AND RECOMMENDATIONS 

Several important inferences are drawn based on the 
performance of 30 GCMs of CMIP6 and 28 of CMIP5 in 
simulating the maximum (Tmax), mean (Tmean) and minimum 
(Tmin) temperature variables and their extremes at 4964 points 
at 0.25°×0.25° grids covering mainland India (excluding the 
islands).  

The spatial distribution of each of CMIP6 and CMIP5 
associated with a GCM performing best in simulating each of 
Tmax, Tmean and Tmin at each grid point across India revealed 
that the GCMs of each phase yielded a larger spatial coverage 
for one or the other variable over one or the other data-period 

(annual or seasonal). It is therefore concluded that, although 
GCMs of CMIP6 may be expected to perform better than 
those of the earlier phases of development, the GCMs of 
CMIP5 still have value in reproducing the maximum, mean 
and minimum temperature at locations across mainland India. 
Further, the pattern of spatial distribution of the two CMIP 
phases vis-a-vis topography and climatic zones of India, 
indicates the possibility of correspondence of the 
performance of the GCMs of each CMIP phase with 
topographical and climatological features of mainland India, 
and hence the possibility of devising suitable methods of bias 
correction by incorporating physiographical characteristics 
for reducing errors in estimating each of Tmax, Tmean and Tmin at 
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different locations of mainland India by GCMs of either of 
the two CMIP phases. 

From the consideration of spatial averaging, the attainment 
of the best ranks by two GCMs of CMIP6 in individually 
simulating Tmax and Tmean and one GCM of CMIP5 in 
simulating Tmin across all grid points over mainland India 
indicates that models of CMIP5 would be reliable in 
simulating and projecting future values of Tmin. The results of 
aggregating the ranks of each model yielding two models of 
CMIP6 as being the best and second-best, and one model of 
CMIP5 as being the third best with the ranks of the 
second-and third-best models being close also indicates that 
CMIP5 has value comparable to that of CMIP6. 

The pattern of the performance of the best model of each 
CMIP phase, i.e. EC-Earth3 of CMIP6 and CMCC-CMS 
from CMIP5, identified from aggregation of ranks of all 
models in simulating Tmax, Tmean and Tmin also implies that the 
best model of either of the two CMIP phases would be 
applicable for simulating historical data of temperature and 
projecting future impacts of climate change at any location, 
particularly at non-grid-points of India for which 
location-specific studies of climate models may not be 
feasible for identifying a suitable GCM. 

The visual assessment of spatial similarity of the GCMs of 
the both phases from Taylor diagrams show absence of any 
distinct clustering of models of different CMIP phases or a 
large scatter of the models, thereby indicating that the 
statistical characteristics of the GCMs of both CMIP6 and 
CMIP5 are comparable and that CMIP5 models also have 
value in producing reliable estimates of Tmax, Tmean and Tmin in 
simulation and, hence, in future projections. 

In respect of temperature extremes, large fractions of 
grid-points over mainland India are found to be characterized 
by overestimation of the 1st percentile and underestimation of 

the 99th percentile of each of the three temperature variables. 
However, no distinct pattern is found to suggest the 
superiority of one phase on the other in simulating these two 
extremes. From the grid-point level simulation of model 
performance by the best model of each CMIP phase 
identified from the aggregation of ranks, i.e., EC-Earth3 of 
CMIP6 and CMCC-CMS of CMIP5, it is concluded that the 
performance of the models of both CMIP phases in 
simulating the 1st and 99th percentiles are comparable, and 
that some correspondence of the pattern of model 
performance with topographical and climatological features 
is likely. 

In essence, it is concluded that, being developed in the 
latest phase, models of CMIP6 expectedly perform better in 
several cases of simulating Tmax, Tmean, Tmin and temperature 
extremes over mainland India. However, models of CMIP5 
also perform either better than or at par with those of CMIP6 
in some cases. The results of this study clearly indicate that 
CMIP5 models still have value in simulating temperature, 
and, hence, in projecting future impacts under different 
climate change scenarios based on their geographic 
disposition, and the temperature statistic and the annual or 
seasonal data considered, and, hence, in future projections of 
climate impacts at locations across mainland India based on 
their geographic disposition, and the temperature statistic and 
the annual or seasonal data considered. The results of this 
study also indicate the possibility of suitably incorporating 
extraneous parameters related to physiographical 
dispositions of a location for devising efficient methods of 
bias correction in future research towards improving 
performance of climate models in simulating different 
temperature variables.  

APPENDIX 
 

Table A1. Details of the selected GCMs of CMIP5 

Sl. No. Model name Resolution (Long × Lat) Institution 

1 MIROC4h 640×320 
AORI (Atmosphere and Ocean Research Institute), NIES (National Institute for 
Environmental Studies), JAMSTEC (Japan Agency for Marine-Earth Science 

and Technology), Japan 

2 ACCESS1-0 192×145 Commonwealth Scientific and Industrial Research Organisation and Bureau of 
Meteorology, Australia 3 ACCESS1-3 192×145 

4 CMCC-CESM 96×48 

Centro Euro-Mediterraneo per i Cambiamenti, Italy 5 CMCC-CMS 192×96 

6 CMCC-CM 480×240 

7 CNRM-CM5 256×128 Centre National de Recherches Meteorologiques, Meteo-France, France 

8 CSIRO-Mk3-6-0 192×96 
Australian Commonwealth Scientific and Industrial Research Organization, 

Australia 

9 CanESM2 128×64 Canadian Centre for Climate Modelling and Analysis, Canada 

10 EC-EARTH 320×160 EC-Earth (European Earth System Model) 

11 FGOALS-g2 128×60 
Institute of Atmospheric Physics, Chinese Academy of Sciences, China 

12 FGOALS-s2 128×108 

13 GFDL-CM3 144×90 

Geophysical Fluid Dynamics Laboratory, USA 14 GFDL-ESM2G 144×90 

15 GFDL-ESM2M 144×90 

16 IPSL-CM5A-LR 96×96 

Institut Pierre-Simon Laplace, France 17 IPSL-CM5A-MR 144×143 

18 IPSL-CM5B-LR 96×96 

19 MIROC-ESM-CHEM 128×64 AORI (Atmosphere and Ocean Research Institute), NIES (National Institute for 
Environmental Studies), JAMSTEC (Japan Agency for Marine-Earth Science 

and Technology), Japan 
20 MIROC-ESM 128×64 

21 MIROC5 256×128 

22 MPI-ESM-LR 192×96 Max Planck Institute for Meteorology, Germany 
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Sl. No. Model name Resolution (Long × Lat) Institution 

23 MPI-ESM-MR 192×96 

24 MPI-ESM-P 192×96 

25 MRI-CGCM3 320×160 
Meteorological Research Institute, Japan 

26 MRI-ESM1 320×160 

27 NorESM1-M 144×96 Norwegian Climate Centre, Norway 

28 inmcm4 180×120 Institute for Numerical Mathematics, Russia 

 
Table A2. Details of the selected GCMs of CMIP6 

Sl. No. Model name Resolution (Long × Lat) Institution 

1 ACCESS-CM2 192×144 Commonwealth Scientific and Industrial Research Organisation and Australian 
Research Council Centre of Excellence for Climate System Science, Australia 2 ACCESS-ESM1-5 192×145 

3 AWI-CM-1-1-MR 384×192 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, 
Bremerhaven, Germany 

4 BCC-CSM2-MR 320×160 
Beijing Climate Center, China Meteorological Administration, China 

5 BCC-ESM1 128×64 

6 CMCC-CM2-SR5 288×192 Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy 

7 CanESM5 128×64 Canadian Centre for Climate Modelling and Analysis, Canada 

8 EC-Earth3-Veg-LR 512×256 

EC-Earth-Consortium 9 EC-Earth3-Veg-LR 320x160 

10 EC-Earth3 512×256 

11 FGOALS-f3-L 288×180 
Chines Academy of Sciences, China 

12 FGOALS-g3 180×80 

13 GFDL-CM4_gr1 360×180 

Geophysical Fluid Dynamics Laboratory, USA 14 GFDL-CM4_gr2 144×96 

15 GFDL-ESM4 288×180 

16 INM-CM4-8 180×120 
Institute for Numerical Mathematics, Russia 

17 INM-CM5-0 180×120 

18 IPSL-CM6A-LR 144×143 Institut Pierre-Simon Laplace, France 

19 MIROC6 256×128 JAMSTEC, AORI, NIES, R-CCS, Japan 

20 MPI-ESM-1-2-HAM 192×96 HAMMOZ-Consortium 

21 MPI-ESM1-2-HR 384×192 
Max Planck Institute for Meteorology, Germany 

22 MPI-ESM1-2-LR 192×96 

23 MRI-ESM2-0 320×160 Meteorological Research Institute, Japan 

24 NESM3 192×96 Nanjing University of Information Science and Technology, China 

25 NorCMP1 144×96 
NorESM climate modeling Consortium of CICERO, MET-Norway, NERSC, 
NILU, UiB, UiO and UNI, Norway 

26 NorESM2-LM 144×96 

27 NorESM2-MM 288×192 

28 SAM0-UNICON 288×192 Seoul National University, Korea 

29 TaiESM1 288×192 Research Center for Environmental Changes, Academia Sinica, Taiwan 

30 AWI-CM-1-1-LR 192×96 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, 
Bremerhaven, Germany 
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