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Abstract
This study demonstrated the influence of downscaling using the regional climate model (RCM) driven by Era-Interim rea-
nalysis (EIN) in simulating different aspects of the Indian summer monsoon (ISM). It is also examined, whether increasing 
the horizontal resolution of RCM will inevitably be capable of adding more information to ISM characteristics and its spatio-
temporal variability. In this regard, two RCM (at 50 km:  Reg50 and 25 km:  Reg25) simulations were conducted for six years 
from 2000 to 2005 for the South Asia Coordinated Regional Downscaling Experiment (CORDEX) domain. The added value 
(AV) is found to be strongly dependent on region and considered metrics. A slight improvement towards increasing spatial 
resolution is observed in the simulation of the mean ISM characteristics, while considerable improvements are noticed for 
the frequency distribution of extremes. The notable improvement in the daily climatology of precipitation is observed over 
the region of northeast India (~ 35%) and the Hilly region (~ 32%) and the lowest improvement over north-central India 
(~ 8%). The reduction of anomalously strong northeasterly flow over the southeastern Arabian Sea and strengthening of the 
moisture leaden southeasterly wind flow from the Bay of Bengal in  Reg25 compared to  Reg50 is consistent with the reduction 
of dry bias over India in  Reg25. The robust improvements are noticed for the heavy precipitation events (probability density 
function: PDF tails) and mean precipitation due to extreme precipitation events, particularly over the areas characterized 
by complex topographical features (e.g., the Western Ghats, Indo-Gangetic plains, and northeast India and Hilly regions) 
as well as over the areas having substantial bias (e.g., central India), indicating its strong sensitivity towards model reso-
lution. The increasing latent heat flux in  Reg25 contributes to increasing the moisture and hence rainfall over India. Both 
simulations apparently simulate many of the ISM characteristics better than the EIN, thereby emphasizing the usefulness 
of finer resolutions in the better simulation of the Indian monsoon, especially for heavy rainfall. However, the RegCM bias 
is comparable to or even greater in some places than the EIN bias. This suggests that high-resolution models are important 
for improving performance; however, it does not necessarily mean that they can have AV for every aspect and all places. 
Apart from this, the substantial difference in the AV over different regions or aspects highlights the importance of carefully 
selecting AV matrices for the different areas and characteristics being investigated. RegCM exhibits some systematic biases 
in precipitation despite substantial improvement due to misrepresentation of dynamical and thermodynamical processes, 
including northward and eastward propagating convective bands.
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1 Introduction

India receives approximately 80% of its annual rainfall dur-
ing the summer monsoon season [June–September: JJAS] 
(Gadgil et al. 2004) associated with the Indian summer 
monsoon (ISM), while the winter monsoon season provides 
only 10–12% of the annual rainfall (Jena et al. 2016). The 
Indian summer monsoon rainfall (ISMR) has a profound 
impact on regulating the climate of the regions. In addition, 

 * Alok Kumar Mishra 
 alokmishra006@gmail.com

1 K Banerjee Centre of Atmospheric and Ocean Studies, 
University of Allahabad, Prayagraj 211002, Uttar Pradesh, 
India

2 Volcani Institute, Agricultural Research Organization, 
Rishon LeZion, Israel

3 Department of Earth and Environmental Sciences, Indian 
Institute of Science Education and Research Bhopal, Bhopal, 
India

http://orcid.org/0000-0002-1718-0437
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-022-06424-9&domain=pdf


1926 A. K. Mishra et al.

1 3

it significantly influences the agricultural sector, water 
management, and power plant and consequently affects the 
lives of billions of people (Goswami et al. 2006; Turner and 
Annamalai 2012; Dwivedi et al. 2015) and hence the econ-
omy of the country (Gadgil and Gadgil 2006; Turner and 
Annamalai, 2012). The extreme events during summer mon-
soon are known to have high social, economic, and ecologi-
cal impacts (Peterson et al. 2014; York 2018). However, the 
prediction of the ISMR extremes and their changing char-
acteristics under global warming has remained challenging.

The significant advancement in the global climate models 
(GCM) in recent decades has led to improvement in the skill 
of GCM in simulating the large-scale circulation and distri-
bution of ISMR to a reasonable extent; however, they still 
have a deficiency in capturing the regional scale features as 
well as dynamical and thermodynamical processes (Turner 
and Annamalai 2012). It is partly due to the coarser resolu-
tion of GCM that is not sufficient to resolve the local scale 
features (e.g., local orography, land-sea contrast, and small-
scale atmospheric features) of a particular region, especially 
over the complex region like the Indian subcontinent (Kri-
palani et al. 2007; Jacob et al. 2012; Kumar et al. 2013; 
Mishra et al. 2020b). Thus, GCM at such coarse resolution 
can be suitable for investigating large-scale processes but not 
for fine-scale features of ISM. GCMs also had a lack of skills 
in representing important physical processes like regional 
scale convection, advection, moisture transport, orographic 
drag, and associated land-surface feedback (Saha et al. 2011; 
Sabeerali et al. 2015; Maharana et al. 2019; Kumar et al. 
2020; Mishra et al. 2020a, b). This further limits their use for 
assessing local climate variability or extreme events (Aldrian 
et al. 2004). This necessitates increasing GCM resolution to 
a level that can resolve the Indian region's complex topog-
raphy. However, high-resolution GCM simulations are not 
feasible for long periods with limited computer resources.

To this end, high-resolution RCMs have added value in 
resolving the coastlines and topography (Denis et al. 2003; 
Lucas-Picher et al. 2011; Kumar et al. 2013, 2020; Choud-
hary et al. 2019; Bhatla et al. 2020). Numerous efforts have 
been made to simulate ISMR using RegCM driven by rea-
nalysis over the Indian subcontinents (Srinivas et al. 2013; 
Dash et al. 2013; Umakanth et al. 2016; Pattnayak et al. 
2018; Devanand et al. 2018; Ajay et al. 2019; Bhate and 
Kesarkar 2019; Maharana et al. 2019; Kumar and Dimri 
2020; Kumar et al. 2020; Mishra et al. 2020a, b; Mishra 
and Dubey 2021; Agrawal et al. 2021; Mishra et al. 2022b). 
The above studies indicate that the RCMs prove themselves 
to have more capability than the global climate models in 
simulating the mean ISMR and its variability. Some recent 
studies noted that RCM’s performance is greatly affected by 
the inclusion of aerosol components. Aerosol direct radiative 
effects (Das et al. 2020a) as well as their interaction with 
snow over the Himalayas-Tibetan Plateau (Das et al. 2020b, 

2022), could influence the dynamics of the Indian summer 
monsoon. Several studies have suggested that the model’s 
horizontal resolution is an important factor in improving the 
skill of the RCMs (Bhaskaran et al. 2012; Karmacharya et al. 
2017; Maurya et al. 2018, 2020; Sinha et al. 2019).

With the discussion mentioned above, one might expect 
improved fields when downscaled. In principle, a higher res-
olution should improve the performance by better resolving 
the capability of complex topography and coastlines. Vari-
ous studies have demonstrated the skill of RCMs over dif-
ferent regions and compared their performance with GCMs 
to see the added value of RCMs over GCMs (Feser et al. 
2011; Glotter et al. 2014; Torma et al. 2015) and reported 
substantial improvements for most regions, with some 
exceptions during different seasons. The study by Anand 
et al. (2018) and Jayasankar et al. (2021) demonstrated the 
advantage of high-resolution RCM simulation driven by 
the global coupled models CMIP5 that might be affected 
by the existing bias in the parent models. Choudhary et al. 
(2019) noted the added value of RCMs for ISM charac-
teristics, including onset; however, it varies spatially and 
particular characteristics. Karmacharya et al. (2017) also 
reported improved performance of RCMs in simulating the 
ISM. Sanjay et al. (2017) found that the improvement due to 
downscaling strongly depends on driving GCMs and RCMs 
used for downscaling and does not always improve the sea-
sonal mean. A more considerable improvement is expected 
for the driving GCMs having more considerable biases. On 
the contrary, some studies did not find any advantage of 
using RCMs over GCMs. Mishra et al. (2014) made an effort 
to assess the comparative performance of RCMs (ensem-
ble of RCMs) over CORDEX-SA with corresponding par-
ent GCMs and reported no significant added value of using 
RCMs over GCMs. Simlarly, Singh et al. (2017) also did not 
find added value in RCM simulations instead ISM features 
have deteriorated compared to the host GCM.

The performance of RCMs in simulating the mean ISMR 
and heavy rainfall activities is reported to be improved 
with the increasing model horizontal resolution (Cherchi 
and Navarra 2007; Chan et al. 2013; Johnson et al. 2016; 
Maurya et al. 2018), which can help to explore the spatial 
distribution of heavy rainfall activity at a high resolution. 
Maurya et al. (2018) performed several sensitivity experi-
ments to demonstrate the advantage of high resolution. 
Their study found improving performance for mean mon-
soon precipitation with increasing resolution to a specific 
limit, highest performance with 40 km horizontal resolu-
tion and further increasing resolution does not show any 
improvement, and even degradation is noticed. However, 
their study demonstrated only for some aspects of monsoon 
(mostly mean only) and used limited indices of added value. 
These large differences in the finding of the different studies 
raised the question about the efficiency of high-resolution 
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RCMs compared to driving GCMs/reanalysis and increased 
the debates on the benefit or improvement of RCMs over 
the GCMs. Although the use of different indices of added 
value demonstration, deferent aspects, and consideration of 
different regions for averaging (for example, different lati-
tudes and longitudes have been considered to represent cen-
tral India) also affect the finding substantially. Along these 
lines, a study by Kumar et al. 2020 reported the considerable 
dependency of added value on the region and the metric 
under consideration.

It is reported in the various studies that the bias present in 
large-scale circulation of driven GCMs is carried forward in 
the RCMs (Torma et al. 2015). Feser et al. (2011) reported 
that the added value varies spatiotemporally and with the 
specific field. A comprehensive assessment of added value 
for the ISM characteristics is limited. Moreover, accessing 
the added value of downscaled fields over parent reanalyses 
or GCMs remains a subject of debate (Di Luca et al. 2013, 
2015; Torma et al. 2015; Giorgi and Gutowski 2016) due 
to the contrasting nature of the findings in different studies. 
The importance of quantitative added value has been given 
severe weight recently. These facts motivated us to take the 
present problem to examine whether the increasing horizon-
tal resolution of the regional climate model does inevita-
bly capable of adding value by the considerably substantial 
number of added values indices and evaluated for different 
subregions of India quantitatively. This study is arranged as 
follows: Sect. 2 deals with the model description, experi-
ment design, and manifold validation/added value measures. 
Section 3 illustrates the results and discussion. Conclusions 
are stated in Sect. 4 of the manuscript.

2  Experimental framework 
and methodology

2.1  Model setup

This study employed the regional climate model (RegCM) 
version 4.5 (RegCM4.5) (Elguindi et al. 2014) to elucidate 
the advantage of downscaling and investigate the usefulness 
of increasing horizontal resolution in simulating the mean 
and extreme rainfall over India. The model is integrated 
at two horizontal resolutions (50 km and 25 km; hereafter 
referred to as Reg50 and Reg25) for South Asia Coordinated 
Regional Climate Downscaling Experiment (CORDEX-SA) 
(Giorgi et al. 2009) domain [22° S–50° N; 10° E–130° E] 
(Fig. 1). We use the time steps of 90 s and 30 s for car-
rying out Reg50 and Reg25. The Biosphere–Atmosphere 
Transfer (BATS) scheme (Dickinson et al. 1993) and radia-
tive transfer scheme of the global model CCM3 (Kiehl 
et  al. 1996) are adopted for land-surface processes and 
radiative transfer calculations, respectively. The planetary 

boundary layer (PBL) is parameterized with the Holtslag 
scheme (Holtslag et al. 1990). We have employed the sub-
grid explicit moisture scheme of Pal et al. (2000). A mixed 
convection scheme (MIT over land and Grell over the ocean) 
based on the previous study (Mishra and Dwivedi 2019) 
provides a detailed description of the setup used in this 
study. The 6-hourly varying fields derived from European 
Center for Medium-Range Weather Forecasting (ECMWF) 
ERA-Interim reanalysis (EIN) (Dee et al. 2011) are used as 
initial and lateral boundary conditions for the model run. 
The weekly sea surface temperature (SST) data are extracted 
from the National Oceanic and Atmospheric Administra-
tion (NOAA) at 1.0° × 1.0° horizontal resolution (Reynolds 
et al. 2002). The land use data and terrain heights are gen-
erated from the United States Geographical Survey at 30 s 
resolution. The analysis is performed using simulated data 
from 1 January 1999 to 31 December 2005, excluding spin-
up time. This short period consists of two El Niño events 
(2002, 2004), two La Niña events (2000, 2005), and a nor-
mal year (2000), allowing us to assess the model’s behavior 
(sensitivity towards horizontal resolution) for all cases. The 
selection of a particular set of physics schemes is based on 
several short sensitivity tests using the same model version 
(RegCM4.5), which is a very complex, time-consuming, and 
resource-intensive task to select a configuration that ubiqui-
tously shows the best performance. We found that different 
schemes offer varying performances over different regions 
and seasons and selected the best performing schemes 
(Mishra and Dwivedi, 2019). Using the best-performing 
scheme, this study presented the assessment of a five years 
simulation to demonstrate the impact of horizontal resolu-
tion on Indian monsoon characteristics. Although five years 
is not a long simulation time to produce robust statistics, 
however, it allows us for the preliminary demonstration of 
the possible impact of horizontal resolution.

2.2  Observational data set used

Daily gridded high resolution 0.25° × 0.25° precipitation 
dataset obtained from the Indian Meteorological Department 
(IMD) is used to compare model precipitation. The high-
resolution 0.25° gridded data developed by Pai et al. (2014) 
is very useful for the high-resolution structure of specific 
mesoscale events (extreme precipitation events). These data 
have been used previously in many studies (Kumari et al. 
2022 and references therein). Apart from this, the precipi-
tation wind at 850 hPa and 200 hPa and temperature were 
obtained from the most recent ECMWF reanalysis product 
(ERA5) to demonstrate the model skill for respective param-
eters. This ERA5 data is available at 31 km horizontal reso-
lution, and various studies reported its good skill equivalent 
to observational datasets (Mahto and Mishra 2019; Kumari 
et al. 2022).
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2.3  Methodology

Various indices of validation/added value measures such 
as biases in the mean, the standard deviation, root mean 
square error (RMSE), spatial and temporal correlation, 
skill score, percentage improvement, probability distribu-
tion function (PDF), Kolmogorov Smirnov (K–S) distance 
are adopted. The indices used in this study are described 
in the subsequent section:

Mean fields: The mean fields are computed using the 
following formula:

where f represents fields from the model, observation, or 
reanalysis for which the mean needs to be computed. f − rep-
resents the mean value of the fields over time, and n repre-
sents the number of days. This study focuses on the summer 

(1)f − =
1

n

n∑

i=1

fi

monsoon season (122 days) over a period of six years, yield-
ing the total number of days (n) equal to 122 × 6 days.

Skill Score (SS): We adopted a metric based on simu-
lated Root Mean Square Error (RMSE) and Standard Devia-
tion (SD), which have been used in earlier studies (Srivas-
tava et al. 2016, 2018; Dwivedi et al. 2018; Suneet et al. 
2019). These metrics are computed for daily precipitation 
during the JJAS for the study period of 6 years (122*6 days).

For perfect simulation, the RMSE of simulated fields 
should be less than the SD of observation, or the skill score 
should be less than one; however, perfect ISMR simulation 
is very challenging. Thus the lower value of the skill score 
can be considered as a better skill of the model.

where  RMSEsim  and  SDObs represents RMSE in simulated 
fields and observed SD in corresponding fields.

(2)Skill Score (SS) =
RMSEsim

SDObs

Fig. 1  Topography for the 
South Asia CORDEX region 
at the two resolutions investi-
gated in this study: (top) 50 km 
and (bottom) 25 km. Units are 
in meters. The text inside the 
Indian land region shows the 
six Indian homogeneous rainfall 
zones
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Added value or percentage improvement (AV): In this 
study, AV is considered as the percentage improvement in 
RMSE, which is computed as follows:

where RMSEReg50 and RMSEReg25 represent the root mean 
square error in  Reg50 and  Reg25 simulations.

Probability density function (PDF): PDF is one of the 
important indices to quantify the added values of a given 
variable that describes the complete characteristics of the 
variable based on the overall distribution of daily precipita-
tion intensity (Torma et al. 2015).

Kolmogorov–Smirnov (K-S) distance:The Kolmogo-
rov–Smirnov (K-S) distance (Shahi et al. 2022; Chakravarty 
et al. 1967) is one of the quantitative metrics used to measure 
the goodness of fit test. It computes the maximum vertical 
absolute difference between two empirical cumulative dis-
tribution functions and shows how well a model reproduces 
observed PDFs (ECDFs). It can range from zero (perfect 
overlap between the model and observation distributions) 
to one (no overlap between the two distributions). It is com-
puted as follows:

where F and G are the two ECDFs, and suprt represents the 
supremum function (Chakravarti et al. 1967; Torma et al. 
2015).

Northward and Eastward propagation convective 
bands: The nature of Intraseasonal oscillation (ISO) plays a 
critical role in the prediction of monsoonal rainfall (Sperber 
and Annamalai 2008). ISOs during the south Asian monsoon 
are tightly linked with northward propagating convective 
bands that evolve from the equatorial Indian Ocean (EIO) 
and are regulated by the atmospheric conditions over cen-
tral India (CI). The interaction between large-scale circula-
tion and organized convection further modulates the march 
of convective bands (Karmakar and Krishnamurti 2019). 
Therefore, it is worth diagnosing the model’s capability 
in simulating northward-convective bands and associated 
mechanisms. We estimated the northward and eastward 
propagation of the convective band following a similar 
approach of Sabeerali et al. 2013; Di Sante et al. 2019; 
Mishra et al. 2021). In this regard, the 20–100 day bandpass 
filtered precipitation anomalies are regressed for each grid 
against a reference time series. For northward propagation, 
the reference time series is computed as the average of the 
20–100 day bandpass filtered precipitation over the region 
12° N–22° N and 70° E–90° E, and lag-latitude diagrams are 
represented for averaged longitude of 70° E–95° E. Simi-
larly, for eastward propagation, a lag-longitude diagram is 
represented for average latitude over 5° S–5° N considering 

(3)AV =
RMSEReg50 − RMSEReg25

RMSEReg50

× 100

(4)dKS (F,G) = suprt ∈ R|F ( G) − G (t )|

20–100 day bandpass precipitation anomalies averaged over 
the region 10° S–5° N and 75° E–100° E as reference time.

Atmospheric Stability: We adopted a metric based on 
the difference of air temperature (ΔAT) in the mid-tropo-
sphere (700 hPa) and lower atmosphere (925 hPa) to com-
pute the atmospheric stability, which has been used previ-
ously by Pandey et al. (2020).

where  AT700 and  AT925 represent the air temperature at 
700 hPa and 925 hPa.

Vertical shear of zonal wind (VSZW): We follow the 
conventional definition of vertical shear as the difference 
between lower and upper-level wind, which is mathemati-
cally expressed as follows:

where U850 and U 200 are the zonal wind at 850 hPa, and 
200 hPa.

3  Result and discussion

3.1  Skill and impact assessments

We began our analysis with the evaluation of the simulation 
performed by RegCM against the parent-driven reanalysis 
for the mean state of monsoon characteristics such as pre-
cipitation, temperature, and circulation. Additionally, the 
impact of increasing horizontal is also accessed. Figure 2 
represents the JJAS mean precipitation (upper panel) along 
with the difference map (lower panel) from RegCM simula-
tion  (Reg50 and  Reg25), EIN, and corresponding observation 
from IMD (Unnikrishnan et al. 2013). It is noticed that IMD 
shows strong spatial variability, with extremely high rainfall 
in northeast India at the Himalayan foothills and on the west 
coast at the windward side of the Western Ghats, while defi-
cient rainfall in the North-Western region at Rajasthan. EIN 
shows comparatively very less spatial variability of precipi-
tation, and RegCM significantly increases this spatial vari-
ability. The improvement in the simulation of spatial features 
of precipitation distribution is seen in  Reg50, which further 
improves towards increasing the resolution  (Reg25). Interest-
ingly it is observed that precipitation not only increases with 
higher resolution simulations but suppression of precipita-
tion is also noticed over some places, which is in contrast to 
earlier studies that have reported only increased precipitation 
with higher resolution simulations over most parts of India 
(Leung and Qian 2003; Bhaskaran et al. 2012; Sinha et al. 
2013). The precipitation over the NEI (Western Ghats; WG 
and Indo-Gangetic plain; IGP) was highly overestimated 
(underestimated) in the parent reanalysis, and  Reg50 tends 

(5)Ast = AT700 − AT925

(6)VSZW = U850 − U200
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to decrease(increase) the precipitation over NEI(WG, IGP). 
The EIN shows a significant amount of precipitation over 
Central India (CI), which is reduced in  Reg50 and further 
increases with increasing the resolution  (Reg25). Overall, the 
bias decreases notably over most Indian land regions except 
the southern peninsular region in Reg25 compared to Reg50.

The spatial distribution also seems to be well represented 
by the RegCM, which shows a higher precipitation amount 
in JJAS than their driving reanalysis. We also noticed further 
improvement by increasing the horizontal resolution. How-
ever, there are large areas where the RegCM bias is found to 
be similar to or larger than the bias present in EIN.

Further, simulation skills are estimated for the temporal 
evolution (intraseasonal) of precipitation over the Indian 
homogeneous region of rainfall (IHRR) (Parthsarathy 
1995; Mishra et al. 2020b) by computing various statistical 
metrics (for example, root mean square error; RMSE and 
standard deviation (SD), skill score (SS) and the results 
are summarized in Table 1. The model shows reasonable 
performance over most subregions in simulating the intra-
seasonal variability. However, we observe large variability 
in model performance over different subregions of India. 
The model generally shows the highest RMSE over NEI, 
which is attributed to the model’s deficiency in resolving 
the complex topography. Additionally, the sparse network 
of IMD rain gauge stations over these regions might also 

produce considerable uncertainty in measurements. The 
skill score is closer to one over NWI, CNI, and WCI, indi-
cating good performance in these regions. Interestingly, 
the increasing resolution boosts the performance of over-
all subregions with a varying magnitude of improvement. 
The highest reduction of RMSE is noticed over NEI. The 
skill score over NEI is 1.85 in  Reg50. It is reduced to 1.1 
in  Reg25, indicating the sensitiveness of horizontal reso-
lution and highlighting the necessity of high-resolution 
regional climate modeling over these regions. To make 
results more prospective, quantitative AV estimates (per-
centage improvements) for  Reg25 relative to  Reg50 using 

Fig. 2  The JJAS mean precipitation (upper panel) along with the bias (lower panel) from RegCM simulation  (Reg50 and  Reg25), EIN with 
respect to corresponding observation from Indian Meteorological Department (IMD)

Table 1  Statistical evaluation (RMSE and skill score; SS) of  Reg50 
and  Reg25 simulated intraseasonal (JJAS daily fields of all years; 
122*6) precipitation and added value (AV)

Regions RMSE SS AV(in %)

Reg50 Reg25 Reg50 Reg25

CNI 6.8 6.25 1.25 1.15 8%
NEI 11.73 7.56 1.85 1.19 35.54%
NWI 5.65 5.16 1.11 1.01 8.67%
WCI 8.67 7.16 2.47 2.04 17.42%
SPI 7.45 6.43 1.2 1.04 13.69%
HR 8.59 5.80 2.09 1.41 32.47%
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Eq. (3) are carried out, and the results are summarised in 
Table 1. Table 1 again confirms the highest improvement 
over the complex topographic region of NEI (~ 55%) and 
HR (~ 48%) and the lowest improvement over CNI (~ 9%).

Figure 3 shows the surface temperature (upper panel) 
along with the difference map (lower panel) from RegCM 
simulation  (Reg50 and  Reg25), EIN, and corresponding 
observation from the climate research unit (CRU) (Harris 
et al. 2014). The figure shows that both RegCM simula-
tions  (Reg50 and  Reg25) can reproduce the spatial distribu-
tion, consistent with their driving reanalysis. The model is 
able to distinguish the regions of low and high tempera-
tures clearly. Temperature increases northward from south-
ern India (SI) to northern India (NI). The highest tem-
perature is noticed over North-West India (NWI) around 
Rajasthan, and the lowest temperature is over Tibetan 
Plateau (TP). EIN shows a large cold bias (> 10 °C) over 
Tibetan Plateau and a slightly warm/cold bias SI/along 
the Indo-Gangetic plain. RegCM simulations also show 
the cold bias over most parts of India; however, the mag-
nitude of the bias is considerably reduced in RegCM sim-
ulation. Further improvement in temperature is noticed 
with increasing horizontal resolution from 50 to 25 km 
(temperature is increased with increasing resolution over 
most of India except small patches), consistent with the 
improvement in precipitation.

To gain further insight into the differences in mean pre-
cipitation bias, we investigate the evolution of climatologi-
cal daily precipitation for a fraction of total precipitation 
due to low (< 5 mm) and high (> 20 mm) intensity precipi-
tation for the monsoon season (JJAS) area-averaged over 
the region CI  [69o E–88o E;  18o N–28o N] (Rajeevan et al. 
2010) which is core monsoon zone of India represented in 
Fig. 4. From the figure, it can be observed that  Reg50 and 
 Reg25 show quite similar seasonal evolution and intensity 
for a fraction of total precipitation due to low-intensity 
precipitation. This shows that the process of generation 
of low-intensity precipitation is likely to be similar.  Reg50 
and  Reg25 both tend to overestimate the low-intensity pre-
cipitation, which further increases with increasing reso-
lution. It may be due to the triggering mechanism of the 
convective parameterization, which indicates that down-
scaling or increasing resolution cannot be expected to be 
better in every aspect. This is also consistent with the study 
by White et al. 1999 that reported coarse resolution was 
more skillful for lighter precipitation while high resolution 
performed well for heavier precipitation. It demands the 
tuning of cumulus parameterization rather than increasing 
resolution to make simulations of low-intensity precipita-
tion better.  Reg50 underestimates the high-intensity pre-
cipitation associated with mesoscale convective systems; 
however, this underestimation is considerably reduced in 

Fig. 3  The surface temperature (upper panel) along with the bias (lower panel) from RegCM simulation  (Reg50 and  Reg25), EIN with respect to 
corresponding observation from the climate research unit (CRU)
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 Reg25. The improvement in simulating the seasonal evo-
lution for the high-intensity precipitation in  Reg25 may 
be due to the better capability to resolve the mesoscale 
process towards increasing resolution. We also observed 
that high-intensity precipitation's contribution is dominant 
in total precipitation.  Reg25 shows better performance in 
simulating the total precipitation throughout the monsoon 
season.

R95 is one of the extreme precipitation measures which is 
the fraction of precipitation (the 95th percentile of precipita-
tion) accounted for events above the 95th percentile (R95) 
(Alexander et al. 2006; Torma et al. 2015; Miao et al. 2015). 
We computed the R95 for  Reg50,  Reg25, EIN, and IMD on 
every grid over India for JJAS during 2000–2005. Figures 5 
show the map of R95 for  Reg50,  Reg25, EIN, and IMD. A 
considerable spatial variation of R95 is noticed in IMD. The 

Fig. 4  Daily climatology of precipitation for the fraction of total pre-
cipitation due to low-intensity precipitation (< 5  mm) (upper panel) 
and high (> 20 mm) intensity precipitation (middle panel), and Total 

precipitation (bottom panel) for the monsoon season (JJAS) area-
averaged over the region CI [69° E–88° E; 18° N–28° N] for Reg50, 
Reg25, and IMD
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NEI, IGP, and CI show a large value of R95; WG shows a 
very large value of R95, while SI, NWI, and northern India 
show a lower value of R95. EIN highly underestimated the 
R95 value over WG and slightly underestimated over CI, 
while a slight overestimation is noticed over NEI. Both 
 Reg50 and  Reg25 reasonably capture the spatial variation of 
R95. Both  Reg50 and  Reg25 show a reasonable improvement 
in the representation of the R95 value in comparison to EIN. 
In contrast to EIN, RegCM showed a higher value of R95 
over WG and became closer to observation. In contrast to 
observation, RegCM  (Reg50) tends to reduce the R95 over 
CI; however,  Reg25 shows consistent improvement in mag-
nitude as well as spatial variability of R95 over India. The 
extreme precipitation increases with increasing the resolu-
tion over Western Ghat, Central India, and Gangetic plains 
while reducing over some parts of North-East India. This 

improvement in extreme precipitation with increasing reso-
lution may be related to correctly resolving regional-scale 
features (mesoscale characteristics) of the region in  Reg25 
compared to  Reg50.

Apart from this, we also investigated the added value 
of downscaling as well as increasing resolution in terms 
of precipitation intensity. The PDFs of daily precipita-
tion intensities are computed using daily data from EIN, 
 Reg50,  Reg25, and IMD over the Indian land region for the 
summer monsoon season. Figure 6 presents the PDFs for 
both simulations and EIN, along with the corresponding 
observed values. Figure 6a reveals the significant differences 
in the PDFs tails between observation, parent reanalysis, 
and simulations. IMD shows occurrences up to 600 mm/
day. In comparison to observation, EIN has considerably 
underestimated strong extreme occurrences (PDF tails; 

Fig. 5  R95 for  Reg50,  Reg25, and EIN as well as for IMD on every grid over India for JJAS during 2000–2005
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only up to 225 mm/day), ~ 3 times fewer than observation 
over the core monsoon zone. Despite having such a vast 
disparity in the driven EIN, especially for the extremes, both 
simulations indicate substantially good performance. The 
intense extreme events increase with downscaling and fur-
ther with increasing resolution and become closer to obser-
vation than coarser resolution.  Reg50 captured the events 
of intensity nearly up to 300. Interestingly, Reg25 shows 
a good resemblance to observation in simulating the PDF 
tails. The consistent increase of events intensity indicates 
the possible improvements in the performance with further 
increasing the resolution. The Indian land region consists of 
complex topographical regions ranging from the lowlands 
to the mountainous areas. It would be worth diagnosing 
the model’s strengths and weaknesses and added value in 

simulating the fields over regions of different topographic 
forcings. We computed the PDFs for the lowlands and moun-
tainous regions in this regard. The regions of landmass hav-
ing altitudes > 0 and < 1000 m are considered as lowlands, 
while regions with altitudes > 1000 m are considered as 
mountainous regions. From Fig. 6b&c, it can be noticed that 
downscaling shows substantially improved performance over 
most of the regions; however, further increasing resolution 
does not show any clear improvement or even degradation of 
performance is observed for the low land area. The increas-
ing resolution shows the robust improvements for the PDFs 
of daily mean precipitation over strong orographic forcing 
mountainous regions, in particular the low as well as mod-
erate-intensity rainfall. However, the notable overestimation 
with respect to IMD is still observed in both simulations, 
particularly for PDF tails. However, both simulations are in 
good resemblance to the parent reanalysis. It indicates that 
overestimation in RegCM simulations might be partly due to 
the sparse network data station of the observation and partly 
due to the model’s resolution still not being sufficient to 
resolve the mesoscale/ smaller-scale processes. It indicates 
that simulating climate over complex mountainous region 
plateau is still a challenge for the high-resolution models and 
demands to improve the complex interactions and formulate 
model’s processes (such as convective parameterizations) 
that seem to become more important.

To make the results more perspective on the regional 
scale, we examine the model’s comparative performance and 
assess the impact of increasing resolution for six homog-
enous regions (Fig. 7). From the figure, it can be noticed 
that downscaling shows improved performance compared 
to parent reanalysis for most of the homogeneous regions. 
However, the increasing resolution shows improvements 
over some regions while performance is found to degrade 
in other regions. For example, over CNI,  Reg50 performs 
better in reproducing the low and moderate-intensity precipi-
tation, while the highest intensity precipitation is observed 
in the  Reg50 (~ 500 mm) while the  Reg25 produces relatively 
more intense precipitation closer to observation. Over WCI, 
NEI, and HR,  Reg25 was found to be performed better than 
 Reg50 for the precipitation of all intensities, with the high-
est improvement for PDF tails over the WCI and NEI. For 
NWI, no notable improvement is observed in reproducing 
the precipitation of all intensity, and  Reg50 shows better per-
formance than  Reg25 over NWI.

For more quantitative analysis, we have also computed 
the point-wise K-S distance between the simulated and 
observed empirical cumulative distribution functions 
(ECDFs) of the daily precipitation (Fig. 8). The figure 
reveals the mixed pattern (positive/negative) of the added 
value of increasing resolution. It can be noticed that the 
K-S distance is higher in  Reg50 than  Reg25 for the com-
plex orography of the forcing region of northeast India, 

Fig. 6  PDFs of daily precipitation intensities (mm) from EIN,  Reg50, 
 Reg25, and IMD for the summer monsoon season (JJAS) over a whole 
India, b for the lowland region of India and c mountainous region of 
India
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the Western Ghats, and the mountainous regions of north 
India. In contrast, the distance is comparable or even lower 
over Central India in Reg50, indicating that  Reg25 is per-
forming better than Reg50 for complex orography of the 
forcing region of northeast India, the Western Ghats, and 
the mountainous regions of north India while worsening 
performance is noticed over most of central India.

The aforementioned discussions of skill assessments 
with different metrics such as the mean bias, RMSE, corre-
lation, skill score, PDF, K-S distance, and different aspects 
such as mean precipitation, spatiotemporal variability, 
precipitation of various intensities, extremes precipita-
tion reveals a notable difference in the AV over different 
regions or aspects, indicating the fact that added value 
matrices must be chosen with care for the different regions 
and characteristics being investigated.

3.2  Physical mechanism

Large‐scale dynamics, together with stability, are critical for 
organized convection over the region and hence activating 
monsoon rainfall. The lower-level circulation pattern and 
intensity, especially the Low-level Jet (LLJ), which is the 
most important dynamic feature over the Indian subcontinent 
and adjoining oceans, strongly influenced the ISMR (Joseph 
and Raman 1965; Findlater 1970). Therefore it is worthwhile 
to investigate AV of increasing resolution in simulating the 
LLJ. We have shown lower level circulation (winds at 850) 
for  Reg50,  Reg25, EIN, and ERA5 in Fig. 9. The figure shows 
that the simulated spatial distribution LLJ is consistent with 
ERA5 and parent reanalysis EIN; however, the pattern of 
cross-equatorial flow is significantly improved with increas-
ing resolution. In general, the strength of cross-equatorial is 

Fig. 7  PDFs of daily precipitation intensities from EIN,  Reg50,  Reg25, and IMD for the summer monsoon season (JJAS) over a CNI,  b WCI, c 
NEI, d SPI, e HR, f NWI
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weeker in both simulations compared to ERA5. This is pos-
sibly attributed to the weaker strength in the parent reanaly-
sis. The ERA5-driven simulation may improve the simulated 
wind strength and hence precipitation.

Difference maps depict anomalously strong northeasterly 
flow over the South-East Arabian Sea (SEAS) in both  Reg50, 
and  Reg25, which weakens the strength of cross-equatorial 

flow and hence the moisture availability reduces the pre-
cipitation over India. However, the strength of this anoma-
lous northeasterly flow is slightly reduced in  Reg25, which 
is consistent with the reduction of dry bias over India in 
 Reg25. The wet bias over southern India is consistent with 
the southerly flow from the Indian Ocean to SI, which 
increases the moisture for precipitation and produces wet 

Fig. 8  Kolmogorov–Smirnov (KS) distance for Reg50 (left panel) and Reg25 (right panel)

Fig. 9  JJAS mean lower level circulation (winds at 850 hPa) during 
JJAS for  Reg50,  Reg25, EIN and ERA5 (upper panel). The difference 
of  Reg50,  Reg25, and EIN with respect to ERA5 is shown in the lower 

panel. The vectors show direction while shading represents the mag-
nitude of wind speed (in m/sec)
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bias over SI.  Reg50 shows strong northwesterly flow over 
northern India, weakening the moisture-laden southeasterly 
wind flow from the Bay of Bengal (BoB) and bypassing the 
moisture from northern India toward China. In contrast to 
 Reg50, the weakening of northwesterly flow over northern 
India in  Reg25 favors strengthening of the moisture-laden 
southeasterly wind flow from the Bay of Bengal (BoB), 
which is consistent with its reduced dry precipitation bias 
over CI compared to  Reg50. The difference map of  Reg50 and 
 Reg25 shows anomalous northwesterly/southerly flow over 
the NI/BoB, leading to the reduction of moisture influx over 
the CI from the NI and BoB in  Reg50 compared to  Reg25. 
The improvement in precipitation is found to be intercon-
nected with the corresponding circulation improvements 
in  Reg25 relative to  Reg50. Further, we observed fine-scale 
regional differences in low-level circulation in the  Reg25 and 
 Reg50 along the Himalayan foothills and the Western Ghats, 
likely due to the model’s ability to resolve better the inter-
actions between the orography and the low-level flow at a 
higher resolution.

Arabian Sea (AS) moisture transport is the key source 
of moisture source for the Indian summer monsoon (Pathak 
et al. 2017; Mishra et al. 2020a). Thus it is worth diagnos-
ing the model’s potential as well as the added value (if 
any) in representing the moisture transport. In this regard, 
we compared vertically integrated moisture flux (VIMF) 
from both simulations, EIN and ERA5. Figure 10 reveals 
that both simulations reproduce the spatial structure of 
VIMF with a notable discrepancy in magnitude (underes-
timated). However, this underestimation is slightly reduced 
in Reg25. This underestimation is possibly driven by the 
forcing of EIN, which shows considerably less VIMF than 
ERA5. Interestingly, a cyclonic structure is noticed in the 
EIN as well as ERA5, which was nearly absent in  Reg50. 
However,  Reg25 reproduces this cyclonic structure well, 
indicating the added value of increasing resolution. This 
enhanced VIMF magnitude over AS and BoB and correct 
representation of cyclonic structure might be one of the 
possible causes of reducing the dry bias in Reg25 com-
pared to Reg50. Apart from this, a considerably higher 

Fig. 10  Vertically integrated moisture transport for  Reg50,  Reg25, EIN, and ERA5. The shading represents the magnitude of VIMF, while the 
vector represents its direction. Red ‘C’ over India represents the cyclonic pattern
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VIMF is noticed in Reg25 than in Reg50, which might be 
attributed to the wet bias in Reg25.

To investigate the physical mechanism behind improved 
performance by increasing horizontal resolution in produc-
ing more precipitation, we computed the surface latent heat 
flux (LHF) for  Reg50,  Reg25, and EIN, as shown in Fig. 11. 
The figure reveals that LHF is found to increase in most 
Indian land regions. The LHF is a crucial component of the 
surface energy balance directly related to evaporation, which 
contributes to moistening the atmosphere. A higher release 
of the latent heat into the atmosphere, causing heating and 
moist convection, leads to more moisture availability at the 
surface, resulting in more precipitation (Singh et al. 2021). 
The increased precipitation led to further release of the 
latent heat into the atmosphere, causing heating and moist 
convection and hence precipitation. The increased LHF in 
 Reg25 is consistent with increased precipitation.

The precipitation over the region is significantly affected 
by vertical heating. The stronger mid-tropospheric heating 
is relative to that of the lower levels, leading to enhanced 
atmospheric stability (Ast) and weakening precipitation 
and vice-versa for weaker mid-tropospheric heating than 
lower levels (Cao et al. 2012). We investigated Ast fol-
lowing Eq. 5, which has been used previously by (Pandey 
et al. 2020). It could be a good metric to investigate the 
strength and weaknesses of model physics. One may argue 
that the Ast is regulated strongly by the large-scale ther-
modynamic perspective. Thus, how does dynamical down-
scaling would affect the Ast? The interaction of large-scale 
thermodynamics and with the local scale features results in 
modulating the Ast. The possibility of better representation 
of the topography and planetary boundary layer in high-
resolution simulations is intended to investigate added value 

for Ast. Figure 12 depicts a reasonable resemblance between 
model and observation in distinguishing the regions of low 
and high stability. A strong east–west asymmetry of Ast is 
noticed at both resolutions over southern India. The lower 
value is noticed over the southwest and the higher value over 
the southeast of India. This is also seen in observation, how-
ever, the area of low-value Ast is confined to a narrow region 
(~ 3 times lesser than the model) parallel to the west coast. 
The bias map (Fig. 9d, e) indicates a higher underestimation 
(overestimation) of the Ast over SPI (northeast CI) in  Reg50 
compared to  Reg25. Apart from this, over south CI along 
the east coast of India,  Reg50  (Reg25) more or less shows the 
contrasting nature of bias, positive in  Reg50 and negative 
in  Reg25, with a slightly greater magnitude in  Reg25. The 
higher/lower atmospheric stability results in the weakening/
strengthening of convective activity over SPI (CI), leading to 
weaker/stronger availability of moisture supply and henced 
suppressed/enhanced precipitation. The wet/dry bias regions 
are likely to be consistent with the weaker/stronger atmos-
pheric stability in the model compared to observation. The 
reduction of Ast in  Reg25 over CI compared to  Reg50 is con-
sistent with the reduction of dry bias. Despite, enhanced 
Ast over SPI, the intensification of wet bias indicates that 
the wet bias is not associated with stability (local convec-
tive activity) but large-scale dynamics as supported by a 
convergence of moisture loaden wind from the surrounding 
ocean (Fig. 9).

The convection over the equatorial Indian Ocean that 
propagates eastward controls ISM's intraseasonal variabil-
ity (ISV), particularly prolonged breaks condition (Yasunari 
1980; Sperber and Annamalai 2008; Sabeerali et al. 2013; 
Sharmila et al. 2013). Apart from this, the northward propa-
gating convection from the Indian Ocean over the Indian 

Fig. 11  Surface latent heat flux (LHF) for  Reg50,  Reg25, and corresponding difference (Reg25–Reg50)



1939Diagnosing whether the increasing horizontal resolution of regional climate model inevitably…

1 3

region also contributes to the smaller-scale ISM variability 
(Webster and Yang 1992; Webster et al. 1999). Thus, inves-
tigating the model performance in representing eastward and 
northward propagating convective bands is worthwhile. It is 
noticed from Fig. 13 that RegCM shows reasonable skill at 
both resolutions simulating the propagating characteristics 
over the Indian land region (north of 3 N). However, Reg25 
shows notable improvement over Reg50. Surprisingly over 
the Indian Ocean (south of the equator), RegCM fails to 
reproduce the northward propagation even Reg50 is better 
than Reg25. Similarly, Fig. 14 reveals that both simulations 
show limited skill in simulating the eastward propagating 
characteristics in terms of its representation as well as ampli-
tude. However, Reg25 is considerably better than Reg50 in 
representing the propagation over the western Indian Ocean 
region ( west of 50° E), where, Reg50’s propagation is oppo-
site to conservation. Apart from this, over the eastern Indian 
Ocean region (east of 50° E), the nature of propagation in 
both simulations is similar, but, Reg25 is in slightly better 
agreement with observation than Reg50. This weaker propa-
gation of the convection, especially over the Indian ocean, is 
possibly due to the lack of air-sea interaction in the absence 
of interactive ocean coupling (Di santé et al. 2019; Mishra 
et al. 2022a). It is consistent with the study by Di Sante 
et al. (2019), whose study reported weaker propagation in 

the standalone RegCM than observation that improved after 
coupling with an ocean. The misrepresentation of northward 
and eastward propagation in RegCM is attributed to the 
mean ISMR biases.

It is crucial to diagnose the possible cause of differences 
in propagation bands. The vertical shear of zonal wind 
(VSZW) plays a vital role in modulating the generation of 
the barotropic vorticity to the north of convection and hence 
northward propagation of the convection band (Webster and 
Yang 1992; Jiang et al. 2004; Mishra et al. 2022a). There-
fore, it is inevitable to monitor simulated VSZW to under-
stand the weakness of model monsoon processes associated 
with northward propagation and hence ISMR. Figure 15 
shows the simulated and observed JJAS mean VSZW. In 
general RegCM bears a close resemblance to observation in 
reproducing the spatial pattern of VSZW; however, the mod-
els exhibit considerable quantitative differences, indicating 
the model deficiency in simulating the synoptic activity. The 
simulated spatial distribution of shear is more or less similar 
at both resolutions. However, strength shows systematics 
differences. The bias map indicates considerable value addi-
tion over the ocean and Indian land regions. The reduction 
of negative bias over CI in  Reg25 leads to enhanced baro-
clinic instability, which is consistent with the corresponding 
reduction of dry bias over the same region. The increasing 

Fig. 12  JJAS mean Atmospheric stability for a Observation, b  Reg50, c  Reg25 and difference map for d  Reg25–observation, e  Reg50−observation
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resolution slightly improves the performance in representing 
VSZW, improving the representation of northward propaga-
tion and hence IMSR.

4  Conclusion

In this paper, we investigated the AV of dynamical down-
scaling by RegCM nesting concerning the driving EIN 
Reanalysis over the complex terrain region of the Indian 

subcontinent with particular emphasis on India. We have 
analyzed the performance of RCM (two resolutions, 50 km, 
and 25 km) simulations for 6 years, from 2000 to 2005. The 
evaluation is made in terms of the spatial pattern of mean 
precipitation, circulation, temperature, the seasonal cycle 
of precipitation, and daily precipitation extremes tails. A 
comparison with a high-quality 25 km gridded observational 
data set of IMD shows substantial AV of RCM downscaling, 
and results are mostly improved compared to the driving 

Fig. 13  Northward propagation convective band for a observation, b 
 Reg25, and c  Reg50. * Northward propagation is defined as the lag-
latitudes regressed anomalies of 20–100  days filtered precipitation 
averaged over 5° S and 5° N with reference time series averaged for 
a box over the Tropical Indian Ocean (10° S–5° N to 75° E–100° E)

Fig. 14  Eastward propagation convective band for a observation, b 
 Reg25, and c  Reg50. * Eastward propagation is defined as the lag-lon-
gitude regressed anomalies of 20–100 days filtered precipitation aver-
aged over 5° S and 5° N with reference time series averaged for a box 
over the Tropical Indian Ocean (10° S–5° N to 75° E–100° E)



1941Diagnosing whether the increasing horizontal resolution of regional climate model inevitably…

1 3

reanalysis. Further increasing the horizontal resolution adds 
value in simulating many aspects of the Indian summer mon-
soon, such as the seasonal mean precipitation, temperature, 
circulation, frequency distribution of daily precipitation, and 
precipitation extremes.

Moreover, it has also been observed that the added values 
computed from different metrics vary from region to region. 
In quantitative terms, for the mean precipitation, the high-
est improvement is observed over the region of northeast 
India (~ 55%) and the Hilly region (~ 48%) and the lowest 
improvement over north-central India (~ 9%). This consist-
ent improvement in the performance towards increasing 
resolution (the high-resolution (25 km)  Reg25 versus low-
resolution (50 km)  Reg50) may be due to adding more skill to 
resolve better the interaction of the low-level monsoon flow 
with the Himalayan orography. The maximum added value 
is noted over the WG, IGP, and NEI.

A similar observation is noted for the PDFs of daily mean 
precipitation. Even though increasing resolution improves 
the simulated precipitation, in particular, the low and mod-
erate-intensity rainfall over strong orographic forcing moun-
tainous regions. However, a notable overestimation is still 

observed in both simulations, particularly for PDF tails. It 
might be partly due to the sparse network data station of the 
observation and partly due to the model’s resolution still 
not being sufficient to resolve the mesoscale/ smaller-scale 
processes. It indicates that simulating climate over complex 
mountainous region plateau is still a challenge for the high-
resolution models and demands to improve the complex 
interactions and formulate the model’s processes (such as 
convective parameterizations) that seem to become more 
important. The apparent improvement over the complex 
mountainous regions of NEI, Hilly regions, and the West-
ern Ghats in the higher resolution has been found in the 
representation of the Spatio-temporal distribution of the 
Kolmogorov–Smirnov (K-S) distance, wet-day precipitation 
frequency, and intensity.

Reg50 and  Reg25 both tend to overestimate the low-
intensity precipitation, which further increases with 
increasing resolution. It may be due to the triggering 
mechanism of the convective parameterization, which 
indicates that downscaling or increasing resolution can-
not be expected to be better in every aspect. It demands the 
tuning of cumulus parameterization rather than increasing 

Fig. 15  JJAS mean vertical shear of zonal wind for a Observation, b  Reg50, c  Reg25 and difference map for d  Reg25− observation, e  Reg50−
observation
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resolution to improve the low-intensity precipitation simu-
lation. In contrast,  Reg50 underestimates the high-inten-
sity precipitation associated with mesoscale convective 
systems; however, this underestimation is considerably 
reduced in  Reg25. The reduction of anomalously strong 
northeasterly flow over the SEAS and strengthening of 
the moisture leaden southeasterly wind flow from the Bay 
of Bengal (BoB) in  Reg25 compared to  Reg50 is consist-
ent with the reduction of dry bias over India in  Reg25. 
These results suggest that higher resolution RCMs have 
the potential to add more value when downscaling global 
climate model climate for various characteristics of ISM.

RegCM still exhibits systematic bias despite the sub-
stantial improvement, possibly due to misrepresentation of 
northward and eastward propagating convection band and 
deficiency in dynamical and thermodynamical processes, 
demanding further improvement in model physics and tun-
ing of the model parameter. It indicates that increasing 
horizontal resolution improved the model performance, 
constituting a strong incentive for trustworthy regional 
scales climate projections. However, only increasing the 
horizontal resolution without appropriate recalibration 
and tweaking the corresponding parameter to adjust the 
parameterizations is insufficient to attain adequate model 
performance. Additionally, a notable difference in the AV 
is observed over different regions or aspects, indicating 
the fact that AV matrices must be chosen with care for 
the different regions and characteristics being investigated.

Acknowledgements The authors thank the anonymous reviewers 
for the constructive and insightful comments, which have helped us 
to improve our manuscript. The author thankfully acknowledges the 
ICTP for providing the regional climate model RegCM. Thanks are 
also due to the respective agencies of the IMD, CRU, and ECMWF 
ERA-Interim data products for making these datasets available. The 
computational facility at KBCAOS, University of Allahabad, has been 
utilized to perform the simulation.

Author contributions AKM designed the study, carried out the model 
experiment, processed and analyzed model data, created the figures, 
and wrote the original draft. AKD and ASD performed formal analysis 
and reviewed and edited the manuscript. All the authors read the paper 
and accepted the authors’ agreement.

Funding The authors declared that the manuscript's contents are 
novel and neither published nor under consideration anywhere else. 
The authors also declared that they have no known financial interest.

Data availability The observational datasets used in this study are 
derived from public resources, and model data will be made available 
upon reasonable request to the corresponding author.

Declarations 

Conflict of interest There is no conflict of interest.

Ethics approval We don't need any ethics approval.

Consent to participate All the authors read the paper and accepted the 
authors’ agreement.

References

Agrawal N, Singh BB, Pandey VK (2021) Fidelity of Regional Climate 
Model v46 in capturing seasonal and subseasonal variability of 
Indian summer monsoon. Dyn Atmos Oceans 94:101203

Ajay P, Pathak B, Solmon F et al (2019) Obtaining best parameteriza-
tion scheme of RegCM 4.4 for aerosols and chemistry simulations 
over the CORDEX South Asia. Clim Dyn 53:329–352. https:// doi. 
org/ 10. 1007/ s00382- 018- 4587-3

Aldrian E, Düminel-Gates L, Jacob D et al (2004) Long-term simula-
tion of Indonesian rainfall with the MPI regional model. Clim Dyn 
22:795–814. https:// doi. org/ 10. 1007/ s00382- 004- 0418-9

Alexander LV, Zhang X, Peterson TC et al (2006) Global observed 
changes in daily climate extremes of temperature and precipita-
tion. J Geophys Res 111:D05109. https:// doi. org/ 10. 1029/ 2005J 
D0062 90

Anand A, Mishra SK, Sahany S et al (2018) Indian summer mon-
soon simulations: usefulness of increasing horizontal resolution, 
manual tuning, and semi-automatic tuning in reducing present-
day model biases. Sci Rep 8:3522. https:// doi. org/ 10. 1038/ 
s41598- 018- 21865-1

Bhaskaran B, Ramachandran A, Jones R, Moufouma-Okia W (2012) 
Regional climate model applications on sub-regional scales over 
the Indian monsoon region: the role of domain size on downscal-
ing uncertainty. J Geophys Res Atmos 2012:117. https:// doi. org/ 
10. 1029/ 2012J D0179 56

Bhate J, Kesarkar A (2019) Sensitivity of diurnal cycle of simulated 
rainfall to cumulus parameterization during Indian summer mon-
soon seasons. Clim Dyn 53:3431–3444. https:// doi. org/ 10. 1007/ 
s00382- 019- 04716-1

Bhatla R, Verma S, Ghosh S, Mall RK (2020) Performance of regional 
climate model in simulating Indian summer monsoon over Indian 
homogeneous region. Theor Appl Climatol 139:1121–1135. 
https:// doi. org/ 10. 1007/ s00704- 019- 03045-x

Cao L, Bala G, Caldeira K (2012) Climate response to changes in 
atmospheric carbon dioxide and solar irradiance on the time scale 
of days to weeks. Environ Res Lett 7:034015. https:// doi. org/ 10. 
1088/ 1748- 9326/7/ 3/ 034015

Chakravarty IM, Laha RG, Roy J (1967) Handbook of methods of 
applied statistics, vol I. Wiley, Hoboken, pp 392–394

Chan SC, Kendon EJ, Fowler HJ et al (2013) Does increasing the spa-
tial resolution of a regional climate model improve the simulated 
daily precipitation? Clim Dyn 41:1475–1495. https:// doi. org/ 10. 
1007/ s00382- 012- 1568-9

Cherchi A, Navarra A (2007) Sensitivity of the Asian summer monsoon 
to the horizontal resolution: differences between AMIP-type and 
coupled model experiments. Clim Dyn 28:273–290. https:// doi. 
org/ 10. 1007/ s00382- 006- 0183-z

Choudhary A, Dimri AP, Paeth H (2019) Added value of CORDEX-SA 
experiments in simulating summer monsoon precipitation over 
India. Int J Climatol 39:2156–2172. https:// doi. org/ 10. 1002/ joc. 
5942

Das S, Giorgi F, Giuliani G et al (2020a) Near-future anthropogenic 
aerosol emission scenarios and their direct radiative effects on 
the present-day characteristics of the indian summer monsoon. J 
Geophys Res Atmos. https:// doi. org/ 10. 1029/ 2019J D0314 14

Das S, Giorgi F, Giuliani G (2020b) Investigating the relative responses 
of regional monsoon dynamics to snow darkening and direct radia-
tive effects of dust and carbonaceous aerosols over the Indian sub-
continent. Clim Dyn. https:// doi. org/ 10. 1007/ s00382- 020- 05307

https://doi.org/10.1007/s00382-018-4587-3
https://doi.org/10.1007/s00382-018-4587-3
https://doi.org/10.1007/s00382-004-0418-9
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1038/s41598-018-21865-1
https://doi.org/10.1038/s41598-018-21865-1
https://doi.org/10.1029/2012JD017956
https://doi.org/10.1029/2012JD017956
https://doi.org/10.1007/s00382-019-04716-1
https://doi.org/10.1007/s00382-019-04716-1
https://doi.org/10.1007/s00704-019-03045-x
https://doi.org/10.1088/1748-9326/7/3/034015
https://doi.org/10.1088/1748-9326/7/3/034015
https://doi.org/10.1007/s00382-012-1568-9
https://doi.org/10.1007/s00382-012-1568-9
https://doi.org/10.1007/s00382-006-0183-z
https://doi.org/10.1007/s00382-006-0183-z
https://doi.org/10.1002/joc.5942
https://doi.org/10.1002/joc.5942
https://doi.org/10.1029/2019JD031414
https://doi.org/10.1007/s00382-020-05307


1943Diagnosing whether the increasing horizontal resolution of regional climate model inevitably…

1 3

Das S, Giorgi F, Coppola E et al (2022) Linkage between the absorb-
ing aerosol-induced snow darkening effects over the Himalayas-
Tibetan Plateau and the pre-monsoon climate over northern India. 
Theor Appl Climatol 147:1033–1048. https:// doi. org/ 10. 1007/ 
s00704- 021- 03871-y

Dash SK, Mamgain A, Pattnayak KC, Giorgi F (2013) Spatial and tem-
poral variations in indian summer monsoon rainfall and tempera-
ture: an analysis based on RegCM3 simulations. Pure Appl Geo-
phys 170:655–674. https:// doi. org/ 10. 1007/ s00024- 012- 0567-4

Dee DP, Uppala SM, Simmons AJ et al (2011) The ERA-Interim rea-
nalysis: configuration and performance of the data assimilation 
system. Q J R Meteorol Soc 137:553–597. https:// doi. org/ 10. 1002/ 
qj. 828

Denis B, Laprise R, Caya D (2003) Sensitivity of a regional climate 
model to the resolution of the lateral boundary conditions. Clim 
Dyn 20:107–126. https:// doi. org/ 10. 1007/ s00382- 002- 0264-6

Devanand A, Ghosh S, Paul S et al (2018) Multi-ensemble regional 
simulation of Indian monsoon during contrasting rainfall years: 
role of convective schemes and nested domain. Clim Dyn 
50:4127–4147. https:// doi. org/ 10. 1007/ s00382- 017- 3864-x

Di Luca A, de Elía R, Laprise R (2013) Potential for small scale added 
value of RCM’s downscaled climate change signal. Clim Dyn 
40:601–618. https:// doi. org/ 10. 1007/ s00382- 012- 1415-z

Di Luca A, de Elía R, Laprise R (2015) Challenges in the quest for 
added value of regional climate dynamical downscaling. Curr 
Clim Chang Rep 1:10–21

Di Sante F, Coppola E, Farneti R, Giorgi F (2019) Indian Summer 
Monsoon as simulated by the regional earth system model 
RegCM-ES: the role of local air–sea interaction. Clim Dyn 
53:759–778. https:// doi. org/ 10. 1007/ s00382- 019- 04612-8

Dickinson RE, Henderson-Sellers A, Kennedy PJ (1993) Biosphere-
atmosphere transfer scheme (BATS) version 1e as coupled to 
the NCAR community climate model. In: NCAR technical note 
NCAR/TN-387+STR, NCAR, Boulder, p 72

Dwivedi S, Goswami BN, Kucharski F (2015) Unraveling the missing 
link of ENSO control over the Indian monsoon rainfall. Geophys 
Res Lett 42:8201–8207. https:// doi. org/ 10. 1002/ 2015G L0659 09

Dwivedi S, Srivastava A, Mishra AK (2018) Upper ocean four-dimen-
sional variational data assimilation in the Arabian Sea and Bay 
of Bengal. Mar Geod 41:230–257. https:// doi. org/ 10. 1080/ 01490 
419. 2017. 14051 28

Elguindi N, Bi X, Giorgi F, Nagarajan B, Pal J, Solmon F, Rauscher S, 
Zakey A, O’Brien T, Nogherotto R, Giuliani G (2014) Regional 
climatic model RegCM Reference Manual version 4.5. In: ITCP, 
Trieste, p 37

Feser F, Rrockel B, Storch H et al (2011) Regional climate models add 
value to global model data a review and selected examples. Bull 
Am Meteorol Soc 92:1181–1192. https:// doi. org/ 10. 1175/ 2011B 
AMS30 61.1

Findlater J (1970) A major low-level air current near the Indian Ocean 
during the northern summer. Interhemispheric transport of air in 
the lower troposphere over the western Indian Ocean. Q J R Mete-
orol Soc 96:551–554. https:// doi. org/ 10. 1002/ qj. 49709 640919

Gadgil S, Gadgil S (2006) The Indian monsoon, GDP and agriculture. 
Econ Polit Wkly 2006:4887–4895

Gadgil S, Vinayachandran PN, Francis PA, Gadgil S (2004) Extremes 
of the Indian summer monsoon rainfall, ENSO and equatorial 
Indian Ocean oscillation. Geophys Res Lett 31:L12213. https:// 
doi. org/ 10. 1029/ 2004G L0197 33

Giorgi F, Gutowski WJ (2016) Coordinated experiments for projec-
tions of regional climate change. Curr Clim Chang Rep 2:202–210

Giorgi F, Jones C, Asrar G (2009) Addressing climate information 
needs at the regional level: the CORDEX framework. Organ Bull 
2009:5

Glotter M, Elliott J, McInerney D et al (2014) Evaluating the utility of 
dynamical downscaling in agricultural impacts projections. Proc 

Natl Acad Sci U S A 111:8776–8781. https:// doi. org/ 10. 1073/ 
pnas. 13147 87111

Goswami BN, Venugopal V, Sangupta D et al (2006) Increasing trend 
of extreme rain events over India in a warming environment. Sci-
ence 314:1442–1445. https:// doi. org/ 10. 1126/ scien ce. 11320 27

Harris I, Jones PD, Osborn TJ, Lister DH (2014) Updated high-reso-
lution grids of monthly climatic observations—the CRU TS3.10 
Dataset. Int J Climatol 34:623–642. https:// doi. org/ 10. 1002/ joc. 
3711

Holtslag AAM, De Bruijn EIF, Pan HL (1990) A high resolution air 
mass transformation model for short-range weather forecasting. 
Mon Weather Rev 118:1561–1575. https:// doi. org/ 10. 1175/ 1520- 
0493(1990) 118% 3c1561: AHRAMT% 3e2.0. CO;2

Jacob D, Elizalde A, Haensler A et al (2012) Assessing the transfer-
ability of the regional climate model REMO to different coor-
dinated regional climate downscaling experiment (CORDEX) 
regions. Atmosphere (basel) 3:181–199. https:// doi. org/ 10. 3390/ 
atmos 30101 81

Jayasankar CB, Rajendran K, Sajani S, Ajay Anand KV (2021) High-
resolution climate change projection of northeast monsoon rainfall 
over peninsular India. QJR Meteorol Soc 147:2197–2211. https:// 
doi. org/ 10. 1002/ qj. 4017

Jena P, Azad S, Rajeevan M (2016) CMIP5 projected changes in the 
annual cycle of indian monsoon rainfall. Climate 4:14. https:// doi. 
org/ 10. 3390/ cli40 10014

Jiang X, Li T, Wang B (2004) Structures and mechanisms of the north-
ward propagating boreal summer intraseasonal oscillation. J Clim 
17:1022–1039. https:// doi. org/ 10. 1175/ 1520- 0442(2004) 017% 
3c1022: SAMOTN% 3e2.0. CO;2

Johnson SJ, Levine RC, Turner AG et al (2016) The resolution sensi-
tivity of the South Asian monsoon and Indo-Pacific in a global 
0.35° AGCM. Clim Dyn 46:807–831. https:// doi. org/ 10. 1007/ 
s00382- 015- 2614-1

Joseph P, Raman P (1965) Existence of low level westerly jet strean 
over peninsular Indian during July. Indian J Meteorol Geophys 
17:407–410

Karmacharya J, Jones R, Moufouma-Okia W, New M (2017) Evalu-
ation of the added value of a high-resolution regional climate 
model simulation of the South Asian summer monsoon clima-
tology. Int J Climatol 37:3630–3643. https:// doi. org/ 10. 1002/ joc. 
4944

Karmakar N, Krishnamurti TN (2019) Characteristics of northward 
propagating intraseasonal oscillation in the Indian summer 
monsoon. Clim Dyn 52:1903–1916. https:// doi. org/ 10. 1007/ 
s00382- 018- 4268-2

Kiehl JT, Hack JJ, Bonan GB, Boville BA, Briegleb BP, Williamson 
DL, Rasch PJ (1996) Description of the NCAR Community Cli-
mate Model (CCM3), NCAR Tech. note/TN-420+STR, 152pp. 
In: Natl. Cent. For Atmos. Res., Boulder, CO, USA. Clim. and 
Global Dyn. Div

Kripalani RH, Oh JH, Kulkarni A et al (2007) South Asian summer 
monsoon precipitation variability: Coupled climate model simu-
lations and projections under IPCC AR4. Theor Appl Climatol 
90:133–159. https:// doi. org/ 10. 1007/ s00704- 006- 0282-0

Kumar D, Dimri AP (2020) Context of the added value in cou-
pled atmosphere-land RegCM4–CLM4.5 in the simulation of 
Indian summer monsoon. Clim Dyn. https:// doi. org/ 10. 1007/ 
s00382- 020- 05481-2

Kumar P, Wiltshire A, Mathison C et al (2013) Downscaled climate 
change projections with uncertainty assessment over India using 
a high resolution multi-model approach. Sci Total Environ 468–
469:S18–S30. https:// doi. org/ 10. 1016/j. scito tenv. 2013. 01. 051

Kumar D, Rai P, Dimri AP (2020) Investigating Indian summer mon-
soon in coupled regional land–atmosphere downscaling experi-
ments using RegCM4. Clim Dyn 54:2959–2980. https:// doi. org/ 
10. 1007/ s00382- 020- 05151-3

https://doi.org/10.1007/s00704-021-03871-y
https://doi.org/10.1007/s00704-021-03871-y
https://doi.org/10.1007/s00024-012-0567-4
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1007/s00382-002-0264-6
https://doi.org/10.1007/s00382-017-3864-x
https://doi.org/10.1007/s00382-012-1415-z
https://doi.org/10.1007/s00382-019-04612-8
https://doi.org/10.1002/2015GL065909
https://doi.org/10.1080/01490419.2017.1405128
https://doi.org/10.1080/01490419.2017.1405128
https://doi.org/10.1175/2011BAMS3061.1
https://doi.org/10.1175/2011BAMS3061.1
https://doi.org/10.1002/qj.49709640919
https://doi.org/10.1029/2004GL019733
https://doi.org/10.1029/2004GL019733
https://doi.org/10.1073/pnas.1314787111
https://doi.org/10.1073/pnas.1314787111
https://doi.org/10.1126/science.1132027
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1175/1520-0493(1990)118%3c1561:AHRAMT%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1990)118%3c1561:AHRAMT%3e2.0.CO;2
https://doi.org/10.3390/atmos3010181
https://doi.org/10.3390/atmos3010181
https://doi.org/10.1002/qj.4017
https://doi.org/10.1002/qj.4017
https://doi.org/10.3390/cli4010014
https://doi.org/10.3390/cli4010014
https://doi.org/10.1175/1520-0442(2004)017%3c1022:SAMOTN%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3c1022:SAMOTN%3e2.0.CO;2
https://doi.org/10.1007/s00382-015-2614-1
https://doi.org/10.1007/s00382-015-2614-1
https://doi.org/10.1002/joc.4944
https://doi.org/10.1002/joc.4944
https://doi.org/10.1007/s00382-018-4268-2
https://doi.org/10.1007/s00382-018-4268-2
https://doi.org/10.1007/s00704-006-0282-0
https://doi.org/10.1007/s00382-020-05481-2
https://doi.org/10.1007/s00382-020-05481-2
https://doi.org/10.1016/j.scitotenv.2013.01.051
https://doi.org/10.1007/s00382-020-05151-3
https://doi.org/10.1007/s00382-020-05151-3


1944 A. K. Mishra et al.

1 3

Kumari A, Kumar P, Dubey AK, Mishra AK, Saharwardi MS (2022) 
Dynamical and thermodynamical aspects of precipitation events 
over India. Int J Climatol 42(5):3094–3106. https:// doi. org/ 10. 
1002/ joc. 7409

Lucas-Picher P, Christensen JH, Saeed F et al (2011) Can regional 
climate models represent the Indian monsoon? J Hydrometeorol 
12:849–868. https:// doi. org/ 10. 1175/ 2011J HM1327.1

Lung LR, Qian Y (2003) The sensitivity of precipitation and snow-
pack simulations to model resolution via nesting in regions of 
complex terrain. J Hydrometeorol 4:1025–1043. https:// doi. org/ 
10. 1175/ 1525- 7541(2003) 004% 3c1025: TSOPAS% 3e2.0. CO;2

Maharana P, Kumar D, Dimri AP (2019) Assessment of coupled 
regional climate model (RegCM4.6–CLM4.5) for Indian sum-
mer monsoon. Clim Dyn 53:6543–6558. https:// doi. org/ 10. 
1007/ s00382- 019- 04947-2

Mahto SS, Mishra V (2019) Does ERA-5 outperform other reanalysis 
products for hydrologic applications in India? J Geophys Res 
Atmos 124:9423–9441. https:// doi. org/ 10. 1029/ 2019J D0311 55

Maurya RKS, Sinha P, Mohanty MR, Mohanty UC (2018) RegCM4 
model sensitivity to horizontal resolution and domain size in 
simulating the Indian summer monsoon. Atmos Res 210:15–33. 
https:// doi. org/ 10. 1016/j. atmos res. 2018. 04. 010

Maurya RKS, Mohanty MR, Sinha P, Mohanty UC (2020) Perfor-
mance of hydrostatic and non-hydrostatic dynamical cores in 
RegCM46 for Indian summer monsoon simulation. Meteorol 
Appl 27:55. https:// doi. org/ 10. 1002/ met. 1915

Miao C, Ashouri H, Hsu KL et al (2015) Evaluation of the PER-
SIANN-CDR daily rainfall estimates in capturing the behavior 
of extreme precipitation events over China. J Hydrometeorol 
16:1387–1396. https:// doi. org/ 10. 1175/ JHM-D- 14- 0174.1

Mishra AK, Dubey AK (2021) Sensitivity of convective param-
eterization schemes in regional climate model: precipitation 
extremes over India. Theor Appl Climatol. https:// doi. org/ 10. 
1007/ s00704- 021- 03714-w

Mishra AK, Dwivedi S (2019) Assessment of convective parametri-
zation schemes over the Indian subcontinent using a regional 
climate model. Theor Appl Climatol 137:1747–1764. https:// 
doi. org/ 10. 1007/ s00704- 018- 2679-y

Mishra V, Kumar D, Ganguly AR, Sanjay J, Mujumdar M, Krishnan 
R, Shah RD (2014) Reliability of regional and global climate 
models to simulate precipitation extremes over India. J Geophys 
Res Atmos 119(15):9301–9323

Mishra AK, Dwivedi S, Das S (2020a) Role of Arabian Sea warming 
on the Indian summer monsoon rainfall in a regional climate 
model. Int J Climatol 40:2226–2238. https:// doi. org/ 10. 1002/ 
joc. 6328

Mishra AK, Dwivedi S, Di Sante F, Coppola E (2020b) Thermody-
namical properties associated with the Indian summer monsoon 
rainfall using a regional climate model. Theor Appl Climatol 
141:587–599. https:// doi. org/ 10. 1007/ s00704- 020- 03237-w

Mishra AK, Kumar P, Dubey AK et al (2021) Impact of horizon-
tal resolution on monsoon precipitation for CORDEX-South 
Asia: a regional earth system model assessment. Atmos Res 
259:105681. https:// doi. org/ 10. 1016/j. atmos res. 2021. 105681

Mishra AK, Kumar P, Dubey AK et al (2022a) Impact of air–sea 
coupling on the simulation of Indian summer monsoon using a 
high-resolution Regional Earth System Model over CORDEX-
SA. Clim Dyn. https:// doi. org/ 10. 1007/ s00382- 022- 06249-6

Mishra AK, Dubey AK, Das S (2022b) Identifying the changes in 
winter monsoon characteristics over the Indian subcontinent due 
to Arabian Sea warming. Atmos Res 273:106162. https:// doi. 
org/ 10. 1016/j. atmos res. 2022. 106162

Pai DS, Sridhar L, Rajeevan M, Sreejith OP, Satbhai NS, Mukhopad-
hyay B (2014) (1901–2010) Daily gridded rainfall data set over 
India and its comparison with existing data sets over the region. 
Mausam 65:1–18

Pal JS, Small EE, Eltahir EAB (2000) Simulation of regional-scale 
water and energy budgets: representation of subgrid cloud and 
precipitation processes within RegCM. J Geophys Res Atmos 
105:29579–29594. https:// doi. org/ 10. 1029/ 2000J D9004 15

Pandey P, Dwivedi S, Goswami BN, Kucharski F (2020) A new per-
spective on ENSO-Indian summer monsoon rainfall relationship 
in a warming environment. Clim Dyn 55:3307–3326. https:// doi. 
org/ 10. 1007/ s00382- 020- 05452-7

Parthasarathy (1995) Monthly and seasonal rainfall series for all India, 
homogeneous regions and meteorological subdivisions: 1871–
1994. In: Indian Inst Trop Meteorol Res Rep

Pathak A, Ghosh S, Kumar P, Murtugudde R (2017) Role of oceanic 
and terrestrial atmospheric moisture sources in intraseasonal 
variability of indian summer monsoon rainfall. Sci Rep 7:1–11. 
https:// doi. org/ 10. 1038/ s41598- 017- 13115-7

Pattnayak KC, Panda SK, Saraswat V, Dash SK (2018) Assessment of 
two versions of regional climate model in simulating the Indian 
Summer Monsoon over South Asia CORDEX domain. Clim Dyn 
50:3049–3061. https:// doi. org/ 10. 1007/ s00382- 017- 3792-9

Peterson TC, Karl TR, Kossin JP et al (2014) Changes in weather and 
climate extremes: state of knowledge relevant to air and water 
quality in the United States. J Air Waste Manag Assoc 64:184–
197. https:// doi. org/ 10. 1080/ 10962 247. 2013. 851044

Rajeevan M, Gadgil S, Bhate J (2010) Active and break spells of the 
indian summer monsoon. J Earth Syst Sci 119:229–247. https:// 
doi. org/ 10. 1007/ s12040- 010- 0019-4

Reynolds RW, Rayner NA, Smith TM et al (2002) An improved in situ 
and satellite SST analysis for climate. J Clim 15:1609–1625. 
https:// doi. org/ 10. 1175/ 1520- 0442(2002) 015% 3c1609: AIISAS% 
3e2.0. CO;2

Sabeerali CT, Ramu Dandi A, Dhakate A et al (2013) Simulation of 
boreal summer intraseasonal oscillations in the latest CMIP5 cou-
pled GCMs. J Geophys Res Atmos 118:4401–4420. https:// doi. 
org/ 10. 1002/ jgrd. 50403

Sabeerali CT, Rao SA, Dhakate AR et al (2015) Why ensemble mean 
projection of south Asian monsoon rainfall by CMIP5 models 
is not reliable? Clim Dyn 45:161–174. https:// doi. org/ 10. 1007/ 
s00382- 014- 2269-3

Saha SK, Halder S, Kumar KK, Goswami BN (2011) Pre-onset land 
surface processes and “internal” interannual variabilities of the 
Indian summer monsoon. Clim Dyn 36:2077–2089. https:// doi. 
org/ 10. 1007/ s00382- 010- 0886-z

Sanjay J, Krishnan R, Shrestha AB, Rajbhandari R, Ren GY (2017) 
Downscaled climate change projections for the Hindu Kush Hima-
layan region using CORDEX South Asia regional climate models. 
Adv Clim Chang Res 8(3):185–198

Shahi NK, Polcher J, Bastin S et al (2022) Assessment of the spatio-
temporal variability of the added value on precipitation of con-
vection-permitting simulation over the Iberian Peninsula using 
the RegIPSL regional earth system model. Clim Dyn 59:471–498. 
https:// doi. org/ 10. 1007/ s00382- 022- 06138-y

Sharmila S, Pillai P, Joseph S, Roxy M, Krishna R, Chattopadhyay 
R, Abhilash S, Sahai A, Goswami B (2013) Role of ocean–
atmosphere interaction on northward propagation of indian 
summer monsoon intra-seasonal oscillations (miso). Clim Dyn 
41(5–6):1651–1669

Singh S, Ghosh S, Sahana AS et  al (2017) Do dynamic regional 
models add value to the global model projections of Indian 
monsoon? Clim Dyn 48:1375–1397. https:// doi. org/ 10. 1007/ 
s00382- 016- 3147-y

Singh BB, Krishnan R et al (2021) Linkage of water vapor distribution 
in the lower stratosphere to organized Asian summer monsoon 
convection. Clim Dyn 57:1709–1731. https:// doi. org/ 10. 1007/ 
s00382- 021- 05772-2

Sinha P, Mohanty UC, Kar SC et al (2013) Sensitivity of the GCM 
driven summer monsoon simulations to cumulus parameterization 

https://doi.org/10.1002/joc.7409
https://doi.org/10.1002/joc.7409
https://doi.org/10.1175/2011JHM1327.1
https://doi.org/10.1175/1525-7541(2003)004%3c1025:TSOPAS%3e2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)004%3c1025:TSOPAS%3e2.0.CO;2
https://doi.org/10.1007/s00382-019-04947-2
https://doi.org/10.1007/s00382-019-04947-2
https://doi.org/10.1029/2019JD031155
https://doi.org/10.1016/j.atmosres.2018.04.010
https://doi.org/10.1002/met.1915
https://doi.org/10.1175/JHM-D-14-0174.1
https://doi.org/10.1007/s00704-021-03714-w
https://doi.org/10.1007/s00704-021-03714-w
https://doi.org/10.1007/s00704-018-2679-y
https://doi.org/10.1007/s00704-018-2679-y
https://doi.org/10.1002/joc.6328
https://doi.org/10.1002/joc.6328
https://doi.org/10.1007/s00704-020-03237-w
https://doi.org/10.1016/j.atmosres.2021.105681
https://doi.org/10.1007/s00382-022-06249-6
https://doi.org/10.1016/j.atmosres.2022.106162
https://doi.org/10.1016/j.atmosres.2022.106162
https://doi.org/10.1029/2000JD900415
https://doi.org/10.1007/s00382-020-05452-7
https://doi.org/10.1007/s00382-020-05452-7
https://doi.org/10.1038/s41598-017-13115-7
https://doi.org/10.1007/s00382-017-3792-9
https://doi.org/10.1080/10962247.2013.851044
https://doi.org/10.1007/s12040-010-0019-4
https://doi.org/10.1007/s12040-010-0019-4
https://doi.org/10.1175/1520-0442(2002)015%3c1609:AIISAS%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3c1609:AIISAS%3e2.0.CO;2
https://doi.org/10.1002/jgrd.50403
https://doi.org/10.1002/jgrd.50403
https://doi.org/10.1007/s00382-014-2269-3
https://doi.org/10.1007/s00382-014-2269-3
https://doi.org/10.1007/s00382-010-0886-z
https://doi.org/10.1007/s00382-010-0886-z
https://doi.org/10.1007/s00382-022-06138-y
https://doi.org/10.1007/s00382-016-3147-y
https://doi.org/10.1007/s00382-016-3147-y
https://doi.org/10.1007/s00382-021-05772-2
https://doi.org/10.1007/s00382-021-05772-2


1945Diagnosing whether the increasing horizontal resolution of regional climate model inevitably…

1 3

schemes in nested RegCM3. Theor Appl Climatol 112:285–306. 
https:// doi. org/ 10. 1007/ s00704- 012- 0728-5

Sinha P, Maurya RKS, Mohanty MR, Mohanty UC (2019) Inter-com-
parison and evaluation of mixed-convection schemes in RegCM4 
for Indian summer monsoon simulation. Atmos Res 215:239–252. 
https:// doi. org/ 10. 1016/j. atmos res. 2018. 09. 002

Sperber KR, Annamalai H (2008) Coupled model simulations of boreal 
summer intraseasonal (30–50 day) variability, Part 1: System-
atic errors and caution on use of metrics. Clim Dyn 31:345–372. 
https:// doi. org/ 10. 1007/ s00382- 008- 0367-9

Srinivas CV, Hariprasad D, Bhaskar Rao DV et al (2013) Simulation 
of the Indian summer monsoon regional climate using advanced 
research WRF model. Int J Climatol 33:1195–1210. https:// doi. 
org/ 10. 1002/ joc. 3505

Srivastava A, Dwivedi S, Mishra AK (2016) Intercomparison of High-
Resolution Bay of Bengal Circulation Models Forced with Differ-
ent Winds. Mar Geod 39:271–289. https:// doi. org/ 10. 1080/ 01490 
419. 2016. 11736 06

Srivastava A, Dwivedi S, Mishra AK (2018) Investigating the role of 
air-sea forcing on the variability of hydrography, circulation, and 
mixed layer depth in the Arabian Sea and Bay of Bengal. Oceano-
logia 60:169–186. https:// doi. org/ 10. 1016/j. oceano. 2017. 10. 001

Suneet D, Kumar MA, Atul S (2019) Upper ocean high resolu-
tion regional modeling of the Arabian Sea and Bay of Ben-
gal. Acta Oceanol Sin 38:32–50. https:// doi. org/ 10. 1007/ 
s13131- 019- 1439-x

Torma C, Giorgi F, Coppola E (2015) Added value of regional climate 
modeling over areas characterized by complex terrain-Precipita-
tion over the Alps. J Geophys Res Atmos 120:3957–3972. https:// 
doi. org/ 10. 1002/ 2014J D0227 81

Turner AG, Annamalai H (2012) Climate change and the South Asian 
summer monsoon. Nat Clim Chang 2:587–595

Umakanth U, Kesarkar AP, Raju A, Vijaya Bhaskar Rao S (2016) Rep-
resentation of monsoon intraseasonal oscillations in regional cli-
mate model: sensitivity to convective physics. Clim Dyn 47:895–
917. https:// doi. org/ 10. 1007/ s00382- 015- 2878-5

Unnikrishnan CK, Rajeevan M, Vijaya Bhaskara Rao S, Kumar M 
(2013) Development of a high resolution land surface dataset for 
the South Asian monsoon region. Curr Sci 105:1235–1246

Webster PJ, Yang S (1992) Monsoon and enso: selectively interactive 
systems. Q J R Meteorol Soc 118:877–926. https:// doi. org/ 10. 
1002/ qj. 49711 850705

Webster PJ, Moore AM, Loschnigg JP, Leben RR (1999) Coupled 
ocean–atmosphere dynamics in the Indian Ocean during 1997–98. 
Nature 401:356–360. https:// doi. org/ 10. 1038/ 43848

White BG, Paegle J, Steenburgh WJ et al (1999) Short-term forecast 
validation of six models. Weather Forecast 14:84–108. https:// 
doi. org/ 10. 1175/ 1520- 0434(1999) 014% 3c0084: STFVOS% 3e2.0. 
CO;2

Yasunari T (1980) A quasi-stationary appearance of 30–40 day period 
in the cloudiness fluctuation during summer monsoon over India. 
J Meteorol Soc Jpn 58:225–229

York JG (2018) It’s getting better all the time (can’t get no worse): 
the why, how and when of environmental entrepreneurship. Int J 
Entrep Ventur 10:17–31

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00704-012-0728-5
https://doi.org/10.1016/j.atmosres.2018.09.002
https://doi.org/10.1007/s00382-008-0367-9
https://doi.org/10.1002/joc.3505
https://doi.org/10.1002/joc.3505
https://doi.org/10.1080/01490419.2016.1173606
https://doi.org/10.1080/01490419.2016.1173606
https://doi.org/10.1016/j.oceano.2017.10.001
https://doi.org/10.1007/s13131-019-1439-x
https://doi.org/10.1007/s13131-019-1439-x
https://doi.org/10.1002/2014JD022781
https://doi.org/10.1002/2014JD022781
https://doi.org/10.1007/s00382-015-2878-5
https://doi.org/10.1002/qj.49711850705
https://doi.org/10.1002/qj.49711850705
https://doi.org/10.1038/43848
https://doi.org/10.1175/1520-0434(1999)014%3c0084:STFVOS%3e2.0.CO;2
https://doi.org/10.1175/1520-0434(1999)014%3c0084:STFVOS%3e2.0.CO;2
https://doi.org/10.1175/1520-0434(1999)014%3c0084:STFVOS%3e2.0.CO;2

	Diagnosing whether the increasing horizontal resolution of regional climate model inevitably capable of adding value: investigation for Indian summer monsoon
	Abstract
	1 Introduction
	2 Experimental framework and methodology
	2.1 Model setup
	2.2 Observational data set used
	2.3 Methodology

	3 Result and discussion
	3.1 Skill and impact assessments
	3.2 Physical mechanism

	4 Conclusion
	Acknowledgements 
	References




