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Abstract

The sensitivity of increased vertical resolution in the present operational global forecast system (GFS) at T1534 (~12.5 km)
model on the short to medium range forecast of Indian summer monsoon (ISM) is investigated during June to September for
year of 2020. The present operational GFS model has 64 hybrid vertical layers with model top at 0.27 hPa (~ 54 km) which is
enhanced to 128 hybrid levels with model top at 0.01 hPa (~ 80 km). The results reveal that GFS L128 (EXPT) shows improved
mean precipitation distribution over the central India, Indo-Gangetic Plain, and southern Peninsula region compared to GFS
L64 (CTRL) forecast. It is found that CTRL forecast predicts around 20% excess rainfall over the central India region which
is reduced to 3% excess in EXPT forecast. However, EXPT shows excess rainfall (23%) over the northeast India, Himalayan
foothills, Western Ghats (WGs) and Bay of Bengal (BoB) region compared to both observation and CTRL forecast (19.5%).
The precipitation probability distribution function (PDF) shows notable improvement in the heavy to extreme category rainfall
in EXPT for all the lead times over the central India region. The improvement in the total rainfall over the central Indian land-
mass region is likely contributed by the realistic convective and large-scale rainfall in EXPT forecast. The enhanced vertical
resolution in EXPT likely helped in resolving the vertical moisture distribution resulting better moist-convective feedback in
the atmospheric column. Moreover, skill score analysis based on precipitation clearly brings out the better model fidelity with
enhanced vertical levels in EXPT forecast over the central Indian landmass region. In addition to daily scale, diurnal cycle
of precipitation shows realistic phase and amplitude over the above region in EXPT forecast compared to CTRL. Finally, the
fidelity of increased vertical velocity is tested for few extreme rainfall cases and it is found that EXPT is able to retain the
intensity of the extreme rainfall with longer lead times over that of CTRL forecast. With the increasing trend in extreme rainfall
events over India, the EXPT forecast shows its potential in improving heavy rainfall forecasting during summer monsoon.
Additionally, the enhance skill of predicting extreme rainfall events is crucial for several societal applications, such as busi-
nesses and energy trading sectors increasingly rely on weather forecasts. Therefore, the present study is not only beneficial
for the current operational prediction system but also paves the way for further enhancements.
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1 Introduction

The Indian summer monsoon rainfall (ISMR), measured
by rainfall from June to September (JJAS) over the Indian
subcontinent, plays a major driving force for agricultural
productivity, water resource management and many other
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socio-economic aspects of the country. The JJAS summer
monsoon season alone contributes more than 75% of the
annual rainfall in India. The floods and droughts associated
with year-to-year monsoon rainfall variations exceeding 10%
of the long-term mean cause severe distress to the region's
people (Gadgil and Gadgil 2006). Therefore, accurate pre-
diction of monsoon precipitation is essential from the soci-
etal perspective. This is particularly important considering
the fact that studies (Goswami et al. 2006; Rajeevan et al.
2008; Roxy et al. 2017) have highlighted the increasing trend
of extreme rainfall over the Indian subcontinent. Further,
the intensity of extreme precipitation is enhanced in recent
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decades (Sen Roy and Balling 2004; Nageswararao et al.
2016; Barde et al. 2020) during different seasons in India.
The economic loss caused by floods in India is about $3
billion per year, which is about 10% of the global finan-
cial losses, according to the International Disaster Database
(http://www.emdat.be).

The prediction skill of numerical weather models has
improved in recent years mainly due to better initialization,
increased resolution, and realistic model physics. Over the
past decades, the numerical models' horizontal resolution
has increased globally, mainly due to improved computing
facilities. Various studies (Mahlman and Umscheid 1987,
Kiehl and Williamson 1991; Hack et al. 2006; Manganello
et al. 2012) have highlighted the importance of horizontal
resolution in model simulation due to better representation
of orography, vegetation cover, land—ocean coastlines and
associated nonlinear processes. The pace of the increased
horizontal resolution in numerical models has been rela-
tively fast in recent decades. However, the enhancement in
the vertical resolution remains slow in major operational
weather prediction centres. For instance, the National Cent-
ers for Environmental Prediction (NCEP) Global Forecast
System (GFS) model had been using 64 hybrid vertical lev-
els for 18 years (2002-2020) until recently; it changed to
127 levels. Interestingly, during this period, the horizontal
resolution increased from 55 to 13 km in the NCEP GFS
model. Further details can be found at https://www.emc.
ncep.noaa.gov/gmb/STATS /html/model_changes.html.
Lindzen and Fox-Rabinovitz (1989) first indicated that
physical consistency of horizontal and vertical resolutions
in the design of numerical models is essential for weather
prediction and that lack of consistency may lead to genera-
tion of noise and affect the predictability. Further, Lee et al.
(2019) have documented (Table 1 in their paper) the vertical
resolution updates in various operational centers across the
globe. Mass et al. (2002) have reported that horizontal and
vertical resolutions influence the atmosphere's dynamical
and physical processes and modulate the uncertainties in
these processes because a finer-scale model grid can resolve
small-scale features. Several studies have carried out the
impact of increased vertical resolution in simulating synop-
tic systems. Among them, Zhang and Wang (2003) showed
using Pennsylvania State University/National Center for
Atmospheric Research (PSU/NCAR) mesoscale model that
higher vertical resolution in the lower-level leads to efficient
intensification of a hurricane. They concluded that higher
vertical and finer horizontal resolutions are desirable for
realistic simulation of tropical storm intensity. Similar result
was also echoed by Bhaskar Rao et al. (2010) where they
have shown the finer vertical resolution improves the tropi-
cal cyclone intensification and better structure in terms of
eye and eyewall of tropical cyclone using NCAR mesoscale
model. Further, they found that increased vertical resolution
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Table 1 Various statistics (mean, spatial correlation coefficient (CC),
root mean square error (RMSE), and standard deviation) are calcu-
lated based on observed and model forecasted rainfall over continen-
tal Indian region for different lead times

Lead day Mean (mm/ CC RMSE Standard

day) (mm/ Deviation

day) (mm/day)
IMD-GPM 7.7 10.7
CTRL Day-1 9.2 0.55 17.1 8.8
EXPT Day-1 9.5 044 18.1 9.4
CTRL Day-3 8.9 0.55 18.2 9.4
EXPT Day-3 10.2 0.51 21.8 11.8
CTRL Day-5 9.4 0.52 18.6 9.1
EXPT Day-5 10.7 0.50 22.0 11.4
CTRL Day-8 9.6 048 19.0 9.0
EXPT Day-8 10.8 049 22.7 12.1

at the lower level leads to improvement in the prediction of
vertical shear of the horizontal wind. Apart from the above
synoptic systems, higher vertical resolution can influence the
stratospheric forecast, as Charron et al. (2012) demonstrated.
They have shown that increasing the model top height from
10 hPa to 0.1 hPa in the Canadian Meteorological Centre
leads to significant improvement in the stratospheric and
medium-range tropospheric forecast skill.

In addition to the above studies, Ruti et al. (2006) showed
the impact of increased vertical resolution in the ECHAM4
climate model. They reported improvements in the tropi-
cal dynamical fields and precipitation distribution due to
improved cloud structure. Further, they noted that in a higher
vertical resolution model, the convective parameterization
starts to show cumulus congestus clouds. Another study
by Bauer et al. (2013) demonstrated that increased vertical
resolution has a mixed impact on the tropics and extratrop-
ics medium range forecast in ECMWF model. The results
are likely due to various sensitivities to vertical resolution
in the dynamics and model physical parameterization. The
impact of vertical resolution on the Indian summer monsoon
in the climate model has been studied by Abhik et al. (2014)
using ECMWF model. They demonstrated that increased
vertical resolution leads to better simulation of summer
intraseasonal oscillation. Over India, the medium range
weather forecast started at National Centre for Medium
Range Weather Forecast (NCMRWF) in 1994 using the
T80L18 global data assimilation and forecasting system.
Since then, with the improvement in the observational data
network, data assimilation, model development and compu-
tational facilities, the skill of the operational forecast model
has been enhanced over the years. The horizontal resolution
of the Global Forecasting System (GFS) operational fore-
cast model in India has increased from T382 (~38 km) to
T574 (~27 km) to T1534 (~12.5 km) for over a decade time
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period. However, the vertical resolution has remained at L64
(64 hybrid vertical levels) in GFS for all these years. Muk-
hopadhyay et al. (2019) demonstrated the forecast skill of
the current operational GFS T1534L.64 model forecast over
the Indian summer monsoon region. It is noted that the high-
resolution model has predicted the mean monsoon features
(namely precipitation, circulation, dynamical processes, etc.)
reasonably well. However, it considerably underestimates
the heavier category rainfall and overestimates the lighter
category rainfall for all the lead times over the Indian sub-
continent. Further, studies (Goswami et al. 2006; Rajeevan
et al. 2008; Roxy et al. 2017) have highlighted the increas-
ing trend of extreme rainfall events over the Indian region.
Therefore, keeping the above studies and issues in mind, in
the present study, for the first time, an attempt is taken to
increase the vertical resolution of the present operational
GFS model from L64 to L128 hybrid vertical levels. The
primary objective of the current manuscript is to assess the
sensitivity of increased vertical resolution in GFS on the
forecast of Indian summer monsoon features and its poten-
tial in predicting extreme rainfall events over Indian region.
Model details, data and methodology are given in Sect. 2.
Results and discussions are provided in Sect. 3 and Sect. 4
summarizes and concludes the study.

2 Model details, data and methodology

Over the Indian region, NCEP GFS version 14.1.0 with
spectral horizontal resolution of T1534 (~ 12.5 km) with
64 hybrid sigma-pressure levels (top layer 0.27 hPa) is
employed for short to medium range weather forecast sys-
tem. The dynamical core of the model is based on semi-
implicit Semi-Lagrangian (SL) discretization approach
(Sela 2010), while the physics is done in the linear, reduced
gaussian grid. The present operational GFST1534 uses
scale aware simplified Arakawa-Schubert deep convection
scheme (Han and Pan 2011; Han et al. 2017) and mass-
flux based shallow convection scheme (Han and Pan 2011).
The cloud microphysics scheme is based on Zhao and Carr
(1997) and Sundqvist et al. (1989), which uses only one
prognostic cloud species (total cloud water). Further, the
model utilizes gravity wave drag following Alpert et al.
(1988); Kim and Arakawa (1995), mountain blocking (Lott
and Miller 1997) and stationary convective-forced gravity
wave drag (Chun and Baik 1998). The planetary bound-
ary layer (PBL) scheme uses hybrid Eddy-diffusivity mass
flux vertical mixing scheme (Han and Pan 2011; Han et al.
2016). Further model details about the model physics can be
found at Ganai et al. (2021). In the present study, the hybrid
vertical layers are increased from 64 (https://www.emc.
ncep.noaa.gov/gmb/wx24fy/misc/GFS127_profile/hyblev_
gfs64.txt) to 128 levels which are similar to NCEP’s present

operational GFS version 16 model (https://www.emc.ncep.
noaa.gov/gmb/wx24fy/misc/GFS127_profile/hyblev_gfsCl
28.txt). With the increase in the vertical resolution in L.128,
the vertical grid spacing has decreased throughout the
atmosphere. The higher number of vertical levels near the
surface in L128 compared to L64 gives the reduced lowest
model level height of around 20 m than 45 m in L64 in the
GFS T1534 model. The model top level is increased from
0.27 hPa (~ 54 km) in L64 to 0.01 hPa (~ 80 km) in L128.
In the present study, two GFS T1534 model forecasts are
used, one with L64 levels (CTRL hereafter) and the other
with L128 levels (EXPT hereafter). It is worth to mention
that except vertical resolution, all the model components
are remained same for both CTRL and EXPT. The model
forecast is run daily for 10 days, and the output is stored
at every 3-h interval at 12.5 km regular latitude—longitude
grid for the year of 2020, June to September (JJAS) months.
These models run are performed at the Ministry of Earth
Sciences high-performance computing system "Pratyush" at
the Indian Institute of Tropical Meteorology (IITM), Pune,
India. The initial conditions for the forecast are generated by
the National Centre for Medium Range Weather Forecasting
(NCMRWEF) using the NCEP-based ensemble Kalman filter
(EnKF) component of hybrid global data assimilation sys-
tem (GDAS) cycle, which contains more Indian data. More
details about the NCMRWF data assimilation system are
documented by Prasad et al. (2016).

Several observation datasets based on satellite estimates
and reanalysis products are utilized to validate the model
forecast. The precipitation data is taken from India Meteoro-
logical Department (IMD) and Global Precipitation Meas-
urement (GPM) daily merged data (Mitra et al. 2014) for
the year 2020 during JJAS season. The reanalyses products
(wind, relative humidity, vertical velocity, temperature) is
utilized from the fifth generation of ECMWF atmospheric
reanalyses (ERAS5) products (Hersbach and Dee 2016) over
Indian summer monsoon region for JJAS-2020. For the diur-
nal cycle of rainfall, the Integrated Multi-satellitE Retriev-
als for GPM (IMERG) (Huffman et al. 2019) satellite-based
data is used for the year of 2020 JJAS season.

In the present study, the 24-h accumulated rainfall is
calculated from 3 hourly (03 UTC of the previous day to
03 UTC of forecast valid day) forecast data over the Indian
region for both models during JJAS of the year 2020. The
JJAS mean precipitation is calculated based on one year
(2020) of datasets for day-1, day-3, day-5 and day-8 forecast
lead time. Several statistical parameters namely, spatial cor-
relation coefficient, root mean square error (RMSE) are com-
puted for both models with respect to observation. Moreo-
ver, analysis of bias, rainfall probability distribution function
(PDF), cumulative distribution function (CDF), regional
Hadley circulation, vertical profiles of various dynamical
and thermodynamical parameters etc. are calculated for both
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observation and model forecasts for various lead times. In
order to examine the forecast skill of EXPT, various skill
scores are evaluated in Sect. 3.3. The computation of Bias
score (B) and Equitable Threat Score (ETS) are carried out
based on a contingency table. The contingency table catego-
rizes the observation and forecast into hits, ‘a’, false alarms,
‘b’, miss, ‘c’ and correct negatives ‘d’ with respect to a par-
ticular threshold. Based on these categories the Bias Score
and ETS are calculated (Wilks 2011).

a+b
B =

a+c (M
ETS= — o4

_a+b+c—aref (2

A Bias Score (B) of 1 implies a perfect forecast, greater
than 1 indicates overforecasting and less than 1 signifies under-
forecasting. The ETS varies between -1/3 to 1 with closer to
1 suggests better forecast. Finally, the 3 hourly precipitation
diurnal cycle is also computed for observation and models over
the various regions over India as depicted in Fig. 1.

3 Results and discussions
3.1 Seasonal mean precipitation distribution
To start with, the Indian summer monsoon (ISM) precipi-

tation distribution is investigated for both the models over
the ISM region (Fig. 2) during JJAS of the year 2020. The

observed IMD-GPM merged precipitation indicates that
major precipitation occurs over the central India (CI), West-
ern Ghats, Bay of Bengal (BoB), northeast India, and the
Himalayan foothills region (Fig. 2a). On the contrary, the
northwest India and the southern peninsula received the least
amount of rainfall during summer of 2020. The model biases
in CTRL and EXPT are shown in Fig. 2b and c, respectively.
The CTRL forecast appears to overestimate the precipitation
distribution throughout the Indian landmass region for all the
lead times during the 2020 summer season (Fig. 2b). Among
all the landmass regions, CI, northeast India and the region
of the Himalayan foothills have a considerable positive rain-
fall bias in CTRL forecast. Similar wet bias is also noted in
CTRL simulation in other years as shown by Mukhopadhyay
et al. (2019) and Ganai et al. (2021). However, in the EXPT
forecast, it is seen that the excess precipitation overestima-
tion in CTRL simulation is reduced over the majority of the
Indian landmass regions (Fig. 2¢). Particularly, the notewor-
thy improvement is seen over the CI, southern peninsula and
Indo-Gangetic plain areas. However, over the northeast India
and Himalayan foothills region, EXPT shows considerable
precipitation overestimation during JJAS of 2020 (Fig. 2c)
for all the lead time. Additionally, the positive precipitation
bias is noted over the Western Ghats (WGs) and BoB region
from day-3 lead time in EXPT forecast. Interestingly, both
the models show a dry bias over the head BoB region for
Day-1 lead time. These results are further evident in the
model-to-model comparison as shown in Fig. 2c. Major
precipitation overestimation is noted over the Himalayan
foothills region, WGs, BoB, and northeast India in EXPT

Fig.1 Selected boxes over the 40N
Indian land region, Bay of Ben-
gal and equatorial Indian Ocean
(EIO) to calculate the diurnal
cycle of rainfall in Fig. 15
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(b) BIAS: CTRL
(a) IMD—-GPM {cm/day)

{c) BIAS: EXPT

(d) EXPT — CTRL

Day—1

100E  60E 80E  100E

60E 80E

Fig.2 (a) JJAS mean rainfall (cm day_l) of IMD-GPM merged data during 2020. The rainfall bias in (b) CTRL and (¢) EXPT with respect to
observation, (d) in EXPT with respect to CTRL for day-1, day-3, day-5, and day-8 lead time are shown

compared to the CTRL region. From the above analyses, it is
noted that EXPT shows better precipitation distribution over
the CI region. In contrast, gross overestimation is reported
over the WGs, BoB, northeast and Himalayan region com-
pared to CTRL. To establish the above facts, various sta-
tistical parameters are calculated over the Indian landmass
and CI region separately, as shown in Table 1 and Table 2,
respectively. Over the Indian subcontinent region, it is found
that the mean, spatial correlation coefficient (CC), root mean
square error (RMSE) and standard deviation of precipita-
tion are better in CTRL as compared to the EXPT forecast
for all the lead times for JJAS of the year 2020 (Table 1). It
suggests better precipitation distribution over Indian sub-
continent in CTRL forecast compared to EXPT. On the con-
trary, EXPT sensitivity study shows better performance in
forecasting the above statistics (except standard deviation)
over the CI region than CTRL (Table 2). Therefore, it is
evident from the above analyses that precipitation biases
in the northeast India, Himalayan foothills, WGs regions in
EXPT forecast largely influence the seasonal mean all India
rainfall amount and other statistics as shown in Table 1.
The improved precipitation over the CI region can be due

Table 2 Various statistics (mean, spatial correlation coefficient (CC),
root mean square error (RMSE), and standard deviation) are calcu-
lated based on observed and model forecasted rainfall over central
Indian region for different lead times

Lead day Mean (mm/ CC RMSE Standard

day) (mm/ Deviation

day) (mm/day)
IMD-GPM 8.3 11.6
CTRL Day-1 9.9 0.38 17.8 9.4
EXPT Day-1 8.0 0.51 169 8.5
CTRL Day-3 9.9 0.29 19.5 10.1
EXPT Day-3 7.9 033 20.2 10.3
CTRL Day-5 10.4 0.17 20.2 9.9
EXPT Day-5 9.2 034 21.6 11.2
CTRL Day-8 11.5 0.10 215 10.9
EXPT Day-8 10.0 0.39 233 12.8

to better convective and large-scale precipitation caused by
different responses of the dynamical and thermodynamical
processes in the EXPT forecast (shown in a later section).
On the other hand, excess rainfall over northeast India and
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Fig.3 The rainfall PDF (%) vs. rain rate (cm day ') categories during JJAS of the year 2020 over the central Indian landmass region for different
lead times derived from CTRL and EXPT forecast and compared with IMD-GPM merged gridded data

(a) Indian sub-continent JJAS rainfall CDF (%) (b) Central India
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Fig.4 The rainfall CDF (%) vs. rain rate (mm day‘l) during JJAS of the year 2020 over the (a) Indian subcontinent and over the (b) central
Indian landmass region for different lead times derived from CTRL and EXPT forecast and compared with IMD-GPM merged gridded data
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the Himalayan foothills in EXPT needs a detailed investiga-
tion, which will be attempted in a future study. However,
preliminary analysis indicates increased moisture conver-
gence aided by enhanced vertical velocity in the atmospheric
column over the region (Figure shown later) possibly lead to
excess rainfall. Further, the above results possibly indicate
that increasing the vertical resolution alone may not suf-
ficient to improve the precipitation forecast over the Indian
subcontinent region. Additional tuning of the model physics
such as gravity wave drag, radiation effect of ozone may
be necessary as the model top is upraised and are kept for
future study.

The precipitation improvement over the core monsoon
zone, i.e., CI in EXPT, is further demonstrated through
the probability distribution function (PDF) as depicted in
Fig. 3. The different rain rate categories are taken according
to Mukhopadhyay et al. (2019) and Ganai et al. (2021). The
precipitation PDF distribution suggests overestimation of
lighter category rainfall (2.5-15.6 mmday~') in both CTRL
and EXPT forecast for all the lead time during JJAS of the
year 2020 (Fig. 3). Moreover, the overestimation of lighter

Large—scale rain
(b) EXPT-CTRL
Day—1

Convective rain
(a) EXPT-CTRL
Day—1

30N 1
20N -

10N -

30N 4

20N -

10N 1

30N -

20N 1

10N -

30N -

20N 4

10N 1
60E 80E

100 60E  80E  100E

category rainfall is more in EXPT than CTRL forecast for
all the lead time. The overestimation of lighter category
rainfall in operational GFS is also reported in earlier stud-
ies (Mukhopadhyay et al. 2019; Ganai et al. 2021). Further,
CTRL shows overestimation of moderate rainfall (15.6-64.4
mmday~!) and underestimation of heavier category (> 64.5
mmday ™) rainfall as compared to observation. On contrary,
the EXPT forecast shows relative improvement in captur-
ing moderate (1.56-6.45 cm day™') and heavier category
(>6.45 cm day™!) rainfall for all the lead time over the CI
region compared to CTRL run. The above finding reveals
that the excess contribution of lighter and moderate category
rainfall mainly contributes to precipitation overestimation in
CTRL. Hence, it indicates that the increased vertical reso-
lution in GFS has the potential to improve the moderate to
heavier category rainfall forecast over the CI region. In order
to gain further insight about the precipitation distribution,
the cumulative distribution function (CDF) of 24-h accumu-
lated precipitation is carried out over Indian subcontinent
(Fig. 4a) and over CI (Fig. 4b) region. It is evident that the
CDF shows marginal improvement in the lighter to moderate

(c) Convective/total rainfall in %
100

u CTRL mEXPT
80
60
40
20
0
Day-1 Day-3 Day-S Day-8

(d) Large-scale/total rainfall in %
100

u CTRL m EXPT
80
60
40
20
0
Day-1 Day-3 Day-5 Day-8

Fig.5 Spatial distribution of (a) convective rainfall (cm day™') and (b) large-scale rainfall (cm day™') in EXPT with respect to CTRL for differ-
ent lead times. (c) and (d) denote convective and large-scale rain fraction over the continental Indian region for various lead days, respectively
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category rainfall in EXPT forecast as compared to CTRL
for all the lead time over Indian subcontinent. Further, the
improvement is more prominent in EXPT over the CI region
as shown in Fig. 4b. Therefore, both PDF and CDF analyses
reveal that EXPT performs relatively better in forecasting
lighter to heavier category rainfall over Indian region com-
pared to CTRL forecast. It is likely that the enhanced vertical
resolution allows better representation of atmospheric pro-
cesses, including vertical variations in temperature, humid-
ity, and wind. This finer representation can capture small-
scale features and variations in the atmosphere that might
be missed with coarser vertical resolution.

The total precipitation and its PDF and CDF show relative
improvement in EXPT as compared to CTRL forecast over
CI region as noted from the above analysis. However, the
precipitation over Indian summer monsoon domain remains

Conv./total rainfall (%) Large-scale/total rainfall (%)

100 100
sCTRL  WEXPT C| sCTRL  ®wEXPT
80 80
60 60
40 40
20 20

0 0

Day-1  Day-3 Day-5 Day-8 Day-1  Day-3 Day-5 Day-8
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! sCTRL  wEXPT 100 wCTRL  WEXPT
80 80
60 60
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20 20
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Day-1  Day-3 Day-5 Day-8 Day-1 Day-3 Day-5 Day-8
=CTRL  ®EXPT 100 eIl ST
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Day-1 Day-3 Day-5 Day-8 Day-1 Day-3 Day-S Day-8
100 100
= CTRL ®mEXPT = CTRL mEXPT
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60 60
40 40
20 20
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Day-1 Day-3 Day-5 Day-8 Day-1 Day-3 Day-5 Day-8

Fig.6 The convective and large-scale rainfall fraction (%) over the different regions of India (as in Fig. 1) from CTRL and EXPT forecast for

Day-1, Day-3, Day-5 and Day-8 lead times over India
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similar or degrades over certain regions in EXPT forecast as
shown in Fig. 2 and Table 1. It would be interesting to look
whether the total precipitation distribution is contributed by
reasonable convective and large-scale rainfall proportion.
With this idea, the difference between EXPT and CTRL in
forecasting convective and large-scale precipitation is shown
for different lead times during JJAS of the year 2020 (Fig. 5).
The computation of large-scale rainfall is similar to Ganai
et al. (2021) where the convective rainfall is subtracted from
the total rainfall to get the large-scale precipitation in both
models. It is worth mentioning that Sabeerali et al. (2015)
showed 55% (45%) contribution to total rainfall is contrib-
uted by convective (large-scale) rainfall based on TRMM
3A25 observation over the ISM region. Further, Pokhrel and
Sikka (2012) brought out the convective and large-scale pre-
cipitation distribution based on observation (TRMM 3A25)

Conv./total rainfall (%) Large-scale/total rainfall (%)
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during 1998-2010 over different parts of Indian region.
As per their (Table 2 in their paper) study, majority of the
region receives (50-55%) convective and (45-50%) large-
scale rainfall except northeast India where the contribution
of large-scale rainfall (52%) is more than convective (48%)
rainfall. The spatial distribution indicates that the convec-
tive (large-scale) rainfall is decreased (increased) over the
majority of the Indian landmass regions in the EXPT fore-
cast as compared to the CTRL forecast for all the lead times
(Fig. 5a and b). In addition, the large-scale rainfall over the
northeast India, the Himalayan foothills, WG, BoB region is
considerably more in EXPT as compared to CTRL forecast
(Fig. 5b). Furthermore, the convective rainfall is enhanced
over WG region in EXPT compared to CTRL forecast for
Day-5 and Day-8 lead time. It is likely that the excess total

(@) )

rainfall in EXPT (Fig. 2¢ and d) as compared to CTRL fore-
cast is contributed mainly by the large-scale precipitation.
It is likely that the higher vertical resolution lead to enhance
large-scale vertical moisture convergence associated with
strong vertical ascending motion resulted in enhanced large-
scale precipitation over the region (Figure shown later). A
similar decrease (increase) in convective (large-scale) pre-
cipitation is noted in the higher vertical resolution model
by Lee et al. (2019). They showed that enhanced surface
flux and vertical transport of moisture in the higher vertical
resolution model led to increased large-scale precipitation.
The above findings are further established by the convective
(large-scale) precipitation fraction over the Indian subconti-
nent region as depicted in Fig. 5¢c and d. The CTRL forecast
exhibits around 70-75% convective and 25-30% large-scale

CTRL EXPT
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Fig.7 Latitude-pressure plot of mean regional Hadley cell circulation
(vector, v-wind vs. (-1) *omegax 100) and RH (shaded in %) distri-
bution averaged over 65°E-95°E during JJAS of 2020 from (a) ERAS5.
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rainfall for all the lead times (Fig. 5c). On the other hand, for
EXPT, it is around 50-60% convective and 40-50% large-
scale rainfall. Further, the convective and large-scale rainfall
distribution is shown in Fig. 6 over different regions over
India as per Fig. 1 from both CTRL and EXPT and com-
pared with Pokhrel and Sikka (2012). It is noted from Fig. 6
that EXPT shows enhanced contribution of large-scale rain-
fall compared to CTRL forecast for all the lead times over
majority the regions over India. However, over the northeast
India region, model appears to considerably overestimate
the contribution of large-scale rainfall compared to observa-
tion. Therefore, the above sensitivity study results show that
enhanced total rainfall (Table 1) over Indian landmass region
is mostly contributed by the increased large-scale rainfall
over northeast India, Himalayan foothills and WG regions.
On the other hand, relatively improved total precipitation
distribution over CI region (Table 2) is due to reasonable
contribution of convective and large-scale rainfall in EXPT.

3.2 Wind circulation, dynamical
and thermodynamical processes

The sensitivity of increased vertical resolution in GFS on
forecasting large-scale circulation and dynamics are analyzed
in the present section. The vertical profile of relative humid-
ity and circulation (meridional-vertical), the regional Hadley
cell (averaged over 65°E-95°E) is shown for ERAS5 and both
models forecast for different lead times (Fig. 7). Observation
based on ERAS reanalysis shows moist lower troposphere
(relative humidity (RH)> 75%) within the surface to 850 hPa
level over 20°S-25°N domain (Fig. 7a). Associated with

(a) Moisture conv. (gm/kgs™)

moist planetary boundary layer, the low-level wind converges
over Indian mainland region (10°N-25°N), and ascends over
higher altitude. Subsequently, the strong ascending branch
diverges in the upper level and descends over the Indian
Ocean region. The moist atmospheric column (RH > 65%) is
also associated with strong ascending motion over the Indian
mainland region. Both CTRL and EXPT is able to forecast
the above circulation and moisture distribution reasonably
for all the lead time, as shown in Fig. 7b and c, respectively.
However, detailed analysis indicates that both the models
slightly underestimate the lower-level moisture and overesti-
mate the mid and higher-level moisture distribution compared
to ERAS. This is likely influenced the vertical heating distri-
bution through phase changes and leads to marginally weaker
low-level wind circulation and stronger mid to higher-level
ascending motion in both models (Fig. 7b and c). However,
closer bias analyses suggests relatively improved lower and
middle level moisture distribution in EXPT (Fig. 7c) forecast
compared to CTRL run (Fig. 7b) for all the lead times. The
enhanced vertical resolution in the EXPT set-up leads to the
reasonably resolved vertical moisture distribution compared
to the CTRL model. This is also consistent with the study
by Lee et al. (2019), which documented better tropospheric
moisture distribution in higher vertical resolution version of
the Korean operational medium range forecast model.

To assess the processes responsible for relatively better
model forecast over the CI region with enhanced vertical
resolution in GFS, various dynamical and thermodynami-
cal processes are investigated during JJAS of the year 2020,
as shown in Fig. 8. The lower-level moisture convergence
is overestimated in both CTRL and EXPT as compared to

(b) Divergence (10°s1)

(c) Omega (hPas™)
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Fig.8 JJAS mean vertical profiles of (a) moisture convergence (gm/
kgs’l), (b) divergence (107571, and (c¢) vertical velocity (hPas™") for
ERAS5 (black line), CTRL (red line) and EXPT (blue line) for day-1
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ERAS reanalysis (Fig. 8a). However, the EXPT forecast
shows relative improvement in the lower level over CTRL
for day-1 and day-3 lead time. On contrary, the middle level
moisture convergence is underestimated in the sensitivity
experiment. The larger moisture convergence in the lower
level is consistent with enhanced low-level convergence in
both models (Fig. 8b). Compared to CTRL, the increased
vertical resolution in EXPT shows better lower-tropospheric
moisture distribution (Fig. 8a and b) and associated mois-
ture convergence over the CI region. The moisture distribu-
tion in the tropospheric column is mainly driven by vertical
atmospheric circulation. The vertical velocity in the atmos-
pheric column indicates that both models show reasonable
lower-level vertical motion (Fig. 8c). However, EXPT sug-
gests underestimation in the strength of the vertical velocity
between 700-200 hPa for both Day-1 and Day-3 lead time.

Fig.9 JJAS mean verti-
cal profiles of (a) moisture

(a) Moisture conv. (gm/kgs?)

It is found that the mid-level vertical velocity (Fig. 8c) and
associated moisture convergence (Fig. 8a) is underestimated
in EXPT forecast and needs to be addressed with further
investigation. However, it is noted that the increased verti-
cal resolution in EXPT has reasonable lower tropospheric
vertical motion with slightly improved lower level moisture
convergence.

The relative improvement in the precipitation distribution
and associated underlying dynamical processes over the CI
region in the sensitivity experiment is noted from the previ-
ous results. However, one of the major drawbacks of the
present study is to having considerable overestimation of
precipitation over the Himalayan foothills, northeast India,
and WGs region in the EXPT forecast. This excess rainfall
eventually contributes to the increased rainfall amount over
the Indian landmass region as shown in Table 1. To gain
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insight about the dynamical and thermodynamical processes
responsible for the excess rainfall over the Himalayan foot-
hills and northeast India region (26°N-28°N, 84°E-96°E),
various parameters are shown in Fig. 9 for both models and
observation. The moisture convergence (Fig. 9a) indicates
stronger convergence than ERAS in EXPT forecast between
900—400 hPa level for both Day-1 and Day-3 lead times. On
contrary, CTRL appears to considerably underestimate the
moisture convergence from surface to 500 hPa level. The
stronger moisture convergence in the lower to upper level
in EXPT is associated with enhanced wind convergence
(Fig. 9b) in low level and divergence in the upper level.
Consistent with the above findings, the vertical velocity
also shows considerably strong ascending motion through-
out the troposphere in the sensitivity experiment (Fig. 9c¢).
On the other hand, CTRL has stronger low level ascending
motion and reasonable vertical motion in the middle to upper
troposphere compared to ERAS. The Himalayan foothills

and northeast India region showed excess contribution of
large-scale precipitation (Fig. 9b) to the total rainfall. It will
be worth to evaluate the large-scale heating distribution fol-
lowing Yanai et al. (1973) over the region. The large-scale
apparent heat source (Q1) indicates much stronger heating
throughout the troposphere in EXPT compared to ERAS
indicating intense convection over the region (Fig. 9d). On
the other hand, CTRL predicts reasonable heating through-
out the troposphere. The above analysis brings out the reason
behind the excess rainfall over the Himalayan foothills and
northeast India region in EXPT forecast. It is likely that the
strong vertical motion resulted from excess moisture con-
vergence leading to enhanced moisture detrainment from
the upper level, which in turn increases the large-scale rain-
fall and associated large-scale heating over the region. All
these processes lead to precipitation overestimation over
the region in EXPT forecast. Further, it is likely that the
similar processes responsible for the excess rainfall over the
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Fig.10 Vertical profile of bias in relative humidity (shaded in %,
along the y-axis) as a function of rain rate (mm day~', along the
x-axis) in (a) CTRL, (b) EXPT with respect to observation (ERAS
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WGs region (Figure not shown). The above analysis suggests
that further improvement in the model physics is needed to
address the above issues.

To gain more insight into the impact of enhanced ver-
tical resolution in the rainfall and moist convective pro-
cesses, the vertical distribution of relative humidity as a
function of rain rate is plotted in Fig. 10 during JJAS of
the year 2020 over the CI region. The bias analysis dem-
onstrates that both CTRL and EXPT show a systematic
underestimation in the lower-level (below 850 hPa) mois-
ture over the CI region (Fig. 10a and b). In addition, they
also show an overestimation of moisture in the mid to
upper troposphere for moderate to heavier category rain-
fall. Mukhopadhyay et al. (2019) and Ganai et al. (2021)
reported similar underestimation of lower-level moisture
and overestimation of mid to upper-tropospheric moisture
in CTRL forecast. Detailed analyses further reveal that rel-
atively the lower level biases are improved in EXPT than
CTRL forecast as indicated in Fig. 10c. Bhaskar Rao et al.
(2010) showed increased vertical resolution in the lower

Fig.11 Evaluation scores of
CTRL (red line) and EXPT

troposphere produces better moisture distribution which
helps in efficient intensification for tropical cyclone. The
lower-tropospheric humidity plays a vital role in precon-
ditioning the atmosphere for further triggering, sustain-
ing and growth of convection. Higher vertical resolution
helps in representing the boundary layer more accurately,
capturing the interactions between the surface and the
atmosphere. Better lower tropospheric moistening due to
reasonable moisture convergence in EXPT helps improve
moist-convective feedback in the atmosphere. Therefore,
the enhanced vertical resolution in EXPT helped capture
better dynamical and thermodynamical processes in the
atmosphere (Fig. 8), eventually leading to better precipita-
tion distribution over the CI landmass region.

3.3 Skill scores analysis
The above analyses demonstrate the fidelity of the EXPT

model in forecasting various aspects of the monsoon fea-
tures during JJAS of the year 2020. Further to demonstrate
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the model skill, the evaluation scores based on precipita-
tion forecast are carried out in Fig. 11. The RMSE, bias
and correlation coefficient (CC) are calculated for both
models with respect to observation. It is noted that the
RMSE, bias and CC are relatively better in CTRL than
EXPT over the Indian subcontinent region. On contrary,
EXPT shows better skills over the CI region as depicted
in Fig. 11. Additionally, to investigate the forecast skill
of EXPT objectively, Bias score (B) and Equitable Threat
Score (ETS) are computed over the Indian subcontinent and
CI landmass region. These scores are calculated based on
a contingency table (Wilks 2011) and are similar to Ganai
et al. (2021). The Bias score is demonstrated in Fig. 12
over the Indian subcontinent (Fig. 12a-c) and CI landmass
region (Fig. 12d-f) for day-1, day-2, and day-3 lead times.
A Bias score of 1 suggests a perfect forecast, greater than 1
indicates overforecasting, and less than 1 represents under-
forecasting. Over the Indian subcontinent, EXPT shows a
relatively better bias score for 2 cm day ™! and 5 cm day™!
precipitation thresholds than CTRL forecast for all the
lead times (Fig. 12a-c). However, for higher thresholds,
EXPT shows overforecasting for all the lead times. This
may be due to the tendency of EXPT to overforecast the
frequency of heavier rainfall, mainly over the northeast and

Himalayan foothills regions, as noted in Fig. 2c. It is fur-
ther established in the Bias score over CI landmass region
(Fig. 12d-f) in EXPT forecast. Here, it is evident that
EXPT shows better Bias score for all precipitation thresh-
olds for all the lead times as compared to CTRL forecast.
This result is consistent with the fact that total precipitation
distribution is improved over the CI region in the EXPT
forecast, as shown in Fig. 2c. Further, the ETS is dem-
onstrated in Fig. 13 over the Indian subcontinent and CI
region, a score of 1 indicates perfect forecast. This metric
takes into consideration the correct forecast obtained due
to chance and informs how the forecast ‘yes’ events fared
against the observed ‘yes’ events. Similar to the Bias score,
ETS is marginally better in CTRL than EXPT over the
Indian subcontinent region for all the lead time (Fig. 13a-
c). However, EXPT performs better than CTRL over the
CI region for all the lead times. The above analyses indi-
cate better forecast skill in EXPT than CTRL forecast over
the CI region. However, over the whole Indian landmass
region, the forecast skill degrades in EXPT compared to
CTRL forecast. The relatively better forecast skill in EXPT
is likely due to enhanced vertical resolution, which resolves
the processes in the tropospheric column and subsequently
improves the precipitation distribution.

Bias score over Indian subcontinent
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Fig.12 (a-c) represent Bias score for CTRL (blue bar) and EXPT
(red bar) for day-1 to day-3 lead days respectively over the continen-
tal Indian region during JJAS of 2020. (d-f) represent similar analysis
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3.4 Diurnal cycle of precipitation and extreme
rainfall case study

It is well known that the diurnal cycle of solar radiation
plays a major impact on the local and regional variability
of the earth's weather, particularly on tropical storms and
associated winds and precipitation. All the above analyses
demonstrate the performance of EXPT in forecasting the
Indian summer monsoon features in daily to seasonal scale
during JJAS of the year 2020. In addition to the daily to
seasonal scale, the diurnal precipitation cycle is also inves-
tigated in the present section. Previous studies (Yang and
Slingo 2001; Dai and Trenberth 2004; Ganai et al. 2016;
Mukhopadhyay et al. 2019) have highlighted the diurnal
cycles in convection, cloudiness and circulation and their
distributions are a good test bed for the validation of weather
and climate models. The JJAS mean precipitation bias spa-
tial distribution is shown in Fig. 14 for 0230 Indian standard
time (IST) to 2330 IST at 3 hourly intervals for day-1 lead
time for both CTRL and EXPT forecast. The CTRL forecast
indicates precipitation overestimation over CI and adjacent
landmass region, northeast India and the Himalayan foothills
region (Fig. 14a) for all the times. The above overestimation

appears to increase as we move from morning to afternoon
hours in the CTRL forecast. On the contrary, the EXPT fore-
cast shows relative improvement in forecasting the above
biases over the ISM region for all the times (Fig. 14b). The
precipitation overestimation reduces in EXPT over CI and
adjacent landmass region compared to CTRL forecast.
However, the precipitation is grossly overestimated over
the Himalayan foothills and northeast India region for all
the times (except 0830 IST) (Fig. 14b). Additionally, the
precipitation overestimation is noted over WGs region for
majority of the time of the day in EXPT forecast. These diur-
nal biases are eventually added up in the daily to seasonal
scale over the above region and showed precipitation overes-
timation as shown in Fig. 1c. On contrary, the improvement
over Cl region is further established from the area averaged
mean bias and spatial correlation coefficient (CC) statistics
which are mentioned at the top of each plot (Fig. 14a and b).
Similar improved spatial diurnal precipitation distribution
over the CI region is also noted for day-3 lead time (Figure
not shown). Overall, it is found that the consistent with the
daily to seasonal scale, diurnal scale precipitation also shows
relative improvement over the CI landmass region in EXPT
sensitivity forecast compared to CTRL. However, the issue
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of precipitation overestimation over the Himalayan foothills,
northeast India, and WGs region is also prominent in the
diurnal scale which needs to be further addressed.

Further, the diurnal cycle of precipitation is investi-
gated over different parts of the Indian region, as shown
in Fig. 1. These regions are chosen based on their distinct
local features, which will be discussed later in this section.
The above boxes are similar to Mukhopadhyay et al. (2019)
(Fig. 12 in their paper). The diurnal cycles of precipitation
are shown in Fig. 15. Over the CI region, studies (Sahany
et al. 2010; Ganai et al. 2016) showed that the observed
afternoon/early evening peak over the CI landmass region is
primarily due to the thermodynamic response to the surface
solar heating. However, CTRL shows the peak rainfall 3 h
earlier than observation, and the precipitation amplitude is
also considerably overestimated. Similar results were also
demonstrated by Mukhopadhyay et al. (2019) in the CTRL
forecast. On the contrary, EXPT shows a better diurnal
cycle of precipitation over the CI region. It is able to cap-
ture the magnitude and phase reasonably better as compared
to CTRL forecast over the CI region. Over the BoB region,
the observed diurnal precipitation cycle peaks at around

(a) CTRL : Day-1

0230 IST {mm /hr) 0530 IST 0830 IST

Bias:0.048, €C:0.42 Bias:0.049, CC:0.38 Bias:0.081, CC:0.44

RO
.4...‘?};{

1430 IST. Yang and Slingo (2001) suggested it could be due
to diurnally generated gravity waves. The CTRL forecast
indicates reasonable amplitude of the diurnal cycle over
the region for day-1 and day-3 lead times. On the contrary,
EXPT considerably underestimates the amplitude of the
diurnal precipitation for day-1 lead time and slightly overes-
timates for day-3 lead time. Interestingly, the diurnal phase
is reasonably captured in both models for both lead times.
Over northeast India, the early morning observed peak can
be associated with the interaction between katabatic winds
and the southwesterly winds (Sahany et al. 2010). While the
CTRL forecast shows a reasonable diurnal cycle over the
region, EXPT grossly overestimates the amplitude of the
precipitation for both lead times. The result is consistent
with the fact that EXPT overestimates the seasonal mean
precipitation over northeast India, as shown in Fig. 2¢c. Fur-
ther, over northwest India, the observed precipitation peaks
at around 1730 IST and also has a secondary peak in the
morning hours (0830 IST). Both models fail to capture the
observed afternoon precipitation peak, showing an early
morning peak for both lead times. Mukhopadhyay et al.
(2019) showed a similar result in the CTRL forecast. Over
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the Western Ghats (WG) regions, the observed precipita-
tion peak is due to the interaction between the land-sea
breeze and the prevailing monsoonal flow (Sahany et al.
2010). Both models report an overestimation of diurnal
precipitation amplitude over northern and southern WG
regions. However, EXPT captures the diurnal precipitation
peak relatively better than CTRL for both lead times over
the northern WG region. Over the southern peninsula and
Indian Ocean region, both models show reasonable diur-
nal amplitude and phase for both the lead times. Over the
Indian Ocean region, the diurnal cycle of precipitation may
be attributed to the lifetime of large-scale convective sys-
tems and complex interaction between clouds, radiation and
near-surface thermodynamics (Chen and Houze 1997; Sui
et al. 1997; Sahany et al. 2010). The diurnal cycle of pre-
cipitation amplitude is underestimated more in EXPT than
CTRL forecast for day-1 and day-3 lead time.

Central India

Bay of Bengal

The above analyses demonstrate the role of enhanced
vertical resolution in GFS in capturing the diurnal cycle
of precipitation over different parts of India. Overall, it is
found that EXPT has predicted the diurnal cycle relatively
well over the CI landmass region than CTRL forecast. It
captures the diurnal precipitation amplitude and phase over
the region. However, it shows discrepancies in the diurnal
cycle compared to observation over some areas (northeast
and northwest India) which could be due to model’s inability
to represent the realistic local dynamical and thermodynami-
cal processes (Fig. 8). It indicates further model improve-
ment is required to address those issues.

All the above analyses documented that the GFS model
with enhanced vertical resolution shows better precipita-
tion distribution and skill mainly over CI and neighbouring
regions. It is well established that the heavy (> 60 mm day ™)
to extreme (>200 mm day~!) precipitation events show an
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Fig.15 Diurnal cycle of precipitation (mm hr™!) as obtained from IMERG (black line), CTRL (red line), and EXPT (blue line) forecast at differ-
ent lead times during JJAS of 2020 over different selected regions as in Fig. 1
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increasing trend over the Indian subcontinent (Goswami et al.
2006; Rajeevan et al. 2008; Roxy et al. 2017). Extreme pre-
cipitation events have a devastating socio-economic impact
on the livelihood of India's vast population. Therefore, skilful
prediction of heavy to extreme precipitation is crucial for the
country. It is worth noting that EXPT shows better rainfall
PDF for heavy to extreme rainfall category than CTRL fore-
cast for all the lead time (Fig. 3). Therefore, it would be inter-
esting to investigate whether the enhanced vertical resolution
in the GFS model is able to better performance in predicting
the intensity and location of the heavy to extreme events over
the Indian subcontinent. In the present manuscript, extreme
precipitation event on 4-6th August 2020 over Mumbai and
the surrounding region is chosen as a forecast demonstration.
Figures 16, 17, and 18 demonstrate the precipitation distribu-
tion for the 4th, 5th and 6th of August 2020 for both observa-
tion and models. During 4th to 6th August, 2020, observation

shows extreme rainfall over Mumbai and surrounding regions
(Figs. 16, 17 and 18). Both models indicate heavy rain for
day-1, day-2, and day-3 lead time for all the above days (4-6th
August). However, both models appear to show a slight shift
in the precipitation maximum pattern for the 4th and 5th of
August for all the lead times (Figs. 16 and 17). However,
for 6th August, both models predict the precipitation pattern
reasonably well for day-1 lead time (Fig. 18). The intensity
of the spatial precipitation distribution is enhanced in EXPT
than CTRL forecast for all the days. It is evident in Fig. 19
(averaged over 18.5°N-19.5°N, 72.5°E-73.5°E) that EXPT
shows enhanced precipitation intensity for most of the lead
times for all the days (4-6th August). Overall, the above
analysis indicates that EXPT tends to forecast enhanced pre-
cipitation intensity than CTRL forecast, and EXPT retains
precipitation intensity for longer lead times. Although EXPT
shows its potential in predicting extreme precipitation events
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Fig.16 Spatial rainfall (cm day~') distribution over Mumbai and
adjacent region (red circle) reported on 04th August 2020 from IMD-
GPM observed merged data. Similar precipitation distribution from
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Fig.17 Spatial rainfall (cm day™!) distribution over Mumbai and
adjacent region (red circle) reported on 05th August 2020 from IMD-
GPM observed merged data. Similar precipitation distribution from

with enhanced intensity, further case studies are required to
establish its forecast skill over the Indian region.

While the year 2020 monsoon was above normal (109%)
according to IMD (https://internal.imd.gov.in/press_release/
20201220_pr_963.pdf), the skill of the below normal monsoon
year (2018; https://mausam.imd.gov.in/jaipur/mcdata/monso
on2018.pdf) and associated extreme rainfall are also assessed
(Figure not shown). It is found that there is a slight different pre-
cipitation distribution with slightly degraded skills score over
central India region in EXPT than CTRL as compared to the
year of 2020. However, EXPT shows the potential in predicting
better intensity of the heavy rainfall event as compared to CTRL
forecast for below normal monsoon year (2018). Although to
reach a statistically significant skill score, more number of
years of forecast run with enhanced vertical resolution model
are required. However, due to the present limitation of our com-
putational facility, it is difficult to carry out forecast run with
large number of years with contrasting monsoonal rainfall. It
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0.1

96E
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CTRL and EXPT valid for 5th August 2020 with day-1, day-2 and
day-3 lead time are also shown

will be carried out in future study based on the availability of
computational resources.

The present manuscript brings out the sensitivity of
enhanced vertical resolution in the current operational
weather forecast model GFS T1534 on the forecast of the
Indian summer monsoon for 2020. It is noted that EXPT
performed reasonably well in forecasting precipitation over
most of the Indian subcontinent except the northeast India,
Himalayan foothills, WGs, and BOB region. As CI is con-
sidered the core monsoon zone (Rajeevan et al. 2010), the
enhanced forecast skill over the region is likely to be ben-
eficial for the agricultural and associated socio-economic
activity. However, further efforts are required to improve
the model forecast over the other region, which is kept for
future study. Additionally, it would be worth investigating
the impact of the enhanced vertical resolution model in pre-
dicting the intensity and track of tropical cyclones during
pre-monsoon and post-monsoon seasons.
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Fig.18 Spatial rainfall (cm day~!) distribution over Mumbai and
adjacent region (red circle) reported on 06th August 2020 from IMD-
GPM observed merged data. Similar precipitation distribution from

CTRL and EXPT valid for 6th August 2020 with day-1, day-2 and
day-3 lead time are also shown

Day-1 Day-2 Day-3
300 m OBS 300 mOBS 300 m OBS

u CTRL uCTRL mCTRL

250 mEXPT 250 - mEXPT 250 mEXPT
200 200 200
150 150 150
100 100 100
50 50 50
0 0 0

4th Aug 5th Aug 6th Aug 4th Aug

5th Aug 6th Aug 4th Aug 5th Aug 6th Aug

Fig.19 The amount of precipitation (mm day~!) over Mumbai and surrounding regions (72.5°E-73.5°E, 18.5°N-19.5°N) during 4th to 6th
August 2020 from observation (black bar), CTRL (red bar) and EXPT (blue bar) for day-1, day-2 and day-3 lead time

4 Conclusions

The present manuscript investigates the sensitivity of
enhanced vertical resolution in the operational short to
medium-range weather forecast model (GFS T1534) over
the Indian summer monsoon region during JJAS of the

@ Springer

year 2020. The vertical resolution of the present GFS is
increased from L64 to L128 hybrid vertical layers with
model top level of 0.27 hPa (~54 km) and 0.01 hPa
(80 km), respectively. The horizontal resolution of both the
models is 12.5 km. To find out the influence of enhanced
vertical resolution, two separate forecast runs are carried
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out with GFS T1534 with L64 (CTRL) and L128 (EXPT)
during JJAS of the year 2020. Except for the difference
in the vertical resolution, all the other model components
are the same in both models. The model forecast evalu-
ation indicates that EXPT shows improved precipitation
distribution over the CI, Indo-Gangetic plains, and south-
ern peninsula regions over the CTRL forecast. However,
EXPT shows a considerable overestimation of rainfall over
the northeast India, Himalayan foothills, WGs, and BOB
region compared to both observation and CTRL. This is
one of the major issues with the EXPT forecast, which
needs detailed investigation. Preliminary analyses show
that enhanced vertical resolution over the above mountain-
ous region leads to enhanced vertical velocity and associ-
ated moisture convergence, which helps get excess rainfall
over those areas. Apart from the above regions, the precip-
itation distribution over the central Indian landmass region
shows improvement in rainfall PDF and CDF distribution.
The heavy to very heavy and extreme rainfall distribution
has improved in EXPT compared to the CTRL forecast for
all the lead time during JJAS of 2020. However, the lighter
category rainfall is overestimated in EXPT forecast. The
realistic distribution of convective and large-scale rainfall
in the EXPT forecast supports the improved rainfall dis-
tribution over the CI region.

The large-scale local Hadley circulation is predicted
by both CTRL and EXPT forecasts with slightly stronger
mid-level upward motion over the Indian landmass region.
Consequently, both models show marginal overestimation
of mid-level relative humidity in the atmospheric column
with slightly better distribution in EXPT compared to the
CTRL. Further, EXPT indicates relatively improved lower-
level moisture distribution over the Indian landmass region
compared to the CTRL forecast. Additionally, the model skill
score based on precipitation suggests that EXPT shows bet-
ter Bias and ETS skill scores over the CI region than the
CTRL forecast. Particularly, the improved ETS for heavier
category rainfall is noteworthy in the EXPT forecast. How-
ever, the precipitation forecast skill degrades over Indian sub-
continent region in EXPT forecast compared to CTRL. The
above results possibly suggest that increasing vertical reso-
lution alone may not be sufficient in improving the overall
model performance. The model’s physical schemes should be
tuned for the higher vertical resolution model as the closure
assumption of a physical scheme has been tested in relatively
low-vertical resolution model. Additionally, as the model top
is upraised, new physics (such as gravity wave drag and radia-
tion effect of ozone) may be necessary for the model.

The impact of enhanced vertical resolution in forecasting
the diurnal cycle of precipitation is also investigated in the
present study based on 3-hourly observation and model data.
The spatial distribution of rainfall at 3-hourly intervals start-
ing from 0230 to 2330 IST indicates improved distribution

in EXPT over that of CTRL forecast. However, gross over-
estimation of precipitation is noted over the northeast India,
Himalayan foothills and WGs region in EXPT, which is
eventually added up in daily scale. The diurnal precipita-
tion cycle over CI shows that the EXPT forecast can predict
the phase and magnitude of rainfall realistically compared to
observation. On the other hand, CTRL shows precipitation
peaks 3-h earlier than observation with an enhanced magni-
tude over CI. Additionally, it is found that both models fail
to capture the diurnal cycle over the northeast and northwest
India region due to its inability to capture the local dynamics
and thermodynamical properties.

The case study based on extreme rainfall over Mumbai and
the surrounding region suggests that EXPT shows potential
in predicting extreme rainfall with enhanced intensity and
longer lead times compared to the CTRL forecast. It is able
to retain the intensity of heavy rainfall for longer lead times.
Based on all the above results, it is found that the GFS T1534
L128 (EXPT) model forecast demonstrated better fidelity in
forecasting precipitation over the CI region than the CTRL
forecast. However, further improvement is required to address
the excess precipitation issue over the northeast India, Hima-
layan foothills, WGs, and BoB region. In addition, it would
be interesting to investigate in a future study the impact of
enhanced vertical resolution in GFS on the prediction of tropi-
cal cyclone track and intensity over the ISM domain.
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