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Abstract
The rainfall observed 957.6 mm during summer monsoon season (June–September) of 2020 over India, which is 9% more 
than the climatological mean summer monsoon rainfall. In this study, the Indian Summer Monsoon (ISM) features are evalu-
ated with National Center for Environment Prediction-Global Forecast System (NCEP-GFS). The 1200 UTC operational 
analysis and forecast fields (up to 5 days) with 0.5° horizontal resolution and 64 vertical levels are archived for the period 
of 1st May up to 30th September 2020. The ISM characteristics such as the low-level westerly jet at 850 hPa throughout the 
monsoon season, reaching the maximum intensity (> 18 m  sec−1) on the Somalian coast and upper-level tropical easterly 
jet at 150 hPa (> 30 m  sec−1) are well reflected in the NCEP analysis during summer monsoon season. The NCEP model 
reveals that the ISM features are reasonably well predicted in day 1 forecast, whereas in day 3 and day 5 forecasts it exhibited 
certain biased tendencies with respect to NCEP analysis. The spatial distribution of observed rainfall was in good agreement 
with the day 1, day 3, and day 5 forecasts; however, the intensity was overestimated over central India when compared to 
India Meteorological Department (IMD) observations. The heavy rainfall events (> 64.5 mm as per the criteria of IMD) 
were realistically captured in the day 1 forecast in terms of spatial distribution and intensity, but the model has limitations to 
capture intensity and distribution on day 3 and day 5 forecasts.

Keywords Indian summer monsoon · NCEP analysis and forecast · Westerly jet · Tropical easterly jet

Introduction

The south-west monsoon season exhibits major changes 
over India, influencing the country’s rainfall pattern. The 
intensity and duration of rainfall are associated with semi-
permanent systems such as Mascarene high, low-level 
westerly flow, upper tropical easterly winds, heat-low over 
north-west India, Tibetan anticyclonic circulation, mon-
soon depressions, and troughs over the Indo-Gangetic plain 
during the monsoon season (Webster et al. 1998; Mohanty 
et al. 2005). The meridional pressure gradient along with the 
Coriolis force between the Indo-Gangetic plain and Mas-
carene island of Indian Ocean enhance the cross-equatorial 

circulation (Krishnan et al. 2020). Moisture is transported 
into the Indian subcontinent through cross-equatorial flow 
across the Somalia coast and a westerly low-level jet (LLJ) at 
850 hPa over the Arabian Sea (AS), which is heavily accom-
panied by rainfall over this region (Mohanty et al. 2003; 
Raju et al. 2005; Wang et al. 2009). In addition to the low-
level circulation, during the monsoon season there also exist 
an active upper-level circulation called tropical easterly jet 
(TEJ) at a pressure level of 200 hPa (Karadan et al. 2021).  
A decreased mean sea level pressure is also observed over 
the north-western India during the entire monsoon season 
called heat-low. Furthermore, an anticyclonic circulation 
presenting over the south-east of Tibet at upper level also 
characterizes the monsoon by assisting the TEJ by its equa-
torward outflows (Raghavan 1973). The monsoon rainfall 
distribution in India is determined by the movement in the 
monsoon trough over the Himalayan foothills (Mohanty 
et al. 2003; Rao et al. 2003). The unprecedented breaks 
in the rainfall during the monsoon season may lead to a 
drought situation over India, thereby affecting various sec-
tors (Gadgil et al. 2005; Raju et al. 2010). Therefore, from 
the onset through the advance of monsoon till its withdrawal 
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from the region, monsoon traverse through various active 
and break spells determining the nature of its seasonal rain-
fall intensity. This strong regional climate system directly 
or indirectly influence the life and their livelihoods of 1.6 
billion residents of South Asia (Ashfaq et  al. 2021). A 
moderate to normal rainfall provides the region with good 
agricultural yields, whereas the extreme excess rainfall or 
drought season makes the living circumstances more miser-
able (Patwardhan et al. 2014).

Several national and international institutions use General 
Circulation Models (GCM) for seamless weather and climate 
scale forecast (Pattanaik and Kumar 2010; Pattanaik et al. 
2020). Further, the GCM output is used in mesoscale mod-
els to generate high-resolution simulations/forecasts over 
the region (Kumar et al. 2017). These models tend to drift 
towards their ideal climatology as the forecast period length-
ens, and this tendency causes bias in predictions (Heckley 
1985; Arpe and Klinker 1986; Acharya et al. 2012). The 
diagnosis of the source of these errors associated with the 
simulation/prediction of the Indian Summer Monsoon (ISM) 
region is a vital part of the refinement of prediction models. 
The major contributions of these inaccuracies in the numer-
ical models can be attributed to the improper representa-
tion of sub-grid scale physical processes such as planetary 
boundary layer, cumulus convection, radiation, land surface 
processes, and their complex interactions (Saha et al. 2014; 
Raju et al. 2022). The empirical data (initial condition) inac-
curacy in the model could also contribute to the forecast 
error (Pokhrel et al. 2016; Wang et al. 2018). Therefore, the 
evaluation of these errors along with assessing the forecast 
skill of the GCMs is required over the ISM to improve the 
forecast skill (Wang et al. 2005). Although most of these 
models are capable of simulating the regional monsoon char-
acteristics, the intensity and distribution differ in each model 
(DelSole and Shukla 2012). Therefore, an efficient approach 
is vital to determine the skill of the GCM. In this paper, we 
aim to address the following aspects.

• Investigating summer monsoon 2020 features over India 
with observation and National Centers for Environment 
Prediction (NCEP) analysis.

• Assessing the forecast ingenuity of NCEP for the predic-
tion of summer monsoon features in day 1, day 3, and day 
5.

• Examining the extreme weather episode during the ISM 
season over India in NCEP analysis and forecasts.

Synoptic features of monsoon 2020

The south-west monsoon arrived over the Andaman Sea on 
17th May and set over Kerala on 1st June 2020. The com-
mencement of ISM 2020 was associated with a cyclonic 

system (Nisarga) over the eastern AS. It intensified into a 
severe cyclonic storm and moved north to north-eastward, 
crossing the Maharashtra coast on 3rd June. The monsoon 
advanced and engulfed the whole country on 26th June 
which was 12 days earlier than the normal date. In addition 
to the cyclonic system over the AS, a low-pressure cyclonic 
movement over the west-central Bay of Bengal (BoB) 
strengthened the monsoon flow and reinforced the progres-
sion of the monsoon over the country. During the summer 
monsoon season, 12 low-pressure systems were observed of 
which five systems were formed in August. This triggered 
the monsoon activity, shifting the active monsoon trough 
towards the south of its regular position, and it maintained 
a strong low-level westerly jet around the AS. This signifi-
cantly further enhanced the precipitation over the central 
and western parts of India. The presence of a low-pressure 
system during the 1st week of August caused heavy rainfall 
which led to a flood situation over Gujarat and the coastal 
regions of Maharashtra. The uncommon shifting of the mon-
soon trough to the Himalayan foothills made the July month 
deficient (by 10%) in rainfall over southern parts of India. 
This trough triggered floods over north-eastern India, Bihar, 
and Uttar Pradesh. The formation of two low-pressure sys-
tems in September led to an active monsoon delaying the 
withdrawal. The departure of the monsoon only began on 
28th September from western Rajasthan and Punjab which is 
quite far from its normal date of 17th September. The season 
(June–September) in 2020 in India recorded 957.6 mm of 
rainfall which is 9% above its long-period average (LPA). 
The seasonal rainfall recorded over four homogeneous 
regions, namely north-west India, central India, southern 
peninsular India, and north-eastern India, respectively, 
are − 16%, + 15%, + 30%, and + 6% of their corresponding 
LPA (Mausam 2021).

The ENSO and IOD patterns strongly influence the ISM 
rainfall. Sea surface temperature (SST) anomalies are reported 
in order to better understand the evolution of SST over the 
Pacific and Indian Oceans as it affects large-scale circulation 
and monsoonal patterns, as well as their state prior to and 
during monsoon season. The monthly SST anomalies from 
April to September and the daily variation of area-averaged 
Nino3.4, Western Equatorial Indian Ocean (WEIO) and East-
ern Equatorial Indian Ocean (EEIO) are shown in Fig. 1a–g 
(Source: https:// psl. noaa. gov/ data/ gridd ed/ data. noaa. oisst. v2. 
highr es. html). Over the equatorial Pacific Ocean, SST posi-
tive anomalies reveal the onset of El Nino conditions from 
May to September, whereas in the Indian Ocean, a weak posi-
tive Indian Ocean Dipole (IOD) during the onset of monsoon, 
which then turned neutral in July, and then a negative IOD 
until September. During May and June, the area-averaged 
SST over WEIO and EEIO have an inverse relationship with 
warmer EEIO seas and colder WEIO waters (negative IOD 
phase). Furthermore, during August and September, a negative 

https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
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SST anomaly over EEIO denotes a positive IOD (Fig. 1g). 
At the same time, the temperature anomaly over the Nino3.4 
region shifts from negative to positive, signalling the onset of 
El Nino (Kug et al. 2010).

Methods and materials

The Global forecasting system (GFS) is a non-hydro-
static finite volume cubed sphere (FV3) dynamic global 
model (Kanamitsu 1989; Kanamitsu et al. 1991; Kalnay 

et al. 1996; Putman and Lin 2007). The NCEP GFS con-
tains a finite volume cubed sphere dynamical core that was 
enhanced by NOAA's Office of Atmospheric Research's 
Geophysical Fluid Dynamics Laboratory (GFDL) (OAR). In 
terms of its dynamical core and physics, the present opera-
tional GFS model has undergone significant alterations since 
1996. Modifications to physics packages include advanced 
GFDL microphysics, improved parameterization of middle 
atmospheric water vapour photochemistry, a modified con-
vective parameterization scheme to reduce excessive cloud-
top cooling, and an updated bare soil evaporation scheme 

Fig. 1  Monthly spatial pattern of SST anomaly (a–f and g) area average time series over Nino3.4 and IOD regions (g). (Source NOAA OI SST 
V2 High Resolution Dataset)
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(Lin 2004). GFS runs up to 16 days at various horizontal res-
olutions (0.25°, 0.5°, 1.0°, and 2.5°), with 64 vertical levels 
daily four times (0000, 0600, 1200, 1800 UTC) in real-time 
operational mode at the NCEP and its outputs are available 
for public. These model outputs are widely employed for 
operational purposes as well as further dynamical down-
scaling for localized applications by diverse organizations 
across the world.

In this study, NCEP GFS analysis at 1200UTC and 
model forecast of day 1, day 3, and day 5 data with a reso-
lution of 0.5° × 0.5° are used to diagnose the ISM season 
of 2020. The observed rainfall gridded data (0.25°) were 
archived from India Meteorological Department (IMD). 
The observed ISM characteristics of the year 2020 across 
South Asia were analysed with observed and NCEP analy-
sis. For four homogeneous locations, the monthly geo-
graphical distribution and daily accumulated rainfall were 
examined. In addition, the model's ability to predict wind, 
temperature, specific humidity, and geopotential height for 
day 1, day 3, and day 5 in South Asia was assessed and 
compared to analysis fields. The 24-h accumulated precipi-
tation for day 1, day 3, and day 5 forecast during monsoon 
season has been compared with IMD gridded rainfall data 
(Mitra et al. 2009). Furthermore, NCEP analysis and fore-
cast fields were used to investigate excessive precipitation 
linked with tropical cyclones during the onset of the mon-
soon, as well as heavy rainfall occurrences.

Results and discussion

Observed features of summer monsoon 2020

The spatial distribution of observed monthly gridded 
precipitation with a resolution of 0.25° archived from 
IMD during the summer monsoon of 2020 is exhibited in 
Fig. 2a–d. The monthly rainfall distribution follows a typi-
cal climatological trend, with the western coast, central, 
and north-east Indian regions receiving the most rain. In 
the first week of June, cyclone Nisarga made landfall on 
Maharashtra's south-west coast, causing torrential rains as 
shown in Fig. 2a–c. As a result of severe cyclonic storm 
Nisarga coinciding with the onset of the summer monsoon, 
maximum rainfall was recorded across the west coast and 
north-east of the AS Fig. 2a.

In June (Fig. 2a), as the monsoon arrived in central 
India, there was widespread rain across the country. The 
northern section of India had less rain in June than the 
eastern part, but both received sufficient rainfall. Northern 
India had been covered by the Northern Limit of Monsoon 
(NLM) by the end of June, and significant rainfall was 
recorded along the Himalayan foothills. In July (Fig. 2b), 

north-east India received the most rainfall, resulting in 
floods in Bihar and Assam. This could be due to a shift in 
the monsoon trough's northward progression. Coastal and 
central India experienced less rainfall in July due to the 
lack of major systems in the BoB. Northern BoB and cen-
tral India received excessive rainfall in August (Fig. 2c), 
which was accompanied by a large number of monsoon 
depressions over BoB. Furthermore, due to a stronger 
low-level westerly jet over the AS, heavier rainfall was 
seen along the west coast and in Gujarat. The delay in the 
withdrawal of the monsoon (28th September) was caused 
due to the formation of low-pressure circulations over BoB 
in September (Fig. 2d), which enhanced precipitation over 
the central and southern peninsular India, whereas north 
and north-west India noticed a reduction in rainfall.

Figure  3 depicts observed daily accumulated rain-
fall over four homogenous regions in India from June to 
September. The maximum rainfall was clearly displayed 
in the southern peninsular area during the first week of 
June, which was also related to the severe cyclonic storm 
Nisarga. The active rain spell occurs in the first part of 
August, with break-type conditions occurring in the sec-
ond half of the month. Overall, rainfall in the South Indian 
peninsular region was 30% more than the mean rainfall cli-
matology (Fig. 3d). The central Indian region receives the 
most rainfall in August, although the same region receives 
significantly less rainfall in July. The central Indian region 
recorded 15% above normal rainfall from June to Septem-
ber (Fig. 3c). Over the north-west region (Fig. 3b), July 
and August received normal rainfall, whereas June and 
September perceive deficit rainfall that leads to 15% below 
average rainfall for the whole season. Peak rainfall occur-
rences in north-east India in the first half of July and the 
second half of September demonstrate the region's heavy 
rainfall events (Fig. 3a).

Monsoon features in NCEP analysis

The spatial distribution of wind at lower and upper atmos-
pheric levels for the pre-monsoon and monsoon seasons of 
2020 is represented in Fig. 4. During May, a cross-equatorial 
wind from the south Indian Ocean emerged in the low-level 
(850 hPa) circulation pattern, expanding up to the south AS 
(Fig. 4a). These cross-equatorial flows intensified through-
out the monsoon season, reaching the maximum intensity 
(> 18 m  sec−1) on the Somalian coast and extending to cen-
tral AS (Fig. 4b). From the AS to the south Indian peninsula, 
a strong westerly flow can be noticed, which extends to BoB. 
This clearly shows that the AS delivered essential moisture 
to the Indian landmass and that a stronger LLJ during the 
monsoon season boosted precipitation distribution across 
India in 2020. The strong westerly flow was found from 20 
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to 40° N, with a maximum across central-east China, at the 
upper level (150 hPa) during May (Fig. 4c).

In addition, an anti-cyclonic flow formed over east BoB 
and continued all the way to the Vietnamese coast. A highly 
marked and elongated anti-cyclonic flow exists over the 
Tibet region during the monsoon season (JJAS), which is 
well represented in the synoptic pattern. A strong extra-
tropical westerly flow over the north and a strong tropical 
easterly flow over the south, with a maximum over the AS, 
clearly indicated a strong shear pattern on either side of the 
anti-cyclonic circulation (Fig. 4d).

The temperature and specific humidity distribution (fig-
ures not included) at the surface during the pre-monsoon 
month of May depicts the maximum temperature (> 40 °C) 
over central to north-west India and the Arabian Peninsula. 
The zones of maximum temperature decrease over the 
Indian land mass and increase over Arabian Peninsula dur-
ing the monsoon season. The predominant cooling was due 

to the occurrence of precipitation and the release of energy 
in the monsoon season. The zones of maximum tempera-
ture observed the minimum specific humidity. The regions 
of higher temperature are accompanied by intense convec-
tion which plays an important part in the development of 
heat lows and consequent moisture building over the AS 
and the Indian Ocean. The oceanic regions have had a 
higher specific humidity which is due to strong evapora-
tion during the pre-monsoon season. Due to the conden-
sation and subsequent release of latent heat in north-west 
India, adjoining Pakistan and Arabian Peninsula observed 
higher temperatures during the monsoon season.

Bias in NCEP forecast

In this section, we analysed the NCEP forecast fields of day 
1, day 3, and day 5 respective to the NCEP analysis. The 
spatial distribution of wind bias at 850 hPa (left panel) and 

Fig. 2  Observed monthly  
precipitation during 2020 for  
a June, b July, c August and  
d September
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150 hPa (right panel) for day 1, day 3, and day 5 is pre-
sented in Fig. 5. At 850 hPa, there was no wind bias in day 1 
analysis (Fig. 5a), indicating that NCEP's day 1 forecast was 
performing well versus the analysis field. However, forecasts 
for day 3 and day 5 showed a weaker cross-equatorial flow 
along the Somalian coast and a strong south-westerly bias 

over central India, with the most intense over the Gujarat 
region (Fig. 5c, e). The predictability of low-level synoptic 
wind features in day 1 forecast is notably well; however, it 
is decreased with forecast lead time.

Upper-level circulation features (150 hPa) show a posi-
tive bias of tropical easterlies in the day 1 forecast, with 

Fig. 3  Observed daily accumu-
lated precipitation during 2020 
over four homogeneous regions 
in India
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the biasness intensifying over time, indicating a model 
has a limitation  in the upper-level circulation pattern, 
which could be attributed to the complex topographical 
terrain. A dipole-type circulation was found with positive 
bias over the Somalian coast and BoB and negative bias 
over the Arabian terrain and AS (Fig. 5b). Positive bias 
at the higher levels intensified as forecast time advanced 
(Fig. 5d, f). The wind is noted to be distorted due to the 
change in the circulation pattern, resulting in an anoma-
lous increase in the bias in day 3 and day 5 forecasts.

Spatial distribution of temperature (shaded) and specific 
humidity (contour) anomalies at 1000 hPa (left panel) and 
850 hPa (right panel) for day 1, day 3, and day 5 forecasts 
are given in Fig. 6. The monsoon trough zone spanning 
from north-west India up to head Bay had a warm tem-
perature bias in the lower atmosphere (1000 and 850 hPa) 
with a maximum over north-west India in the day 1, day 
3, and day 5 forecasts. The drop in specific humidity in 
the day 1–5 forecast (Fig. 6) is associated with these zones 
of warm temperature bias. It was also observed cold bias 

across the Somalian coast on day 1, day 3, and day 5 fore-
casts at 1000 and 850 hPa, whereas AS, western and south-
ern India noticed a cold bias in day 3 and day 5 forecasts 
at 850 hPa which could be due to the intricate topography.

The geopotential height provides information on the 
warm and cold air masses that are present above the sur-
face (Tomczyk et al. 2019). Because warm air is lighter 
than cold dense air, the vertical pressure level associ-
ated with the cold and warm air masses will be lower 
and higher, respectively (Cellitti et al. 2006). As a result, 
the geopotential height is expected to be low in cold air 
masses and high in warm air masses. The spatial distribu-
tion of geopotential height for analysis and bias of day 1, 
day 3, and day 5 forecasts w.r.t analysis at 850 hPa (left 
panel) and 200 hPa (right panel) is depicted in Fig. 7. Low 
geopotential height is noticed over the Himalayan region at 
850 hPa (Fig. 7a). In the day 1, day 3, and day 5 forecasts, 
the forecast field shows that the model has underestimated 
geopotential height across north-west India and the mon-
soon trough zone. Higher geopotential height observed 

Fig. 4  Spatial distribution wind 
for a May 850 hPa, b JJAS 
850 hPa, c May 150 hPa, 
 d JJAS150 hPa
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over AS w.r.t. analysis. At 200 hPa (Fig. 7, right panel) 
shows higher geopotential height over Tibetan Plateau, 
whereas the day 3 and day 5 forecasts show significantly 
overestimated. Over peninsular India, the geopotential 
height is underestimated in the forecast of day 1–5.

To examine the model forecasted rainfall, the seasonal 
rainfall for monsoon 2020 (June–September) for the IMD 
gridded rainfall and forecast of day 1, day 3, and day 5 is 
illustrated in Fig. 8. The main contributors to India's mon-
soonal rainfall being over average (> 9%) in 2020 were 

excessive rainfall on the west coast, in the central Indian 
region, and the north-east Indian region. In the year 2020, 
the monsoon brought less rain to north-western India. The 
rainfall distribution was well captured in day 1, day 3, and 
day 5 forecasts, i.e. over the west coast of India, the Indo-
Gangetic plain, and the central Indian region. However, 
the model depicts the wet bias across the central to east-
central Indian region and dry bias over the western part 
of India and a few pockets of north-east India.

Fig. 5  Spatial distribution of 
wind bias at 850 hPa (left panel) 
and 150 hPa (right panel) for 
a and b day 1 forecast, c and 
d day 3 forecast, e and f day 5 
forecast
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Extreme weather events

Cyclone Nisarga

Severe cyclone Nisarga increased rainfall activity across 
India's south-west coast during the monsoon 2020 onset 
period, as seen in Fig. 2. Severe cyclonic storm Nisarga 
was the first low-pressure system formed over the AS dur-
ing the onset of monsoon 2020. Nisarga's evolution began 
early on May 31st over the east-central AS and Lakshad-
weep which progressed north-eastwards and made land-
fall on June 3rd over the Alibaug district of Maharashtra. 

Figure 9 depicts 72 h of accumulated precipitation (1–3 
June 2020) of IMD gridded rainfall and model forecast of 
day 1, day 3, and day 5 (top panel) and the corresponding 
wind distribution at 850 hPa (bottom panel). The rainfall 
pattern during the cyclonic activity was effectively pre-
dicted in the day 1, day 3, and day 5 forecasts. However, 
the region experienced less intense rainfall as compared 
to IMD observations. Figure 9e shows a wind pattern 
(850 hPa) associated with cyclonic movement during the 
onset of monsoon 2020. There is an intense cross-equa-
torial flow across the Somalian coast, with strong south-
westerlies and well-defined cyclonic circulation over the 

Fig. 6  Spatial distribution 
of temperature (shaded) and 
specific humidity (contour) bias 
at 1000 hPa (left panel) and 
850 hPa (right panel) for a and 
b day 1 forecast, c and d day 3 
forecast, e and f day 5 forecast



1330 Acta Geophysica (2023) 71:1321–1334

1 3

east-central AS in analysis. Figure 9f–h depicts the fore-
cast fields of 850 hPa wind patterns for day 1, day 3, and 
day 5. The NCEP model overestimated cross-equatorial 
flow on day 5, whereas it captured well in the day 1 fore-
cast. In the day 3 forecast, there is weak cross-equatorial 
flow, and a lack of cyclonic circulation near India's west 
coast, which led to reduced rainfall over Maharashtra.

Heavy rainfall event

Severe to extreme rainfall events were observed during the 
active phase of monsoon 2020. Mumbai received heavy 
rainfall and strong winds from 5 to 6th August 2020 with 
more than 300 mm of rainfall observed. The high tide waves 
(3–4 m in height) over AS were observed which restricted 
the drainage of rainwater to the sea. The public transporta-
tion system was disrupted by waterlogging on the roads, rail, 

Fig. 7  Spatial distribution of 
geopotential height at 850 hPa 
(left panel) and 200 hPa (right 
panel) for: a and e analysis,  
b and f day 1 bias, c and g day  
3 bias, and d and h day 5 bias
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and airports. Hence, predicting such rainfall activities in 
advance is essential and obligatory for the community.

Figure 10 shows the 48-h accumulated rainfall of IMD 
observations and NCEP model forecasts (5–6th August) 
and the corresponding wind analysis and forecast fields. 
Observed rainfall indicates more than 200 mm of rainfall 
over Mumbai and the south Gujarat region. The spatial pat-
tern of 48 h of accumulated precipitation of day 1 forecast 
captured the rainfall distribution reasonably well; however, 
in day 3 and day 5 the model fails to predict the heavy 
rainfall.

The spatial wind pattern of NCEP analysis at 850 hPa 
depicts the strong LLJ over AS and also observed a cyclonic 
circulation centered at Gujarat from 5 to 6th August 2020. A 
well-defined cross-equatorial flow stretching from Somalia 
to BoB, with high intensity (> 30 m  sec−1) maxima around 

the central AS could be the main source of moisture trans-
port from the AS to the mainland. Strong westerlies from the 
Central AS flowing across land regions in southern peninsu-
lar India at about 15° N could be a driver of heavy rains in 
the region (Fig. 10e). The day 1 forecast captured the cross-
equatorial wind pattern remarkably well in terms of inten-
sity across the AS (extending up to west BoB), westerlies 
over the central AS, and cyclonic circulation over Gujarat 
and Rajasthan (Fig. 10f). The wind intensity around the AS 
was found to be reduced in the day 3 forecast as compared 
to the analysis and also observed a northward migration of 
intensity with south-westerlies over south Gujarat and west 
Madhya Pradesh. The deficiency of rainfall in day 3 and 
day 5 forecasts (Fig. 10g, h) is due to a weak LLJ over AS 
and the absence of cyclonic circulation centered in Gujarat.

Fig. 8  Spatial distribution of 
JJAS precipitation for a IMD,  
b day 1 forecast, c day 3 fore-
cast, and d day 5 forecast
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Conclusions

The ISM features have been quite reasonably exhibited by 
NCEP GFS. The seasonal characteristics along with pre-
monsoon period also have been discussed. The ISM relevant 
meteorological parameters such as SST associated with IOD 
and Nino 3.4 regions, accumulated rainfall, specific humid-
ity, upper and lower circulation patterns, and geopotential 
height are analysed with respect to respective observation 
and analysis data.

The analysis of NCEP GFS on ISM 2020 features renders 
the following broad conclusions:

• The NCEP analysis highlighted semi-permanent charac-
teristics such as low-level westerly flow, upper-level TEJ, 
heat low in north-western India, and Tibetan high. The 
model was able to capture these semi-permanent features 
well in the day 1 forecast; however, the LLJ was found 

to be feeble at 850 hPa in the day 3 and day 5 forecasts, 
while the TEJ was noted to be robust.

• In day 1, day 3, and day 5 forecasts, the temperature was 
noticed to be biased at lower levels (1000 and 850 hPa) 
over the monsoon trough region extending from north-
west India up to the head of Bay. The reduction (increase) 
of specific humidity in the forecast was associated with 
areas with warm (cold) temperature bias.

• The spatial distribution of rainfall (IMD gridded rain-
fall) was in good agreement with day 1, day 3, and day 
5 forecasts; however, the intensity was overestimated 
when compared to IMD observations. In comparison 
with IMD observation rainfall data, estimated rainfall 
in the west BoB (around the off-coast Indian region) 
shows a dry bias in all prediction fields.

• The heavy rainfall events of cyclone Nisarga (1–3 June) 
over Gujarat and the active phase of the monsoon (5–6 
August) over Mumbai which resulted in floods during 

Fig. 9  72 h (1–3 June 2020) accumulated rainfall (top panel) and 850 hPa wind (bottom panel)
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the monsoon season was realistically captured in the 
day 1 forecast in terms of spatial distribution and inten-
sity, but the model has limitation to capture accurate 
intensity on day 3 and day 5 forecasts.
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