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Abstract
This work investigates the spatial and temporal variability of the monsoon inversion
(MI) over the Arabian Sea for the study of 37-years period (1980 to 2016) using MERRA
version2 (MERRA2) reanalysis and downscaled simulations generated with the Weather and
Research Forecasting (WRF) model. After validating the downscaled products with the
observations from four radiosonde stations (Salalah, Mumbai, Goa and Mangalore), we
analyzed the variability of MI from diurnal to seasonal scales. The diurnal evolution of the
MI suggests that radiative cooling over the Arabian Peninsula at night, together with the
onset of boundary layer jets along the coast of Oman, play an important role in amplifying
the intensity and spatial extent of the MI during night and into the early morning hours. A
seasonal analysis of the simulated winds and MI reveals that WRF reproduced the monsoon
characteristics as observed in MERRA2 reanalysis, including the spatial and vertical
orientations of the MI. The downscaled winds are slightly overestimated (by 1 to 2 ms-1) over
the Arabian Sea, which resulted in an increased simulated wind shear over the western
Arabian Sea, ultimately manifested in the form of an enhanced MI. We further investigated
the variability of the lower tropospheric wind speed and associated changes in MI over the
37-year period. This reveals a significant decreasing trend during the summer monsoon over
the western Arabian Sea. We argue that this led to a decreasing trend in the lower
tropospheric wind shear and advection of temperature, and hence, reduced the frequency of
occurrence of the MI (shown in Figure GA).
Keywords: Indian Summer Monsoon, Monsoon Inversion, Monsoon variability, Arabian
Sea, WRF Model.
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1. Introduction
The Indian summer monsoon (ISM) is one of the most prominent climatic regimes in
the global circulation system and plays a critical role in modulating the earth’s hydrosphere
and biosphere (Wang et al., 2013). The summer monsoon is unique in nature as it transports
moisture towards the Indian subcontinent through cross-equatorial winds. The monsoon was
initially described as a lower tropospheric phenomenon, mainly driven by thermal and
pressure gradients with a prevailing low pressure over the Indian subcontinent and the
relatively cooler region of the Mascarene high (Ernest Raj and Deshpande, 2008; Goswami et
al., 2005; Wu et al., 2018). Several studies have revealed that the onset of the ISM induces a
number of physical and climatological transitions that occur in the lower troposphere and at
the ocean surface (e.g. Goswami et al., 2006; Narayanan and Rao, 1981; Muraleedharan et
al., 2013;, Ramaswamy et al., 2017; Wu et al., 2018; Sooraj et al., 2019).
The formation of thermal inversions over the Arabian Sea is one of such phenomena
that significantly regulates the moisture transport towards the Indian landmass (Colon, 1964;
Ramage, 1966). Although a weak signal of inversion occurs over the Arabian Sea during the
pre- and post-monsoon seasons, the monsoon lifts up the inversion layers laterally from east
to west and confines the strengthened inversion to small regions over the Western Arabian
Sea (WAS) (Narayanan and Rao, 1981; Ramaswamy et al., 2017). This process of
strengthening the inversion layers that is confined over the narrow region above the WAS is
referred to as the monsoon inversion (MI) (Colon, 1964). The MI significantly influences the
exchange of moisture and energy between the ocean surfaces (Narayanan and Rao, 1981),
and is primarily characterized by the temperature gradient and inversion depth over the
Arabian Sea (Dwivedi et al., 2016a). The MI index is often quantified based on the gradient
method i.e., the difference in temperature between 850 and 950 hPa levels [∆T = T850 hPa –
T950 hPa)], and its intensity as the positive value of ∆T (Narayanan and Rao, 1981; Dwivedi et
al., 2016). Previous studies have linked the formation of the MI during the monsoon to the
large-scale evolution of the monsoon low level jet (MLLJ), which induces enhanced
upwelling conditions that in turn results in cooler ocean surface conditions over the WAS (
Warnecke et al., 1971; Honjo et al., 1999; Wu et al., 2018; Sooraj et al., 2019). Wu et al.
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(2018) identified MI over the Arabian Sea based on a stability index criteria defined using the
potential temperature differences between 1000 and 700 hPa. Based on which they mainly
related the MI to the monsoon subsystems over Africa, Asia and Northwest Pacific and
established a dynamical link between the adjacent monsoons in West Africa and the
intensification of MI. The analysis of Wu et al. (2017) suggests that the enhanced heating in
the equatorial Indian Ocean and Western North Pacific, and the intensification of the African
Monsoon have profound influence on the formation and intensification of MI over the
Arabian Sea in August. This dynamical link of MI with the West African monsoon is also
supported by the numerical experiments of Sooraj et al. (2019). The other important factors in
the intensification of MI are Levar winds over eastern Iran. These are strong northerly winds
channeled through the mountains of eastern Iran and Hindu Kush, and their prevalence over
north-western Arabian Sea are mainly seen at 800-700 levels (Rashki et al., 2012;
Kaskaoutis et al., 2015).
Several studies e.g. Nair et al. (2015) and Abish and Mohanakumar (2011) clearly
indicated that the manifestation of MI occurs well above the boundary layer; mainly due to
the advection of warm air from the Arabian Peninsula which takes over the maritime MLLJ
winds. These westerly winds also known as ‘Shamal winds’, and are mainly triggered by the
pressure difference between the monsoon heat low and the high pressure over the
Mediterranean region (Gadgil and Joseph, 2003; Gadgil, 2018). Over western Arabian Sea,
the intrusion of warm, dry and dust-laden Shamal winds prevail at 850 hPa, flowing above
the cold moist monsoon air mass (950-900 hPa) that triggers the development of positive
lapse rates over the WAS, leading to the formation of inversion layers (Ramaswamy et al.,
2017). By analyzing the temperature profiles of IASI sounder, Dwivedi et al., (2016b)
showed that warmer conditions mainly prevail between the 900-850 hPa pressure levels and
established a temperature - based criterion (950–850 hPa) for detecting MI after a detailed
examination of ∆T at several locations and considering all lower tropospheric levels (viz.
1000–900, 1000–850 hPa, etc.). However, the stability index considered by Wu et al. (2018)
based on potential temperature, i.e. Theta (ϴ) between surface and 700 hPa, may potentially
average out these features.
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The positive lapse rate layers of MI alter the gravitational stability of monsoon
convection and suppress the favorable conditions for producing rain over the WAS
(Muraleedharan et al., 2013). The stable stratified thermal inversion layers over the WAS
play a dominant role in trapping the moisture in the lower troposphere, as the MI constrains
vertical growth of cloud and acts as a lid for cumulus convection (Narayanan and Rao, 1989)
over WAS. When the MI breaks up over the Eastern Arabian Sea (EAS), an enormous
amount of trapped moisture is released, triggering deep convection over the west coast of
India and the Indian subcontinent. The MI also acts as an atmospheric waveguide by
transporting trapped moisture towards the Indian subcontinent (Narayanan and Rao, 1981;
Muraleedharan et al., 2013). Swathi et al. (2018) recently reported that the variation of the
MLLJ, and the associated changes in the position, strength and height of the inversion zone
over the Arabia Sea, strongly modulates the variability of rainfall over the west coast of
India. Though past studies suggested that the presence of MI is typically confined over the
WAS, several studies (Muraleedharan et al., 2013; Swathi et al., 2018) have recently shown
that the MI has been shifting eastwards towards the Eastern Arabian Sea (EAS) and the
Indian peninsula, persisting over prolonged periods, specifically during the active monsoon
phases ( Ghosh et al., 1978; Pedgley et al., 1966; Bhat, 2006a,b).
Although the formation and progression of the MI has been extensively investigated,
its climatological structure and variability during the active and break spells of the monsoon
are yet to be described. Ghosh et al. (1978) used radiosonde data collected during the INDO USSR monsoon experiment to reveal that the longitudinal height (at 11oN) of the MI varies
substantially during the active phase of the monsoon and is confined to low altitudes over the
WAS. This study also established that the MI gradually weakens and ascends in altitude as it
approaches the west coast of India. It further reported that the evaporation rate over the
Arabian Sea exceeds precipitation and the formation of the MI over the WAS plays a
dominant role in altering rainfall patterns over the west coast of India. Muraleedharan et al.
(2013) described the characteristics of the MI using radiosonde collected at Goa during the
active and break cycles of two contrasting monsoon years (2009 and 2010). They revealed a
lower tropospheric thermal inversion with significant strength over the west coast of India
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during the active phase of the monsoon, which disappears with the weakening of the MLLJ
during the break cycles. Dwivedi et al. (2016a) investigated the relationship between the
shifting and strengthening of the MI and rainfall intensity over central India during the strong
and weak monsoon years and reported a stronger MI during weak monsoon years.
Few studies have investigated the variability and factors that influence the MI, such as
the impact of intensification of the MLLJ and the Shamal jet (e.g., Aneesh and Sijikumar,
2016; Yu et al., 2016). The Shamal jet is most intense during July, coinciding with the
maximum intensity of the MI and the monsoon (Yu et al., 2016). A significant decrease in
the 850 hPa winds over the northern Arabian Sea causes a weakening of the wind shear
between the surface and 850 hPa (Aneesh and Sijikumar, 2016), which in turn reduces the
intensity of the MI. In addition, the shifting of the monsoon jet towards the northern Arabian
Sea can reduce the spatial extent and strength of the MI due to the advection of cooler air
from the southwest, which reduces the inversion strength over the central and southern
Arabian Sea.
Previous studies on MI depended on available observational and satellite derived
profiles over a limited period (3-5 years). The lack of long-term in-situ data over this oceanic
region hindered so far a detailed analysis of MI and previous studies pointed out to the need
of high spatial-vertical resolution data to understand it’s climatology and variability (e.g.,
Bhat, 2006a; Dwivedi et al., 2016a;Dwivedi et al., 2019; Narayanan et al., 2004). This study
fills this gap by making use of a regional climate model dataset at high spatial and vertical
resolutions. We explore the climatology of the MI in terms of height, strength and frequency
of occurrence using Modern-Era Retrospective Analysis for Research and Applications
version-2 (MERRA2) reanalysis data and high resolution dynamically downscaled and
assimilative WRF simulations over a 37-year period (1980 to 2016). Specifically, we develop
a climatological framework of diagnostic analysis by relating features of the thermal
inversion with the winds of tropics and monsoonal origins. Moreover, the availability of
hourly data enabled us to analyze the diurnal variability of MI, which has not been considered
in previous studies. The main objectives of this study are: (i) compare the dynamically
downscaled profiles of temperature and wind with radiosonde data to demonstrate their
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relevance in depicting the climatic features of the MI, (ii) to investigate the formation
mechanism of the MI over the Arabian Sea based on 37-year high-resolution data, (iii)
describe the spatial and temporal variability of the MI at diurnal to inter-annual scales, and
(iv) analyze the trends of MI over the Arabian Sea.
2. Data and methodology
This Section describes the observations and reanalysis datasets along with the model
configuration, including the downscaling and assimilation methodologies that we employed
to generate the high resolution atmospheric fields from 1980 to 2016.
2.1 Radiosonde Data
WRF outputs were evaluated against the quality controlled radiosonde data obtained from the
NOAA Integrated Global Radiosonde Archive (IGRA). Daily instantaneous radiosonde
observations (available at 0000 UTC and 1200 UTC) of temperature, humidity and wind were
obtained from IGRA over the 37 years simulation period (1980 to 2016). Four radiosonde
stations, namely Salalah (17.05°N, 54.11°E), Mumbai (19.12°N, 72.85°E), Goa(15.29° N,
74.12° E) and Mangalore (12.91° N, 74.85° E) are selected for the validation and analysis (as
indicated in Fig. 1). A detailed description of IGRA data can be found in Durre et al., (2006)
and Durre and Yin, (2008).
2.2 TRMM 3B42-V7 Rainfall Product
The multi-satellite merged precipitation from Tropical Rainfall Measuring Mission (TRMM
3B42-V7, Huffman et al., 2007) is used to evaluate against the downscaled rainfall. This
rainfall product is available at a horizontal resolution of 0.25° × 0.25° from 1998 onwards at
two temporal resolutions: 3 hourly and daily. Several studies, e.g. Ebert et al., (2007),
Prakash et al., (2015), Thakur et al., (2018), highlighted the quality and advantages of using
this dataset for climate and monsoon research. In this work, we used the daily product of
TRMM 3B42-V7 rainfall available over the period (1998-2016).
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2.3 WRF Simulations
We used the Advanced Research WRF model version 3.9.1 configured with a single domain,
with a horizontal resolution of 18 km and 51 vertical layers; the top of the model was fixed at
30 hPa (Skamarock et al., 2008; Viswanadhapalli et al., 2019). The following combination of
physical parameterization schemes was used: Thompson et al. (2008) for cloud microphysical
process, RRTMG for long wave and shortwave radiation process (Iacono et al., 2008), YSU
non-local scheme (Hong and Pan, 1996; Hong and Dudhia, 2004) for planetary boundary
layer turbulence, Betts–Miller–Janjić (BMJ) for cumulus convection (Janjić, 1994), and the
NOAH MP scheme for land surface processes (Niu et al., 2011). These parameterization
schemes were selected based on a number of modelling studies on the monsoon and heavy
rainfall over India (e.g. Srinivas et al., 2013; Attada et al., 2018; Chen et al., 2001; Jiang et
al., 2009; Reshmi et al., 2018; Srinivas et al., 2018).
To mitigate the uncertainties arising from regional continuous simulations, we
followed the approach of consecutive re-initialization to reproduce the spatial and temporal
variability of different atmospheric parameters (e.g., Lo et al., 2008; Lucas-Picher et al.,
2013; Langodan et al., 2016; Viswanadhapalli et al., 2017; Ratna et al.; 2017; Dasari et al.,
2019). The WRF model was initialized on daily basis at 1200 UTC and integrated up to 36hours using the ERA-Interim (ERAI) reanalysis (Dee et al., 2011). The boundary conditions
were also extracted from ERAI and were updated every six hours. To improve the land sea
representation, the SST available in the coarse resolution lower boundaries of the ERAI data
was replaced with a time varying high resolution SST from the Real-Time Global HighResolution SST (RTG-SST; Genmill et al., 2007). All available conventional observations
from NCEP Atmospheric Data Project over the initial 12-hour period were assimilated into
using a cyclic three-dimensional variational (3DVAR) approach with ±3 hour assimilation
window; the resulting conditions are then used for subsequent 24 hours forecasts.
Considering the first 12-hours of simulation as model spin up, we combined the remaining
24-hour outputs from each simulation to generate a single 37-year climate dataset. To study
the variability and trends in the intensity of MI, we considered two distinct regions (shown in
Figure 1) over the Arabian Sea: the Western Arabian Sea (WAS, 17oN – 20oN and 58oE –
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61oE) and the Eastern Arabian Sea (EAS, 17oN – 20oN and 69oE – 72oE) as adopted in recent
MI studies (e.g., Dwivedi et al., 2016b).
2.4 MEERA2 and ERAI Data
Since the initial and boundary conditions of WRF are provided by ERAI data, there is a
possibility to inherit parent model features (i.e. ERAI) in the downscaled simulations. To
assess the impact of dynamical downscaling against an independent dataset, we have used
MERRA2 along with ERAI. More specifically, we utilized the wind and temperature of
MERRA2 at the lower pressure levels (1000 hPa to 600 hPa) with a horizontal resolution of ~
0.5° x 0.5° (Gelaro et al., 2017).
2.5 Methodology
We used the radiosonde data to complement the model simulations of the long-term
dynamics of the monsoon inversion height. We first removed erroneous measurements from
the radiosonde data using a quality check filter, basically removing the measurements that
were away more than twice the standard deviation of the mean. The inversion heights are
identified based on the gradient method described in Seidel et al. (2010), using various
parameters such as temperature, relative humidity (RH), refractivity, etc. The maximum
positive/negative value of vertical gradient of the parameter corresponds to the inversion
height; see in Seidel et al. (2010) for more details. The MI index is computed based on the
gradient method i.e., ∆T (T850 hPa – T950 hPa), and wind shear (WS850 hPa – WS950 hPa). We
further used the positive value of MI index to refer to the intensity of MI.
We analyzed the variability of MI based on the 37-year dataset of the dynamically
downscaled data and computed statistically significant trends in monsoon inversion and
winds using the seasonal Kendall test (SKT) with Sen’s slope estimate at a 95% confidence
level (Hirsch et al., 1982; Thas et al., 1998). The SKT accounts for the influence of different
periodicities such as semi-annual, annual, ENSO, solar cycles, etc. on trends (Hirsch & Slack,
1984; Hirsch et al., 1982). For each year, we calculated the daily percentage of occurrences
(PO; %) during June, July, August and September (JJAS; 122 days).
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We analyzed the horizontal heat transport, i.e. advection component between 975 and
700 hPa, and the vertical heat transport, i.e. convection/subsidence component between 700
and 400 hPa, at individual pressure levels as well as their composite averages. From the
thermodynamic energy equation, the expressions for the calculation of advection and
subsidence components are derived as follows (Narayanan et al., 2004):
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = − �𝑢𝑢 𝜕𝜕𝜕𝜕 + 𝑣𝑣 𝜕𝜕𝜕𝜕� × 3600 𝐾𝐾/ℎ𝑟𝑟,

(1)

Where u denotes zonal wind in ms-1, v is meridional wind in ms-1, T is temperature in K, x
and y are the spatial distance in m. A factor of 3600 was applied to convert to the more
convenient unit of K/hr. Similarly, the convective/subsidence term is expressed as the product
of vertical velocity, i.e. omega (ɷ), and the local change in temperature with respect to
pressure levels.
𝜕𝜕𝜕𝜕

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = − �ɷ 𝜕𝜕𝜕𝜕� × 3600 𝐾𝐾/ℎ𝑟𝑟,

(2)

Where p denotes pressure in Pa. Positive values of the convection component indicate
upward transport (convection), and negative values indicate downward transport
(subsidence). Similarly positive values of the advection provide a composite picture of warm
air transport over the Arabian Sea, while negative values suggest advection of cold air.
3. Results and Discussion
The generated high resolution WRF dataset is first compared against the radiosonde data. The
climatology of the wind dynamics and temperature inversions over the Arabian Sea are then
analyzed at various scales (diurnal to seasonal) using the WRF outputs and the ERAI and
MERRA2 reanalyses. Finally, the variability of the MI on seasonal and associated wind
changes is examined.
3.1 Mean thermal and wind structures
The comparison of simulated mean JJAS profiles of temperature and wind with
radiosonde data shown in Figure 2 at the four selected locations (Salalah, Mumbai, Goa and
Mangalore) which suggests that the model is able to capture the observed mean thermal
structure. It however slightly overestimates the mean winds in the MLLJ core region by 2-2.5
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ms-1. The temperature profiles from both WRF and radiosonde show significant differences
in the lower tropospheric temperatures between the east and west coast stations of Arabian
Sea. The west coast station (Salalah) exhibits a typical temperature profile as discussed by
Dwivedi et al. (2016b). The mean profile of temperature shows a decreasing pattern from
surface up to the height of 1km, and an increasing pattern between 1.5 km and 2 km followed
by a decreasing pattern thereafter. The radiosonde stations located in the eastern part of AS
exhibit a similar thermal structure at all three stations where the temperature decreases
upward. For the downscaled winds, the mean height of MLLJ core is found close to 1km
ASL while the core height is elevated (by 0.5 to 1km) at the east coast stations. Despite the
overestimation of the MLLJ intensity, the model well reproduces the mean structure winds,
the core height and the intensity of MLLJ over the west coast station. For the east coast
stations, the major deviations in the winds between the model and radiosonde occur in the
MLLJ region only. This is probably because the average intensity of MLLJ at the west coast
stations (7 - 8 ms-1) is weaker as compared to the east coast stations (10-11 ms-1), in turn
producing a relatively less drift that might result in less errors. The stronger monsoonal winds
drift the radiosonde more from the actual location, which amplifies model errors. Since the
model simulations were generated on a 18-km grid, a perfect comparison may not be
expected in the lower troposphere where steep local gradients over land occur during
daytime. Studies like Samson et al. (2014, 2017) suggest that the skill of these downscaled
simulations over land if we carried out these WRF simulations in coupled ocean-atmospheric
mode over a larger Indian Ocean domain and focusing more on the ocean. A detailed
validation of the downscaled parameters presented in previous studies (e.g. Viswanadhapalli
et al. 2019; Zaz et al., 2019 and Hima Bindu et al., 2019) suggests that the WRF simulated
fields agree well with the observational data and can be used for analyzing the MI.
3.2 The formation of MI and its monthly variation
The climatology of the MI is first analyzed based on the 37 years observational radiosonde
data and WRF outputs collected at the four selected stations. Figure 3 presents the percentage
of occurrence of the thermal inversion height over Salalah for each month, at 0000 UTC from
WRF and Radiosonde. The WRF profiles are extracted close to a single grid-point collocated
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with Salalah radiosonde station. MI prevails at higher elevated levels. The height of inversion
is stronger during January (and February), with a frequency of 80%. During JJAS, the
inversion heights are mainly confined to the lower tropospheric levels within a narrow band
(1 km and 1.25 km AGL), in contrast with the winter (November to January) and premonsoon months where MI persists, slightly elevated (2 – 2.75 km) or at lowered levels (0.5 1 km), respectively. The maximum percentage of occurrence recorded between July and
September (70 - 90 %) suggests that the inversion is stronger during this period at the height
level of 1.25km AGL where the prevailing north-westerly winds reach its peak. The dustladen, dry and north-westerly winds of Shamal originating from the Arabian peninsula is the
primary cause for the frequent MIs at lower tropospheric levels (Kaskaoutis et al., 2015;
Ramaswamy et al., 2017). Outside the monsoon season, a weak signal of inversion (between
2 and 3 km) is observed over Salalah (10%) in November, which could be attributed to the
onset of the prevailing winds of the winter Shamal flow (Yu et al., 2016) along with the
relatively stronger northerly winds at mid-tropospheric levels (800-700 hPa) from eastern
Iran (Kamali et al., 2017). The MI height occurs at lower levels (< 2km) over Karachi,
Ahmadabad and Mumbai throughout the year, with a percentage of occurrence varying
between 45 and 80% (figure not shown). An increase in the MI height was observed during
JJAS, when the percentage of occurrence of MIs was also at its maximum. We Further
evaluated the MI height at 2-3 km over Salalah and Karachi, whereas over Mumbai the
inversion height was at 4-5 km (percentage of occurrence of 5 – 10%), suggesting that the
altitude of MI clearly increases during the monsoon season, as has been previously suggested
(Colon, 1964; Sikka and Gray, 1981). The climatology analysis confirms the presence of MI
during the active phase of monsoon season (July and August).
3.3 Climatology of MI during Monsoon season
Several studies (Narayanan et al., 2004; Sikka, 1980) have suggested that the
advection of monsoonal winds is the major driving factor in formation of inversions and the
height of MI. To understand the formation of the MI, we analyzed the mean pattern of
MEERA2, ERAI and WRF winds at 950 hPa, and 850 hPa for the ISM months (JJAS).
Figure 4 shows the 37-year mean wind speed for JJAS at 950 and 850 hPa, as well as the
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lapse rates, i.e., ∆T (shaded in color), and the wind shear (vector) between these two pressure
levels. MEERA2 winds reveal that the lower troposphere (950 hPa) is dominated by a strong
low-level southwesterly flow spreading up to eastern Oman. The influence of the Ekman
transport (with increasing wind speed and height) is clearly noticeable at 850 hPa, where the
low-level south-westerlies are replaced by westerly winds. The void created over the WAS
due to the Ekman transport is replaced by the Shamal winds (Figure 4a, b and Figure 4e, f),
resulting in high wind shear between these two levels, creating stratified layers with positive
lapse rates and an inversion zone over the WAS. Apart from the monsoonal and Shamal
winds, orographic channeled south-westerly winds of Red Sea origin are present in the WAS,
and the northerly Levar winds (Kaskaoutis et al., 2015; Ramaswamy et al., 2017) are present
over the EAS. The downscaled winds capture well the observed wind flow features. Though
the ERAI produced similar spatial wind pattern at lower levels (950 hPa), the wind speed of
MLLJ at 850 hPa seems to be slightly high (by 1-2 ms-1) in ERAI. The intensity of MI (∆T)
over Arabian Sea from ERAI is significantly less (by 1 K) compared to MERRA2. The
downscaled WRF produces an improved flow characteristics and thermodynamic structures
over the Arabian Sea. The high-resolution model also clearly brings out the
terrain/topography effects over the southern Red Sea, Gulf of Aden, eastern Iran and the
Western Ghats region which are completely missing in the coarse resolution reanalyzes
datasets (Lo et al., 2008; Viswanadhapalli et al., 2017). The downscaled winds over the WAS
are slightly overestimated, with higher wind speeds of about 1-2 ms-1 compared to MERRA2.
Furthermore, the enhanced spatial extent of maximum winds at both pressure levels results in
enhanced wind shear and strengthening of the MI in the WRF downscaled simulations. This
is probably due to the tendency of the WRF model to overestimate the monsoon winds and
rainfall as discussed in Srinivas et al. (2013).
To illustrate the vertical structure and intensity of the MI and winds over the Arabian
Sea during JJAS months, we plotted the longitudinal pressure section of 37-year mean
(temperature) lapse rates along with horizontal winds at 12o N, 16o N, 20o N, and 24o N from
the three datasets (MERRA2, ERAI and WRF), as shown in Figure 5. The lapse rates clearly
show the formation of the MI at 975 hPa and above at 57o E, reaching, its maximum (< 2k) at
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925 hPa at 60o E, 24o N. This is in agreement with the MERRA2 and ERAI datasets, which
also show the origin of the positive lapse rates, their progression and dissipation over the
EAS, and their spread towards the Indian subcontinent. The cross-sectional results show a
lower and more intense MI with increasing latitude from 12o N to 24o N, and a higher and less
intense MI from the WAS to the EAS (Figure 5), in agreement with Dwivedi et al. (2016). A
lapse rate of -2 K per 25 hPa is observed over the Arabian Peninsula from 900 to 700 hPa,
with the positive lapse rates increasing only in the presence of directional shear winds. The
intensity of the MI (∆T) increased with the increased strength of monsoonal winds, reaching
its maximum intensity between 950 to 850 hPa. A decrease in the strength and spread of
southwesterly winds is also observed with increasing latitude from 12o N to 24o N, together
with an increase in the strength and vertical spread of winds from the WAS to the EAS. The
northwesterly Shamal winds and north Laver jets become stronger between 12o N and 24o N
over WAS and the central Arabian Sea. As observed in the spatial patterns of winds and ∆T
for the ERAI, the vertical structures of lapse rates and winds are also in good agreement with
MERRA2; however, it produced a weaker positive lapse rates and their vertical extension
seems to be confined to lower levels (925 hPa). The effects of topography and mesoscale
influence on the formation of the MI are clearly seen with the downscaled simulations over
WAS where the lapse rate has significantly high positive values. Overall, the results suggest
that the pattern of longitudinal-height section of downscaled wind and lapse rates compare
well with MERRA2 data, albeit a slight stronger winds that might have led to increased wind
shear and more intense MI in the model.
The formation of thermal inversions tends to inhibit the vertical growth of clouds
from western to central Arabian Sea which, ultimately influence the rainfall over the Arabian
Sea and adjoining coastal regions (Narayanan, 1981). To illustrate the extent of MI influence
on the spatial variability of rainfall and associated factors (such as convective, energy fluxes
and thermodynamic instability parameters), we analyze the spatial variation of the simulated
parameters of convective available potential energy (CAPE) and convective inhibition (CIN),
latent heat and sensible heat fluxes (shown in Figure S1). The CIN and sensible flux exhibit
similar patterns as the positive ∆T regions. The CIN is a measure of negative energy that an
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air parcel possesses to inhibit as it is lifted from the surface to a level of free convection and
it is an indicator of low level convective instability. The strong negative values of CIN (< 300 J/kg) indicates a weak tendency of convection in the MI dominant regions over WAS.
The spatial distributions of CAPE suggest that it may not reflect the spatial influence of MI
(Figure S1.a) as it is an indicator for mid-tropospheric instability. The MI signal is partly seen
in the spatial distribution of sensible heat flux. This is mainly due to the presence of cooler
surface conditions over the MI dominated regions, as the low level monsoon flow induces
upwelling conditions over the western Arabian Sea which decreases the transfer of sensible
heat flux and leads to cooler surface temperatures.
We have further analyzed the extent of MI influence, the spatial variation of the JJAS
rainfall (in mm) from TRMM and WRF (shown in Figure S2). The results suggest that the
rainfall distribution over the Arabian Sea follows the patterns of the lapse rate, with a
relatively less rainfall (< 50 mm) over the north-western Arabian Sea, the spatial rainfall
pattern exhibit a steady increase (positive gradient) with decreasing lapse rates over the
central Arabian Sea, and a maximum rainfall over EAS. The spatial variation of monthly
mean ∆T and rainfall shown in Figure 6 suggests that the thermal inversions are maximum in
July over WAS and minimum in September, followed by June. Viswanadhapalli et al., (2019)
reported the maximum strength of MLLJ winds and the shear between 950 and 850 hPa
levels in July, which can be considered as a major factor for reaching the peak intensity of
thermal inversions during the same period. During July and August, the monthly rainfall over
the Arabian Sea shows the same spatial pattern as seen in lapse rates. The shift in lapse rate (3 to -3.5oC) pattern towards the east-central Arabian Sea, and its longitudinal alignment (at
65oE) also matches with the rainfall pattern (< 100 mm). The spatial distributions of lapse
rates and rainfall at both seasonal and monthly scales suggest a high correlation between the
rainfall and the lapse rates over the Arabian Sea, also the lapse rates greater than -3oC are not
favorable for convection and rainfall over Arabian Sea.
3.4 Role of advection and convection on the intensification of MI
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Narayanan et al., (2004) analyzed the role of temperature in the formation of the MI
over the Arabian Sea. They revealed that subsidence of upper tropospheric air and the
advection of monsoonal winds are essential ingredients in the formation, strengthening and
maintenance of the MI during the break and active phases of the monsoon. To investigate this
further, we examined the contribution of advection and convection terms of temperature
using the monthly means of 37 years of MERRA2 and WRF data (Figure 7). The monthly
composites of advection shown in the left and middle panels of Figure 7 are computed for the
individual levels of 975 and 925 hPa, respectively, while the monthly composite term of
convection/subsidence is calculated using the integrated vertical fields from 700 to 400 hPa
(shown in the right panels of Figure 7). The temperature advection in May at low altitudes
indicates relatively cooler surface conditions over the Red Sea, the Gulf of Aden and off the
coast of Yemen compared to the monsoon. This cooling can be associated with prevailing
northwesterly winds from the Mediterranean (Viswanadhapalli et al., 2017). These relatively
cooler winds reduce the development of positive lapse rates over the western Arabian Sea
during May. The negative convection component over the northern Arabian Sea indicates a
predominant role of dry air subsidence during May over the region. Preethi et al. (2011) and
Vinoj et al. (2014) suggested that this subsidence plays an important role over the Arabian
Sea due to the descent of dry warm air as part of a Hadley cell. Southwesterly winds at the
surface (975 hPa) during the monsoon produce cooler temperatures over the western to
central Arabian Sea, and relatively warmer temperatures in the central Red Sea and Gulf of
Aden. The prevailing strong MLLJ drives an upwelling of cool water over the WAS, which
induces strong cooling conditions at the surface. From June to August, the intrusion of hot
and dust laden desert winds at lower tropospheric levels (925 hPa) via mountain gaps in the
eastern Arabian Peninsula produces warmer conditions over the WAS. This advection of hot
desert air prevails from 925 hPa to 700 hPa, with an increasing spatial extent from the
western to the central Arabian Sea (Figure 8), resulting in the formation of the MI over the
Arabian Sea during the monsoon season. Out of the three datasets, ERAI shows a weaker
advection compared to MERRA2 and WRF. The WRF simulations clearly show a stronger
advection of heat in the lower layers 925 and 975 hPa whereas MERRA2 indicates a stronger
advection at 850 and 800 hPa levels. On the other hand, convection dominates over the
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mountainous region of Western Ghats, East Africa, the southwestern Arabian Peninsula and
the northern Arabian Sea. The strength of convection is relatively less over the northern
Arabian Sea compared to the Western Ghats. This is possibly due to the suppression of
convection caused by the presence of positive lapse rates over the northern Arabian Sea,
whereas the presence of negative lapse rates over the EAS and strong MLLJ winds enhance
orographic convection. During September, both the weakening of Shamal winds and the
reduction in the strength of MLLJ drive a significant reduction in the intensity of the MI.
Accordingly, temperature advection due to the prevailing winds and the magnitude of
convection in September drastically reduces the strength of the MI.
3.5 Diurnal variability of MI
To the best of our knowledge, the diurnal variation of winds and its relation to the
amplification of the intensity of MI has not been yet investigated because of the lack of
availability of high spatio-temporal resolution data (e.g., Dwivedi et al., 2016a; Dwivedi,
2016b). Figure 9 provides a diurnal oscillation of the MI from the coast of the Arabian
Peninsula to the north-central Arabian Sea in conjunction with the diurnal patterns of the
Shamal and MLLJ winds as indicated by Viswanadhapalli et al. (2019) who showed that the
diurnal variation of MLLJ is at maximum strength during daytime and the Shamal winds are
enhanced in the night hours. The spatial extension of MI over WAS is minimum during
daytime (0600 UTC and 1200 UTC), possibly due to the maximum strength of MLLJ and
weakening of the wind shear (shown in Figure 10b & c) between the two levels (950hPa and
850 hPa). During nighttime, the extension of MI towards the coast of Oman (Figure 9a & 9d)
is maximum with peak intensity (MI of 3oC) between 1800 and 0000 UTC, which may be
due to the strengthening of the wind shear between the two levels (950 hPa and 850 hPa) as
shown in Figure 10 a & d. The diurnal variations of ∆T averaged over WAS (shown in Figure
S3) clearly shows the existence of diurnal signal in the MI and maximum ∆T in the early
morning hours (0000 UTC). The formation of nocturnal boundary layer jet winds at 850 hPa
along the coast of Oman during the evening hours (Ranjha et al., 2015) is possibly the major
factor for enhancing the vertical wind shear which contributes to the strengthening of MI.
These nocturnal winds shows a sharp increase in the strength of the Shamal winds over the
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northeastern Arabian Peninsula, producing increased positive lapse rates near the coast and a
shift of the MI to the east. This is related to the differential land–sea thermal heating at low
levels over the desert surface and Arabian Sea, which triggers coastal boundary layer jets
over the coast of Oman (Ranjha et al., 2015). Its extension towards the northeast parts of
Oman may result in the shifting of the MI towards the coastal region of Oman, which
maximizes its spatial extent in the morning (Du et al., 2015).
The longitudinal-height sections of winds and temperature lapse rates at 20o N at
0000 UTC, 0600 UTC, 1200 UTC and 1800 UTC are presented in Figure 11. The diurnal
variation of the lapse rates and winds are visible in the longitude vertical cross-section,
showing a weakening of the Shamal jet (51o E to 60o E) during the evening hours and
strengthening during the night, thus forming nocturnal inversion conditions over the Arabian
Peninsula. In addition, the strength of the Shamal winds also decreases slowly as the day
progresses (0600 UTC to 1200 UTC), which in turn affects the diurnal cycle of the
temperature lapse rates. The lapse rates (2o K per 25 hPa) slowly increase at 1800 UTC in the
low levels (Figure 11) and reach a maximum in the early morning hours (0000 UTC), before
its subsequently weakens as the day progresses. This suggests that the diurnal variability of
the Shamal jet has a direct impact on the diurnal cycle and intensity of the MI, with a
maximum at 1800 UTC and 0000 UTC over the WAS (60o to 65o N) and a minimum at 1200
UTC, i.e., 3:00 local time (AST). Moreover, the height of the MI seems to increase during the
daytime when the MLLJ reaches its peak strength, while the longitudinal extension of MI is
at its maximum during the nighttime. The near surface (975 to 925 hPa) low-level inversions
over the EAS are at their minimum at 0000 and 0600 UTC, but start to increase at 1200 UTC
and 1800 UTC. In addition, the lapse rates are minimum, equal to 2 K per 25 hPa up to a
height of 750 hPa over the Western Ghats at 1200 UTC, and start to increase both vertically
and longitudinally (extending eastwards) until reaching a maximum at 0000 UTC. This
process may be associated with low-level jets flowing through the mountains gaps of Western
Ghats that reach maximum wind speeds at night. This results in a distinct diurnal cycle of
MLLJ over Western Ghats compared to the large-scale MLLJ as reported by Nair et al.,
(2015) and Prabha et al., (2011). This suggests that the diurnal patterns of winds and
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inversions over the WAS with maximum intensity at 0000 UTC is similar to that of the
Arabian Peninsula and this pattern seems to vary with the diurnal pattern of MI over the
Arabian Sea.
3.6 Trends in MI
Several studies have suggested that the MLLJ winds have strengthened and the moisture
transport from the Arabian Sea has increased starting from 1999 (e.g., Krishnamurthy and
Ajayamohan, 2010; Wang et al., 2013). To examine the long-term trends of both the MI,
MLLJ and Shamal jet, we performed a spatial trend analysis on the MI and the factors
affecting it (Figure 12). While computing the spatial trends, we applied the seasonal Mann
Kendall test that describes the trend while filtering out the seasonal effect on the variability
(Belle et al., 1984; Hirsch et al., 1982; Hirsch and Slack, 1984). The spatial trends of the
SLP, wind shear and MI over the Arabian Sea are presented in Figure 12. All computed
trends are significant at 95% confidence level (marked by black dots). The spatial trends of
SLP from ERAI and WRF suggest similar spatial patterns of trends, except over the eastern
Arabian Peninsula, decreasing tendencies over the eastern part of the Arabian Sea and West
coast of India, and increasing tendencies over Pakistan and the eastern parts of Iran. The
trends in the wind shear between the two levels (950 hPa and 850 hPa) indicate increasing
tendencies for MLLJ from the central Arabian Sea to the equatorial Indian Ocean and
decreasing shears over the northern Arabian Sea. To further understand the cause for these
changes in the wind shear, we analyzed the spatial trends of winds at two different levels, 950
hPa and 850 hPa (shown in Figure S4), which showed a definite increasing trend in the
intensity of MLLJ from the Somali coast to the west-central Indian Ocean at both levels.
Moreover, the spatial trends of winds at 950-hPa clearly indicate significant decreasing
tendencies over the eastern parts of AP and west to north parts of the Arabian Sea. This is
probably due to the increased tendencies over Pakistan and the eastern parts of Iran, which in
turn reduces the pressure gradient between the heat low over Pakistan and Mediterranean
region, causing a reduction in the strength of the north-westerly flow over the eastern AP and
WAS at lower tropospheric levels. These trend changes in the winds are likely affecting the
trends in MI. The spatial trend analysis of MI clearly shows a significant decreasing trend of
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the MI over the central Arabian Sea and the WAS, and an increasing trend near the Somalia
region and in the southern Indian Ocean (bottom panels of Figure 12).
To illustrate the variability of the MI and the decreasing tendencies of winds precisely
over the WAS and EAS, we averaged the time series of daily Percentage of Occurrence (PO)
and temperature lapse rates of the MI and presented their trends during the monsoon season
(Figure 13). The trends in temperature lapse rates indicate a decreasing intensity of the MI of
about 0.017 K and 0.014 K per year over the WAS and EAS, respectively (Figure 13a). The
trend of the daily PO suggests that the number of inversion days was reduced by 20 – 30 days
(15 - 30 %) over the past 37 years over the WAS. The decrease in the strength and daily PO
of the MI suggests a statistically significant change over the central and western India. The
time series of the averaged downscaled wind speeds over the WAS and EAS (Figure S5)
suggest that these winds have been strengthening over the EAS, whereas a decreasing trend is
noticeable over the WAS (95% of confidence at both pressure levels). The winds over the
EAS show a strong increasing trend at 850 hPa (+0.007 ms-1 per year) and 950 hPa (+ 0.016
ms-1 per year). On the other hand, a decreasing trend at 850 hPa (-0.007 ms-1 per year) and
950 hPa (- 0.031 ms-1 per year) is noticeable over the WAS. In general, the trend is more
significant at lower tropospheric levels compared to the 850 hPa level as seen in the spatial
trend analysis. Our results suggest that the intensification of the monsoon circulation and the
weakening of the Shamal winds could be the major factors behind the observed decreasing
tendency of the MI intensity and daily PO of the MI.
4. Summary and Conclusions
Thermal inversions in the lower troposphere over the Arabian Sea are semi-permanent
atmospheric phenomena that commonly appear during the pre-monsoon season. These
inversions intensify and spread over a wider region of the WAS with the onset of the Indian
summer monsoon, and are referred to as monsoon inversions (MI). In the WAS, the intrusion
of hot desert air over the cold and moist monsoonal air mass enhances the gravitational
stability of the layered air masses, forming stable stratified layers. However, much remains to
be understood about the formation and persistence of MI and the extent of their impact on the
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Indian summer monsoon. Here, we studied the climatology and variability of these inversions
over the WAS and EAS using regional dynamical downscaled simulations and MERRA2
reanalysis datasets. Prior to the analysis of the MI, we validated our downscaled WRF model
simulations using radiosonde observations at four selected location. The comparison of our
model simulations with the observed radiosonde data demonstrated that our model outputs
reproduce reasonably well with the observed temperature, humidity and wind profiles. The
downscaled winds of the WRF model further well captured the observed features of monsoon
wind flows and the pattern of temperature lapse rates (as extracted from MERRA2 reanalysis
data), with a slight overestimation of the observed wind speed (by ~ 1 ms-1). Our analysis
suggests that this slight overestimation increase in the simulated wind speeds may have
enhanced the wind shear over the WAS, causing an intensification of the simulated MI over
the Arabian Sea compared to MERRA2. We investigated the short and long term variability
of all the factors that affect the stability and duration of the MI, including the different wind
regimes. The major conclusions of our study can be summarized as follows:
1. The analysis of temperature advection and convection at different lower tropospheric
levels suggests that the advection of hot desert air (the dust laden north-to-northwesterly winds of the Shamal and Levar origin at mid-tropospheric levels) spreads
across the western and central Arabian Sea. This creates a wind shear anomaly and
temperature advection that supports the formation and the prolonged maintenance of
the MI over the WAS.
2. The diurnal variation of winds show a maximum strength of the MLLJ during
daytime and an enhancement of Shamal winds, coinciding with peak intensity of MI
over the northern Arabian Peninsula. Radiative cooling over the Arabian Peninsula at
nighttime, along with the onset of boundary layer jets along the coast of Oman, seems
to play a dominant role in the development of maximum wind speeds and their spatial
extension.
3. The analysis of winds and atmospheric inversions clearly suggests that the diurnal
variability of the MLLJ and the Shamal jet has a direct impact on the diurnal
evolution and intensity of inversions over the WAS at nighttime. The evolution of the
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wind and MI diurnal cycles over the Arabian Sea suggests that winds over the sea
exhibit distinct characteristics compared to the Arabian Peninsula.
4. The diurnal pattern of winds and inversions over the WAS differs from that over the
Western Ghats. Whereas the MI over the Arabian Sea is more intense, confined to
lower altitudes and largely controlled by variations of the MLLJ and the Shamal
winds, inversions over Western Ghats and the Indian subcontinent are weakened and
shifted to higher altitudes, and their diurnal cycle is mainly influenced by the
topography of the Western Ghats.
5. A definite decreasing trend was identified in the lower tropospheric winds, which may
be the cause of the observed decreasing trend in the frequency of occurrence of the
MI over the WAS.
We conclude that the decreasing trend in MI strength and occurrence during the peak
monsoon season is due to the weakening of winds over the WAS. Previous observational
studies (Saha et al., 2014a; Turner and Annamalai, 2012) have reported a decreasing trend in
Indian summer monsoon rainfall. The MI over the Arabian Sea can act as a barrier, trapping
moisture and enhancing its moisture budget for the Indian summer monsoon, and thus
increasing rainfall. The statistical relationships between the MI and ISM need to be
established in the context of the large scale monsoon circulation and will be explored in our
futures studies. Our results provide a guideline for future climate-change studies taking into
consideration the development and impact of thermal inversions on the Indian summer
monsoon.
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hPa (middle panels) and convection (right panels) at 700 – 400 hPa computed from WRF simulations.
Figure 8. 37-year mean advection at 800 hPa to 975 hPa from MERRA2 (left panels), ERA-I (middle
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Figure 9. 37-year mean lapse rate (∆T between 950 and 850 hPa) during JJAS at (a) 0000 UTC, (b)
0600 UTC, (c) 1200 UTC, and (d) 1800 UTC from WRF simulations.
Figure 10. 37-year mean diurnal variation of wind shear (magnitude shown in shaded and direction in
vector) computed between 950 and 850 hPa during JJAS at (a) 0000 UTC, (b) 0600 UTC, (c) 1200
UTC, and (d) 1800 UTC from WRF simulations. The gray-shades represent the topography (intense
color indicates higher terrain).
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percentage occurrence of MI from WRF over the WAS and EAS.
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Figure 1. a) WRF model domain (left panel) along with topography of the study region, b) The locations of
radiosonde data (circles in red color) and areas selected for the western (WAS) and eastern (EAS) Arabian
Sea used for the analysis.
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Figure 2. Mean JJAS profiles of temperature and wind at four selected locations (Salalah, Mumbai, Goa and
Mangalore) from WRF and radiosonde data for the whole study period (1980-2016).
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Figure 3. Monthly climatology of percentage occurrence of MI (y-axis) estimated from WRF model and
radiosonde data at Salalah station for the period from 1980 to 2016. The x-axis indicates the inversion
heights.
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Figure 4. 37-year mean JJAS winds (magnitude shown in shaded and direction in vector) from MERRA2,
ERA-I and WRF for 950 hPa and 850 hPa, and the temperature inversion (∆T, shaded in color) and wind
shear (in vector) between 950 and 850 hPa levels.
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Figure 5. Pressure-longitude sections of 37-year mean JJAS temperature lapse rate (K per 25 hPa) and
winds (shown in vector) at 12o N, 16o N, 20o N, and 24o N latitudes from MERRA2, ERA-I and WRF.
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Figure 6. 37-year mean lapse rate (∆T between 950 and 850 hPa shown in shaded) and wind shear (in
vector) computed between 950 and 850 hPa (top panels) and corresponding monthly rainfall (bottom
panels) from WRF simulations for June, July, August and September.
300x142mm (300 x 300 DPI)

This article is protected by copyright. All rights reserved.

w

vie

Re
ly

On

Accepted Article

er

Pe

Figure 7. 37-year mean monthly (from May to September) advection at 975 hPa (left panels) and 925 hPa
(middle panels) and convection (right panels) at 700 – 400 hPa computed from WRF simulations.
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Figure 8. 37-year mean advection at 800 hPa to 975 hPa from MERRA2 (left panels), ERA-I (middle panels)
and WRF (right panels).
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Figure 9. 37-year mean lapse rate (∆T between 950 and 850 hPa) during JJAS at (a) 0000 UTC, (b) 0600
UTC, (c) 1200 UTC, and (d) 1800 UTC from WRF simulations.
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Figure 10. 37-year mean diurnal variation of wind shear (magnitude shown in shaded and direction in
vector) computed between 950 and 850 hPa during JJAS at (a) 0000 UTC, (b) 0600 UTC, (c) 1200 UTC, and
(d) 1800 UTC from WRF simulations. The gray-shades represent the topography (intense color indicates
higher terrain).
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Figure 11. Pressure-longitude sections of 37-year mean lapse rates (K per 25 hPa, shaded in color) and
winds (in vector) during JJAS at (a) 0000 UTC, (b) 0600 UTC, (c) 1200 UTC, and (d) 1800 UTC. The white
and pink arrows differentiate winds below and above 10 ms-1, respectively.
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Figure 12. Trends in SLP (hPa per year, top panels), wind shear between 950 and 850 hPa (m/s per year,
middle panels), and ∆T (K per year, lower panel) estimated from ERA-I (left panels) and WRF (right panels).
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Figure 13. Time series of (a) mean lapse rate (∆T in K between 950 and 850 hPa) and (b) daily percentage
occurrence of MI from WRF over the WAS and EAS.
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