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Abstract

The phenomenon of climate change has significantly impacted weather patterns across
the globe, particularly in South Asia. This study indicates a notable westward shift in
precipitation and heat wave frequency over India, Pakistan and their adjacent regions.
This shift is characterized by altered monsoon patterns, increased frequency of extreme
weather events, and changing temperature regimes, which collectively pose challenges
to water resources, cryosphere, agriculture, and public health. To comprehensively
understand the dynamic nature of heat wave frequency, here we choose average ver-
tical pressure velocity (ω), geopotential height, meridional wind vector and average
temperature anomalies and heat wave frequency number of days meeting the criteria
of at least three consecutive days above the 90th percentile. Our findings reveal a
pronounced westward shift in heat wave frequency, particularly between June 1990 to
August 2000, and from March 2000 to 2010. Additionally, the northwestern regions
of India and Pakistan and eastern region (Myanmar) have experienced notable posi-
tive precipitation anomalies from 2000 to 2024, closely linked to Middle East warming.
In contrast, negative precipitation anomalies over Tibet and the Himalayas threaten
glacier and permafrost health. This finding suggests the upper atmospheric anticyclone
or atmospheric blocking are a major drivers of Heat waves. In light of these extreme
weather changes, advancing climate-resilient infrastructure is essential to mitigate risks
and to ensure long-term environmental and socioeconomic stability.
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1 Introduction

Monsoons play a crucial role in the tropical and sub-
tropical climates of various regions worldwide (Huffman
et al., 2001; Geen et al., 2020; Wang et al., 2014; Kumar
et al., 2021; Tierney et al., 2011). The Indian summer mon-
soon and westerly precipitation are key drivers influencing
glacier dynamics, agricultural productivity, river flow main-
tenance, and the wellbeing of diverse ecosystems across dif-
ferent timescales (Kumar et al., 2021; Mandal et al., 2020;
Mishra et al., 2020; Kotlia et al., 2018; Kumar et al., 2020;
Fig. 1). The changing climate is reshaping weather patterns
across the globe, leading to significant alterations in precipi-

tation and the frequency and intensity of heat waves (Rohini
et al., 2016; Pai et al., 2013; Prein et al., 2023). In West-
ern India and Pakistan, fluctuations in precipitation pose
a considerable threat to communities, as these changes sig-
nificantly influence various socioeconomic factors and the
overall well-being of the population. Over the past few
decades, Pakistan and northwestern India frequently expe-
rienced heavy precipitation and floods (Lyngwa and Nayak,
2021; Sreenath et al., 2022; Yadav, 2016).

In the last decades, the mortality rate linked to heat-
waves has risen in South Asia (Im et al., 2017; Jena-
mani, 2012; Mazdiyasni et al., 2017; Knowlton et al., 2014).
The India Meteorological Department (IMD) states that a
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Fig. 1. A & D. Surface precipitation rate anomalies (mm/day) for the periods 1980–2000 and 2000–2024. B & E. Air temperature
anomalies for the same periods 1980–2000 and 2000–2024. C & F. Meridional wind anomalies for the periods 1980–2000 and
2000–2024 respectively.

‘Heat Wave’ is identified when the maximum temperature
at a location hit at least 40°C in plains or a minimum of
30°C in hilly regions. This is generally determined by the
count of consecutive days in which the maximum tempera-
ture exceeds the 90th percentile threshold. Typically, this
time frame is either three or five days, based on regional
climate norms and impact evaluations (Perkins and Alexan-
der, 2013). The effects of heat waves arise from the combi-
nation of elevated dry-bulb temperatures and high wet-bulb
temperatures, along with the vulnerability of the popula-
tion (WHO, 2023). The intensification of prolonged and
highly frequent heatwaves is expected in India, potentially
leading to increased heat stress and a higher mortality rate
(Ravindra et al., 2024). In several Indian states, particu-
larly those in the western and eastern regions such as Bihar,
Jharkhand, Odisha, Punjab, Haryana, Chandigarh, Delhi,
Rajasthan, Maharashtra, western Madhya Pradesh, and

Gujarat heat waves have emerged as a growing issue of con-
cern. The frequency and intensity of these extreme heat
events, however, are not evenly spread throughout the en-
tire country. The shifting patterns of extreme weather
events such as heat wave and precipitation could acceler-
ate thawing of permafrost and the melting of glaciers in
the northwestern Himalayas, Tibet, Kazakhstan, and sur-
rounding regions (Fig. 2, 3). The processes behind these
climatic changes are still poorly comprehended, but their
effects on regional hydrology, ecosystem resilience and long-
term environmental sustainability are significant. Among
the multiple hazards, heat waves is one of the extreme
events severely impacting globe including India and its sur-
rounding region (Campbell et al., 2018; Fig. 2, 3). Heat
waves are often linked to anticyclonic flows in the mid-
dle and upper troposphere, which create blocking patterns
that extend downward, driving subsidence and warm air
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Fig. 2. Heat wave frequency represented as the number of days meeting the criteria of at least three consecutive days above the
90th percentile. A. Illustrates heat wave occurrences from March 1980 to May 1990, (B). March 2000 to May 2010, (C) March 1990
to May 2000 and (D) Frequency data from March 2010 to May 2024.

Fig. 3. Heat wave frequency represented as the number of days meeting the criteria of at least three consecutive days above the
90th percentile in monsoon season. A. Heat wave frequency from Jun 1980 to Aug 1990, B. June 2000 to August 2010. C. June
1990 to August 2000 and D. Frequency data from June 2010 to August 2024.

advection. These conditions lead to prolonged surface heat
waves. In mid-latitudes, heat waves are tied to atmospheric
blocking (Carril et al., 2008; Tomczyk and Bednorz, 2019),
while in central and southern Europe (Sousa et al., 2018),
and Australian region associated with subtropical ridges
(Perkins, 2015), both associated with upper-atmospheric
anticyclones. This study examines the drivers of heat waves
and precipitation shifts from 1980 to 2024, offering insights
into evolving climatic trends and their impact on environ-
mental sustainability.

2 Methods

We have utilised the surface precipitation rate
(mm/day), air temperature anomaly, meridional wind
anomaly, heat wave frequency data (1980–2024) to un-
derstand extreme weather events within the study re-
gion (20°N–45°N, 50°E–105°E, Fig. 1A–F). We utilize the
MEERA-2 reanalysis dataset from NASA Earth Data (Wil-
son, 2025) to calculate the number of days that meet the
heat wave criteria, defined as at least three consecutive days
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exceeding the 90th percentile. This analysis is conducted
monthly for the period from March 1980 to May 2000 and
from June 2000 to August 2024, using a spatial resolution
of 0.5° × 0.625. The NCEP/NCAR reanalysis data is uti-
lized for geopotential height, precipitation, air temperature,
and wind vector anomalies, with anomalies calculated based
on the 1991–2000 period. All the heatwave frequency data
were analysed using QGIS 3.34.9 at Delhi School of Climate
Change and Sustainability, Institution of Eminence (IoE),
University of Delhi.

3 Results and Discussion
3.1 Spatiotemporal frequency of heat wave in pre-

monsoon season (1980–2024)

We examine the summer-season variations in surface
precipitation anomalies, air temperature anomalies, and
meridional wind patterns across the study region (Fig. 1A–
D). The surface precipitation anomaly maps (Fig. 1A, D)
reveal distinct spatio-temporal patterns over the study re-
gion. From 1980 to 2000, a positive precipitation anomaly
was observed over the Tibetan Plateau and the Himalayan
region, while a negative anomaly was evident over the west-
ern parts of India and Pakistan (Fig. 1A). However, this
pattern underwent a significant shift during the 2000 to
2024 period, with a negative precipitation anomaly now ob-
served over the Tibetan Plateau and Himalayas, and a pos-
itive anomaly emerging over the western regions (Fig. 1D).
The surface precipitation anomalies (Fig. 1A & D) reflect
shifting moisture availability across South Asia, which di-
rectly influences land surface heating and monsoon dynam-
ics. The negative precipitation anomalies over Tibet and
the Himalayas (2000–2024) could be indicating a decline in
cloud cover and evaporative cooling, potentially intensifying
surface heating and increasing heatwave frequency in adja-
cent regions. Conversely, the positive precipitation anoma-
lies over northwestern India and Pakistan contribute to in-
termittent periods of increased humidity, which, combined
with anticyclonic subsidence, may exacerbate extreme heat
conditions. Fig. 1(B, E) illustrate the variations in air tem-
perature anomalies across two distinct periods from 1980–
2000 and 2000–2024. Furthermore, air temperature anoma-
lies (Fig. 1B & E) highlight significant warming trends, par-
ticularly in western India, reinforcing the growing intensity
and frequency of heat waves. These variations in tempera-
ture patterns underscore the broader climatic shift driving
heat stress and altering seasonal monsoon behaviours. Sim-
ilarly, Fig. 1(C & F) depict the meridional wind anomalies
during the summer season, highlighting temporal shifts in
atmospheric circulation patterns. Additionally, these mod-
ified atmospheric circulation patterns could contribute to
the westward shift in heatwave occurrences.

Strengthened westerly winds transport warm, dry air
further inland, sustaining extreme heat conditions over
northwestern India and its neighbouring regions. Fig. 2(A–
D) shows the decadal heat wave frequency patterns in pre-
monsoon season over the study region (20°N–45°N, 50°E–
105°E). Fig. 2A shows that during the pre-monsoon sea-
son (March–May, 2000–2010) the highest heat wave fre-
quency was concentrated in the central and eastern region

(Bangladesh and Bhutan). This suggests that the central
and eastern areas experienced the most intense and pro-
longed heat wave events, with at least three consecutive
days above the 90th percentile. In the previous decades
(1990–2000; Fig. 2C), regions experiencing the most fre-
quent heat waves shifted slightly, with certain southern and
eastern areas reflecting a rise in heat wave occurrences. In
Fig. 2D, data spanning 2010–2024, indicating that the fre-
quency pattern of heat waves continued to change, with
new regions in the east and west facing more severe heat
wave occurrences. The westward heat wave shift from 2000–
2010 (Fig. 2B) to 2010–2024 (Fig. 2D) aligns with intensified
westerly winds (Fig. 1F), suggesting a broader atmospheric
circulation change driving extreme events. This indicates
that although the spatial distribution has altered over the
years, certain regions have consistently been more suscepti-
ble to heat wave occurrences.

3.2 Spatiotemporal frequency of heat wave in monsoon
season (1980–2024)

The dynamic patterns of heat wave frequency in mon-
soon season (June–August) from 1980 through 2024 is
demonstrated in Fig. 3. The observed region underwent
most severe and extended heat wave occurrences, featur-
ing at least three consecutive days exceeding the 90th per-
centile. The Fig. 3A shows that the frequency of heat waves
is mostly concentrated over the western and northwestern
regions from 1980 to 1990. Additionally, during the sum-
mer season (1990–2000; Fig. 3C), it is evident that the areas
experiencing the most frequent heat waves shifted slightly,
with certain southern and western (parts of India, Pakistan
and Afghanistan) eastern regions (Bangladesh) now exhibit-
ing more occurrences. This pattern indicates a spatial re-
distribution of heat wave hotspots compared to the previous
decade. From 2000–2010 (Fig. 3B) illustrates that the heat
wave frequency pattern continued to develop, with addi-
tional regions in the northeast and southwest experiencing
more intense heat wave occurrences. This demonstrates the
dynamic nature of heat wave occurrences and how they can
shift across different regions as time progresses.

The period from 2010 to 2024 (Fig. 2D) illustrates a
persistent shift in the heat wave frequency patterns, with
the north-western and eastern regions (Bangladesh) once
more experiencing the high occurrences. This increased
monsoon heat wave frequency in northwest India reflects
enhanced land-surface heating, amplifying convection (pos-
itive ω, Fig. 4B) and flood risk in arid regions. This in-
dicates that the spatial distribution has evolved over the
decades, with certain areas continuing to be more vulnera-
ble to heat wave occurrences. In general, the series of heat
wave frequency highlights the changing and evolving na-
ture of heat wave patterns throughout the analysed area.
The shifting nature of extreme weather occurrences, such
as the frequency of heat waves, presents significant threats
to glaciers, permafrost, and public health.

3.3 Drivers of the extreme events

Extreme events like heat waves are shaped by multi-
ple physical drivers and processes, including atmospheric
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Fig. 4. Shows variations in monsoon season vertical pressure velocity during two periods (1980–2000 and 2000–2024). (A) Average
vertical pressure velocity (ω) from 1980–2000 in monsoon season (Jun–Aug) and (B). Average vertical pressure velocity (ω) from
2000–2024 in monsoon season (Jun–Aug).

Fig. 5. Geopotential height (m) and wind vector (m/s) anomaly (A, C) Geopotential height anomaly at 500 mb and 200 mb
respectively. (B) Wind vector anomaly at 500 mb and (D) Wind vector anomaly at 200 mb.

circulation patterns, sea surface temperatures, soil mois-
ture levels and cloud cover. To better understand their dy-
namics, we focus on geopotential height anomalies, upper-
atmosphere meridional anomalies, and vertical pressure ve-
locity (ω). The average vertical pressure velocity (ω) can
indicate the overall stability or instability of the atmo-
sphere. Areas with high positive (ω > 0) are typically
connected to subsiding motion, whereas areas with nega-
tive ω showing air is rising in the atmosphere. This sinking
motion (positive ω) lead to clear skies, reduced humidity
and warm temperature at the surface whereas a negative
omega means rising motion. This upward motion can create
cloud cover and reflects the solar radiation. Fig. 4 indicates
that positive ω is present in the northwestern regions of In-
dia and across Pakistan during the periods 1980–2000 and

2000–2024, while there is negative ω indicating ascending
motion in the central Himalayas. The highest upward ω
values in northwestern parts of India and over regions of
Pakistan create a condition for heat waves (Fig. 2B, Fig. 3)
whereas negative ω value over central and parts of western
Himalayas. The ω values, both negative and positive, are
affected by factors such as Himalayan topography, thermal
contrasts between land and sea, and patterns of atmospheric
circulation. These variations in vertical pressure velocity re-
sults in a change in the frequency of extreme weather events.
Some other processes such as the upper-tropospheric an-
ticyclones act as dynamic precursor for the formation of
surface heat waves over India, Pakistan and surrounding
region during March 2000–May 2010 (Fig. 5). Heat waves
in mid-latitudes are often linked to atmospheric blocking
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(Carril et al., 2008; Tomczyk and Bednorz, 2019), while in
central and southern Europe (Sousa et al., 2018) and the
Australian region, they are associated with subtropical
ridges (Perkins, 2015). Both phenomena are connected
to upper-atmospheric anticyclones. In this study region
(Fig. 2, 3), the geopotential height (m) in upper atmosphere
at 500 hPa and 200 hPa reveals high geopotential heights
(gpm) anomalies over northwest India, the North Atlantic,
and western North America (Fig. 5A, C). Wind vector anal-
ysis and gpm at the same pressure levels indicates the for-
mation of anticyclonic conditions over northwestern India
and adjacent regions (Fig. 5). Overall, geopotential height
is abnormally high at pressure levels such as 500 hPa and
200 hPa, it often indicates the presence of strong, persis-
tent anticyclonic systems. These systems suppress vertical
air movement, reducing cloud cover and allowing intense so-
lar radiation to heat the surface. In regions like northwest
India, the North Atlantic, and western North America, such
anomalies contribute to the development and intensification
of heat waves by reinforcing stable and dry atmospheric
conditions. This positive vertical pressure velocity and de-
velopment of anticyclone can transport heat and influences
the cryosphere of northwestern Himalaya and adjacent ar-
eas. The teleconnected heat wave patterns significantly in-
fluence the environmental variability in these regions. The
delayed onset of the monsoon, frequently linked to El Niño
(Murari et al., 2016; Im et al., 2017) and various telecon-
nected mechanisms, soil moisture, further intensifies these
conditions. The northwestern regions of India and east-
ern India have experienced notable positive precipitation
anomalies from 2000 to 2024, closely linked to Middle East
warming (Fig. 1E). Numerous studies emphasize the physi-
cal drivers that modulate the Indian summer monsoon and
influence shifting precipitation patterns across India and its
neighbouring regions (Yadav, 2016, 2017, Yadav et al., 2018,
Yadav, 2021, 2024; Li et al., 2023).

3.4 Extreme weather events and climate resilient in-
frastructure

Rising temperatures (Coumou et al., 2013) results in
intense heatwaves that endanger lives, agriculture, and en-
ergy systems, whereas changing rainfall patterns cause se-
vere flooding in Pakistan and adjacent areas (Li et al., 2023)
and extended droughts in mainly western and eastern part
of India (Gautam and Bana, 2014; Mishra et al., 2019). The
extreme heat is a kind of natural hazards whose occurrence
has risen in 21st century with the most significant increase
observed between March 2000 and May 2010 (Fig. 3). The
development of climate resilient infrastructure is important
in this warming world to address the challenges posed by the
rising frequency of heat waves and the shift in precipitation
patterns towards the west in developing nations like India,
Pakistan, and nearby regions (Fig. 1–3). To tackle these
issues, resilient infrastructure should integrate sustainable
urban development, strong cooling solutions, effective wa-
ter management systems, and disaster-resistant construc-
tion designs. Early alert systems, flood-resistant infrastruc-
ture, and green solutions, including urban woodlands and
permeable surfaces, can reduce the dangers associated with

climate change. By incorporating these adaptations into
development plans, countries can protect communities and
economies from the uncertain impacts of climate-related dis-
asters while promoting sustainable growth.

4 Conclusions

This research highlights the dynamic nature of extreme
weather phenomena like heat waves and shifts in precipita-
tion across the study area. The analysis utilizing data from
1980 to 2024 indicates that northwestern, western, and east-
ern India, along with nearby regions, have experienced a
frequent occurrence of heat waves. In addition, the western
region of India starts receiving heavy precipitation during
the monsoon season. Our findings shows that the average
vertical velocity omega is positive over the western parts of
India and Pakistan. The heat wave frequency and heavy
precipitation is observed in western region. The shifting
hotspots highlight the necessity for continuous observation
and adaptation strategies to tackle the effects of these severe
weather events. Additionally, the northwestern regions of
India and adjacent areas have experienced notable positive
precipitation anomalies from 2000 to 2024, closely linked to
Middle East warming. In contrast, negative precipitation
anomalies over Tibet and the Himalayas threaten glacier
and permafrost health. This finding suggests the upper at-
mospheric anti-cyclone or atmospheric blocking are a major
drivers of Heat waves. A strong policy must be established
that takes into account climate-resilient infrastructure in
both western and eastern regions of India. These trends de-
mand region-specific policies, flood-resistant infrastructure
in the west and heat mitigation in the east to safeguard 1.5
billion reliant on monsoon stability.
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