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Abstract In this study, we analyze the spatiotemporal patterns of propagation of pre‐monsoon heatwaves
and their drivers in India. Using complex networks, we find that heatwaves originate most frequently in
northwest India and propagate in the northeast or southeast direction. Heatwaves propagating in the northeast
direction have a higher intensity, lower moving distance, smaller areal coverage, and shorter duration than
heatwaves moving in the southeast. We find that the larger area and duration of heatwaves propagating southeast
are a result of development of larger and more persistent high‐pressure systems extending over entire northern
and eastern India, which are influenced by El Niño Southern Oscillation. On the other hand, higher radiative
fluxes and larger heat entrainment in the boundary layer in the heatwaves propagating northeast contribute to
their higher intensities.

Plain Language Summary We analyze the spatial patterns of where heatwaves originate and how
they spread in the pre‐monsoon period in India. We find that most heatwaves originate in northwest India. Some
of these heatwaves spread to north and central India while some propagate to south India. Heatwaves in northern
and central India have higher intensity and last for a shorter period of time as compared to those which spread to
south India. The area and duration of heatwaves moving toward south India are influenced by El Nino events.
On the other hand, the intensity of heatwaves of central and north India is higher due to greater shortwave
radiation and heat entrainment in the boundary layer.

1. Introduction
Heatwaves are periods of extremely high temperatures that have disastrous repercussions on agriculture (Lobell &
Field, 2007), human health (McMichael & Lindgren, 2011), and ecosystems (Horton et al., 2016). Between the
years 1998 and 2017, heatwaves were found to be the cause of over 166,000 deaths worldwide (Pascaline &
Rowena, 2018). During recent decades the intensity, duration, and frequency of heatwaves have increased in
many parts of the world (Perkins et al., 2012). Furthermore, the frequency of intense heatwaves is projected to
double if the global average temperatures rise by 2°C due to climate change (Dosio et al., 2018).

The high temperatures of most heatwaves can be attributed to anomalies in the states of atmosphere, land surface,
or a combination of both (Wehrli et al., 2019). Anomalous anticyclonic circulation in the middle and upper
troposphere is a major factor leading to the occurrence of heatwaves (Black et al., 2004; Meehl & Tebaldi, 2004;
Perkins, 2015), which can be influenced by large‐scale modes of climate variability (Arblaster & Alex-
ander, 2012; Kenyon & Hegerl, 2008). Besides the atmospheric circulation patterns, heat advected from upwind
locations can also act as the source of heatwaves (Miralles et al., 2014; Schumacher et al., 2019). The effects of
anticyclonic circulation or advected heat can get amplified by the feedback between land and atmospheric
processes; dry soils during heatwaves can lead to an increase in sensible heat flux and low evaporative cooling
which can result in warming of near‐surface temperature (Alexander, 2011; Ghatak et al., 2017; Mueller &
Seneviratne, 2012; Perkins, 2015).

India frequently experiences heatwaves in the pre‐monsoon period between the months of March–May (Murari
et al., 2015). There has been a significant increase in the number of heatwaves in northwest and southeast India
(Rohini et al., 2016; Singh et al., 2021), which has been associated with an increase in the number of mortalities
(Mazdiyasni et al., 2017; Singh et al., 2021) and is expected to increase further in future due to climate change
(Mishra et al., 2017; Murari et al., 2015; Rohini et al., 2019). The occurrence of heatwaves in India are strongly
influenced by El Niño Southern Oscillation (ENSO) with higher occurrences of heatwaves during the El Niño
years (Murari et al., 2016; Naveena et al., 2021; Pai et al., 2013). Given the increasing risk posed by heatwaves to
the human health and environment, there is an urgent need to improve the understanding of their characteristics
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and driving mechanisms in India. Many studies have been performed for analyzing the heatwave mechanisms
globally (Liu et al., 2020; Röthlisberger & Papritz, 2023; Zschenderlein et al., 2019), and in India (Devi
et al., 2023; Ghatak et al., 2017; Panda et al., 2017; Rohini et al., 2016; van Oldenborgh et al., 2018). However, no
studies have been performed for characterizing the spatio‐temporal evolution of heatwaves in India, which can be
critical for forecasts and early warning (Mondal & Mishra, 2021).

The objective of this study is to perform a comprehensive analysis of the spatiotemporal evolution of pre‐
monsoon (March–May) heatwaves and their drivers in India. We first use a combination of complex network
(CN) theory and Event Synchronization framework (Quian Quiroga et al., 2002) to identify spatial patterns in the
origin and propagation of heatwaves. We then use the Connected Components on Multilabel 3D images algorithm
(CC3D; William Silversmith, 2021) to track the trajectories of all the heatwave events originating from the
identified regions of origin and classify them based on distance traveled and the direction of propagation. Finally,
we analyze the differences in the physical drivers of the classified heatwaves using reanalysis data sets.

2. Data and Methods
2.1. Study Region and Data

We use the gridded daily maximum temperature data set having a spatial resolution of 1° × 1° provided by the
India Meteorological Department (IMD) for the period 1950–2020 to analyze heatwaves occurring during March
to May (Srivastava et al., 2009). We use the IMD data set for identifying heatwave events and analyzing the
spatiotemporal evolution of their trajectories. We use the reanalysis data from ERA5‐Land (European Centre for
Medium‐Range Weather Forecasts Reanalysis) data set at the daily scale, having a spatial resolution of
0.1° × 0.1°, for analyzing the physical drivers of heatwaves. The variables used from the ERA5‐Land data set
include 2 m air temperature, net surface longwave radiation, downward surface longwave radiation, net surface
shortwave radiation, surface latent heat flux, surface sensible heat flux and soil moisture in the top 0–7 cm
(Muñoz Sabater, 2019). The geopotential height, zonal and meridional velocity, boundary layer height and total
cloud cover are taken from ERA5 data set having a spatial resolution of 0.25° × 0.25° (Hersbach et al., 2023). We
also use Niño 3.4 index time‐series provided by National Oceanic and Atmospheric Administration (NOAA) for
analyzing the influence of ENSO on Indian heatwaves.

2.2. Heatwave Definition and Characteristics

We define heatwave as a period of at least 3 consecutive days when the daily maximum temperature exceeds the
90th percentile threshold. The 90th percentile threshold is calculated based on daily maximum temperature,
centered on a 31‐day window (Russo et al., 2014). We define heatwave intensity as the average magnitude by
which the daily maximum temperature exceeds the 90th percentile threshold while the duration of the heatwave is
the length of time for which daily maximum temperature is higher than the above‐mentioned threshold.

2.3. Identification of Regions of Origin and Termination of Heatwaves Using Complex Network

We analyze the spatio‐temporal evolution of heatwaves using the CN framework, which has been used in several
previous studies for the analysis of extreme events (Boers et al., 2013; Konapala & Mishra, 2017; Malik
et al., 2012; Mondal & Mishra, 2021). In this framework, different locations are represented as nodes whereas
links are used to represent the extent of synchronization of extreme event occurrence between the locations. We
use the Event Synchronization framework to quantify the strength of the links between two locations (Quian
Quiroga et al., 2002). We briefly explain the methodology in this section; the detailed explanation can be found in
the Supporting Information. We first calculate the dynamic delay between events at each pair of two locations i
and j (Equations S1 and S2 in Supporting Information S1). A pair of events occurring at the two locations are
considered synchronized if the lag time between the two events is less than the dynamic delay (Equation S4 in
Supporting Information S1). This pairwise analysis of heatwave events is applied to all possible pairs of locations
to compute synchronization Qij which is the fraction of synchronized events between the two locations regardless
of the location in which the event occurred first (Equation S5 in Supporting Information S1); and the delay qij,
which represents the difference between the number of synchronized events occurring first at location i and those
occurring first at location j (Equation S6 in Supporting Information S1). The synchronization and delay matrices
are then converted into corresponding adjacency matrices (AQ and Aq respectively), to identify the strongest
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connections in the network using a threshold of 95th percentile (Equation S7 and S8 in Supporting
Information S1).

The matrices AQ and Aq are used to calculate two types of network coefficients, namely degree centrality (DC) and
network divergence (ND). The DC of a location is defined as the ratio between the number of possible significant
connections that it can have with other locations to the total number of connections (Equation S9 in Supporting
Information S1). A higher value of DC of a given location indicates that if a heatwave event occurs in that
location, it is more likely to be accompanied by heatwave occurrence in other locations within a period of dynamic
delay, which is 5 days in the present study. ND is defined as the difference between the number of incoming and
outgoing connections in a location (Equation S10 in Supporting Information S1). A negative value of ND sig-
nifies a higher number of outgoing connections from a given location in comparison to incoming connections.
Conversely, a positive value of ND for a location signifies a greater number of incoming connections as compared
to outgoing connections. Therefore, locations exhibiting significant magnitudes of negative and positive values of
ND act as regions of origin and termination of heatwaves respectively.

2.4. Identification and Classification of Heatwave Trajectories

We used a 3‐D connected component (CC3D) algorithm (William Silversmith, 2021) for tracking heatwaves in
space and time. The maximum temperature time‐series at all locations are first converted to a binary time‐series
using the heatwave identification criteria mentioned in Section 2.2; days satisfying heatwave criteria are assigned
a value of 1 and 0 otherwise. The CC3D algorithm is applied to the binary time series to identify grid points in the
temperature data set, in both space and time, which are a part of the same heatwave event. The algorithm uses a
screening window of 3 × 3 grids which traverses all latitudes and longitudes at each time step. For a given 3 × 3
window centered at location (i, j), 26 grid points are considered as candidates; 8 surrounding grids on day t and 9
grid points including the point (i, j) and its 8 neighbors on days t − 1 and t+ 1 (Luo, Lau, et al., 2022; Luo, Wang,
et al., 2022; Reddy et al., 2022). Any new heatwave‐prone grid identified in the screening window is assigned the
same label as the existing heatwave‐prone grids in the screening window, whereas a new label is assigned to it if
there are no heatwave‐prone grids in the neighborhood. After this procedure is implemented for all locations at
time t, the same procedure is repeated for the next time step. The centroid of heatwave on a given day is calculated
as the average of geographical coordinates (i.e., latitude and longitude) identified to be a part of the same event
weighted by the intensity of heatwave at each location. The set of locations of heatwave centroids on different
days represents the heatwave trajectory.

We first identify the dominant regions of origin of heatwaves in India using the delay matrix (Section 2.3) and
cluster the trajectories of heatwaves originating in this region. We consider only the heatwaves whose spatial
extent is greater than 8 grids of 1° × 1° resolution (i.e., approx. 96,800 km2) for clustering analysis in order to
avoid heatwave events which do not propagate significantly in space. We classify the heatwave trajectories
originating from the dominant regions of origin based on their moving direction and distance (Luo, Wang,
et al., 2022) using K‐means clustering (Hartigan & Wong, 1979). The optimum number of clusters are determined
using silhouette score (Pham et al., 2005). After clustering we also analyze other characteristics of heatwave
trajectories such as intensity, total area, lifetime, moving distance and direction (Table S1 in Supporting
Information S1).

2.5. Analysis of Energy Fluxes During Heatwaves

In a recent study, Röthlisberger and Papritz (2023) quantified the contributions of diabatic, adiabatic and
advective processes to temperature rise during the hottest days of the year globally. They found that diabatic
processes are the dominant contributors to temperature rise during heatwaves in India. Therefore, we analyzed the
components of the surface energy budget, namely net shortwave radiation, net longwave radiation, sensible heat
flux and latent heat flux using the ERA5‐Land data set. In this study we consider net shortwave, downward and
upward longwave radiation as positive downwards and sensible and latent heat flux as positive upwards.

We use the daily maximum temperature data from IMD to calculate the beginning and ending dates of heatwaves.
We then use 2 m‐daily maximum temperature data from ERA5‐Land data set to identify heatwave locations
within ±1 day of the heatwave dates obtained using the IMD data set. Heatwaves identified from the ERA5‐Land
are considered only if their spatial extent have an overlap of greater than 80% with the heatwave locations
identified using the IMD data set.
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3. Results
3.1. Heatwave Networks

Figures 1a–1c show the values of DC for the months of March to May, with red‐colored regions denoting regions
with high DC values and hence larger spatial synchronization of heatwaves. As the figure shows, the regions of
northwestern and central India have higher values for all months. The values of DC over these regions are greater
than 0.1, implying that heatwaves in these regions are synchronized over areas greater than roughly 10% of the
area of the country (which is approximately 400,000 km2). The southern region of India has consistently low
values of DC throughout this period, indicating that heatwaves in this region have lower degree of spatial syn-
chronization. The high value of DC in the northwest and central part of India can be attributed to the anticyclonic
conditions which develop over this region during pre‐monsoon (Ratnam et al., 2016). Similarly, Figures 1d–1f
show the ND values for the months of March to May. Negative values of ND can be found in northwest In-
dia, suggesting that many heatwaves originate in this region. Conversely, the central and southeastern parts of
India show positive ND values, indicating that heatwaves propagate to these regions during the pre‐monsoon
period. It is interesting to note that the high DC region moves away from the region of origin in northwest In-
dia in May due to the larger areal propagation of heatwaves in this month (Figure S2 in Supporting Informa-
tion S1). Thus, heatwaves originate predominantly in northwest India in all the 3 months and propagate to central
India in March and April and southeastern India in May. In the following sections, we analyze the trajectories and
drivers of heatwaves emerging from the dominant region of origin identified in northwest India, shown as boxes
in Figures 1d–1f.

3.2. Heatwave Trajectories

We identified 80 heatwaves which originated from the dominant region of origin identified in Figure 1, which had
a spatial extent larger than 8 grids of 1° × 1° resolution and identified their trajectories using the CC3D algorithm.
The trajectories were clustered by k means clustering based on their propagation direction and distance. The
optimum number of clusters was found to be 2 based on the Silhouette score (Figure S1 in Supporting Infor-
mation S1). As shown in Figure 2a, 53 heatwaves are classified as a part of the first cluster which are north-
eastward propagating (NEP) and 27 heatwaves are classified in the second cluster which are southeastward

Figure 1. Spatial distribution of degree centrality in panels (a) March, (b) April, and (c) May and network divergence in panels (d) March, (e) April, and (f) May. The
rectangular box shows the identified dominant region of origin.
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propagating (SEP). The NEP heatwaves are shown in blue and SEP heatwaves are shown in red in Figure 2a. NEP
heatwaves exhibit higher intensity, with a mean value of 0.79°C and a median value of 0.78°C, whereas heat-
waves that propagate toward the southeast have a comparatively lower intensity with a mean value of 0.68°C and
a median value of 0.69°C (Figure 2c). However, SEP heatwaves have longer duration (Figure 2b), larger spatial
coverage (Figure 2d), and a larger moving distance as compared to NEP heatwaves (Figure 2e).

3.3. Drivers of Heatwaves

We analyze the relationship of heatwave characteristics in the two clusters with the Niño3.4 index from December
to February (DJF) and March to May (MAM) to quantify the influence of El Niño events, following Luo, Wang
et al. (2022) and Luo, Lau, et al. (2022). NEP heatwave characteristics did not show any significant correlation
with DJF Niño3.4 (Figure S3 in Supporting Information S1). Whereas duration and areal extent of SEP had a
significant positive correlation with DJF Niño3.4 with values of 0.40 and 0.58 respectively (Figure S4 in Sup-
porting Information S1). The results for MAM were similar in the case of DJF Niño3.4 (Figures S5 and S6 in
Supporting Information S1). These results indicate that ENSO can play a significant role in the longer duration
and larger spatial extent of SEP heatwaves.

We further conducted a composite analysis of geopotential height and wind velocity anomalies at 500 hPa for both
clusters. Figure 3 shows that both clusters have high positive geopotential height anomalies that develop over
northwest India prior to the day of occurrence. We find that the positive geopotential height anomalies for SEP
heatwaves have a greater spatial extent, covering almost the entire country to the north of 25°N, and persist for a
longer period as compared to NEP heatwaves, which explains the larger spatial extent and duration of SEP
heatwaves. Furthermore, SEP heatwaves are accompanied by stronger northerly wind anomalies which results in
more southward propagation of the heatwaves.

Out of the 80 heatwave events which emerged from the dominant region of origin identified using the IMD data
set (Figure 1), 72 heatwave events were found to coincide with those in ERA5‐Land. We compared the intensity
of heatwave events calculated from the IMD and ERA5‐Land data sets in Figure 4a. We find that there are many

Figure 2. (a) The arrows show the direction of movement of NEP (blue) and SEP (red) heatwaves. The end points of the arrow represent centroid location of the
heatwave in the first half and second half of the event with the arrow pointing toward the latter. (b–e) Represents the boxplots of lifetime, intensity, area and moving
distance respectively with blue for NEP and red for SEP heatwaves. The white dot is the mean value of each boxplot.
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events whose intensities are not well captured in ERA5‐Land. Therefore, we analyze the drivers of only those
heatwaves for which the error is less than±0.2°C in the ERA5‐Land data set, which results in identification of 54
heatwaves. The threshold error of ±0.2°C was chosen to obtain highest correlation between the intensities from
the two data sets while retaining the maximum number of events (Table S2 in Supporting Information S1).

Figure 4 shows the temporal evolution of anomalies of different variables before and after the heatwave onset
in blue for NEP heatwaves and red for SEP heatwaves. The box plots show the anomalies across all locations
and events in the two clusters. Both clusters of heatwaves show high positive anomalies of net shortwave
radiation (Figure 4b) while the anomalies of downward longwave radiation (Figure 4c) are quite small. The
net shortwave radiation anomalies are significantly higher for NEP heatwaves, which heats up the land and
leads to higher longwave radiation emitted from the surface (more negative anomalies in Figure 4e). As a
result, the net radiation anomalies (sum of net shortwave and net longwave radiation) are similar in the two
clusters (Figure 4d). The high anomalies of net shortwave radiation in NEP can be attributed to more negative
anomalies of cloud cover in NEP as compared to SEP with statistically significant difference on the day of
heatwave occurrence (Figure S7a in Supporting Information S1). We further observe that there is a more rapid
drying of soil moisture in NEP heatwaves (Figure S7b in Supporting Information S1), which leads to slightly
more positive sensible heat flux anomalies (Figure 4f) and more negative latent heat flux anomalies
(Figure 4g), although the differences between the two clusters are not statistically significant. We also find
that the boundary layer heights in NEP heatwaves are higher than those in SEP heatwaves, and progressively
increase up to the heatwave onset, both in terms of absolute height (Figure 4h) and anomaly (Figure S9 in
Supporting Information S1), which could be due to the stronger sensible heating in NEP heatwaves. The
boundary layer growth can contribute to heat entrainment and accumulation in the boundary layer (Miralles
et al., 2014). Thus, the higher intensity of NEP heatwaves could be due to the combined effect of higher
upward longwave radiation driven by heating of land surface from shortwave radiation and heat entrainment
in the boundary layer.

Figure 3. Composite anomalies of geopotential height in meters (shown by colors) and wind velocity meter/sec (shown by arrows) at 500 hPa for NEP (a–c) and SEP (d–
f) heatwaves on three days preceding the occurrence (t − 3), the day of the occurrence (t), and the three days after the occurrence (t + 3) of heatwaves respectively.
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Figure 4. (a) Comparison of heatwave intensities calculated using India Meteorological Department and ERA5‐Land data
sets with the area shaded in gray representing the events which were considered for analysis. Temporal evolution of
anomalies of panel (b) net shortwave radiation (c) downward longwave radiation (d) net radiation (e) outgoing longwave
radiation (f) latent heat flux (g) sensible heat flux and (h) actual values of boundary layer height for NEP (blue) and SEP (red)
heatwaves. The box plots show anomalies calculated for all heatwave events originating from the dominant regions of origin
with “t” denoting the day of occurrence of heatwave. The circles represent the mean of each box plot and those filled in green
indicate significant difference in anomalies between two clusters at 5% significance using Kruskal‐Wallis test.
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4. Discussion
We show that India's northwest region serves as the dominant region of origin for heatwaves in India, a sig-
nificant fraction of which propagate to southern India. The existence of such strong linkages between the two
regions identified in our study can be leveraged for issuing early warning for mitigating the impacts of
heatwave events in south India based on the heatwave occurrence in the region of origin. Furthermore, we find
that the areal extent and duration of the heatwaves which propagate in the southeast direction, are strongly
correlated with the Niño 3.4 index in the preceding winter (Figure S3 in Supporting Information S1) and their
probability of occurrence is higher during strong El Niño events (Figure S8 in Supporting Information S1),
which is consistent with the study by Jaswal et al. (2015). Therefore, there is a significant potential for
forecasting heatwaves in south India based on El Niño conditions in the preceding winter (Jaswal et al., 2015).

Previous studies have highlighted the role of enhanced incoming radiation in heatwaves in India (Joshi
et al., 2020; Rohini et al., 2016), which agree with our findings. We further show that the shortwave radiation
anomalies are higher in north Indian heatwaves, heating the land surface and in turn leading to heating of air
through the longwave radiation emitted by the land surface (Figures 4b and 4e). Furthermore, boundary layer
growth also contributes to higher temperatures via heat entrainment and accumulation in north Indian heat-
waves, which have a smaller propagation distance and are relatively more stationary.

Since we are using reanalysis data set for analysis of physical drivers of heatwaves, we compared the timing,
spatial extent and intensities of heatwave events identified using the IMD and ERA5‐Land data set and only
analyzed those events which are well captured in the ERA5‐Land data set. It is interesting to note that while the
spatial extent and timing of heatwaves were quite similar in the two data sets for most events (72 out of 80),
there were significant discrepancies between the intensities of heatwaves, particularly for the high intensity
heatwave events (Figure 4a), for which differences in resolution of the two data sets could also be a
contributing factor. These findings highlight the importance of validating reanalysis data sets with available
observations for extreme event studies.

5. Conclusion
We find that most of the pre‐monsoon heatwaves in India originate from northwest India. Heatwaves origi-
nating from this region also have the largest spatial coverage in the country. We identified two dominant
trajectories of heatwaves originating from this region: one propagating in the northeast direction and the other
in the southeast. Heatwaves propagating in the northeast direction have higher intensity, but lower moving
distance and duration as compared to the heatwaves propagating toward south India. The larger area and
duration of heatwaves propagating southeast are strongly influenced by El Niño events while larger radiative
flux anomalies and heat entrainment in the boundary layer contribute to higher intensities of heatwaves
propagating northeast.

Data Availability Statement
The variables used from ERA5‐Land are available via Muñoz Sabater, 2019. The data from ERA5 is available
via Hersbach et al. (2023). The CC3D library used for tracking heatwaves is available via William Silver-
smith. (2021). The maximum daily temperature data was taken from the IMD website: https://www.imdpune.
gov.in/cmpg/Griddata/Max_1_Bin.html. The Niño 3.4 index used in the study is taken from the National
Oceanic and Atmospheric Administration website: https://origin.cpc.ncep.noaa.gov/products/analysis_moni-
toring/ensostuff/ONI_v5.php.
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