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Abstract

A high surface air temperature (SAT) record over Northwestern India was reported in April 2022. This study examines
the contribution of interannual variability on Indian SAT and possible reasons for the extreme SAT during April 2022.
Result shows that the interannual variability of SAT is captured by the first two leading modes using the empirical
orthogonal function (EOF) analysis. Both of them show highest values over the Northwestern India and are simulta-
neous energetic during 2022. The EOF1 is related to the Indian Ocean Basin Mode (IOBM) and an anomalous anti-
cyclone in the troposphere, while the Rossby wave train from the North Atlantic to the north of India controls the
EOF2.The active IOBM and strong Rossby wave source account for the extreme SAT over northwestern India during
April 2022. In addition, the Indian regional mean SAT during April is well represented by the indices of IOBM and
tropospheric anomalous anti-cyclone, which can help to improve the prediction of SAT over India.

Introduction

Indian continent is a highly populated area with a major
center of agriculture, industry and economy. Under
the influence of global warming, a significant increas-
ing temperature in all the places of India is observed,
accompanied by decreased annual and monsoon rain-
fall (Krishnan et al. 2016). The drought and heat wave
extremes are becoming more and more frequent over
India (Rohini et al. 2016; Pai et al. 2017), which are
increasing threats to human property and health (Sanjay
et al. 2020). Therefore, it is very important to investigate
the drivers and processes responsible for surface air tem-
perature (SAT) variability over India.
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Most previous studies focused on the rapid rise in
Indian SAT and its diurnal asymmetry (e.g., Kumar et al.
1994; Roy and Balling 2005; Rai et al. 2012; Blunden et al.
2018; Ross et al. 2018). For instance, the mean annual
temperature of India has an increase with 0.4 °C/100 year
during the twentieth century (Hingane et al. 1985), and
the warming over India has accelerated after 1990s (San-
jay et al. 2020). Such Indian warming was solely contrib-
uted by maximum temperatures (Kothawale and Kumar
2005). Besides the trend, the Indian SAT has an annual
cycle and remarkable interannual variability, which
account for the high temperature extremes and heat
waves. Using the empirical orthogonal function (EOF)
analysis, Chowdary et al. (2014) suggested that the inter-
annual variability of seasonal Indian SAT is characterized
by the first two leading EOF modes. They further found
that the country-wide warming pattern (i.e., EOF1) is
linked to El Nifio-Southern Oscillation (ENSO; Bjerknes
1969). However, the relationship between the Indian SAT
and ENSO is not stable. Severe heat waves do not always
occur after El Nifo events (Kalsi and Pareek, 2001). In
addition to the influences of ENSO and global warming,
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the heat wave condition is related to the local anoma-
lous circulation setting over India and its neighborhood
(De et al., 2005). In all, the interannual variability of SAT
over India remains an interesting issue, and has not been
totally examined.

Since the pre-monsoon temperatures displayed the
highest warming trend in recent years, more attention
was paid into concern the extreme values of tempera-
ture before the onset of Indian summer monsoon. In
observations, the long lasting heat waves over India
are becoming more frequent during April-June (Roh-
ini et al. 2016). The extreme high temperature during
the pre-monsoon season causes tens of thousands of
deaths in recent years. Commonly, the April mean SAT
is around 30 °C with the maximum in the central India
(Fig. 1a). During April 2022, the maximum temperature
reached an unprecedented high value. In particular,
the anomaly of daily mean SAT is larger than 5 °C over
northwestern India (Fig. 1b). The SAT index (SATI) is
defined as the regional mean SAT over India, which also
has a high value exceeding 28.5 °C during April 2022
(Fig. 1c). Such abnormal high temperature is exacer-
bated by increasing trend and interannual variability of
SAT over India. With the exception of the influences of
global warming and ENSO, it should be considered the
mechanism of interannual SAT variability over India
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during April and the possible reasons for the extreme
SAT in 2022. This is the aim of this study. The remain-
der of this paper is organized as follows. Data and
methods used in this study are introduced in “Data and
methods” Section. In “Results” Section, the mechanism
of Indian SAT during April is investigated, followed by
“Conclusion and discussion” Section.

Data and methods

The atmospheric variables, including sea level pres-
sure, SAT, multilevel geopotential heights, zonal
and meridional winds, vertical velocity and specific
humidity, are obtained from the European Center for
Medium-Range Weather Forecast (ECMWF) ERAS5
reanalysis dataset (Hersbach et al. 2019) with a hori-
zontal resolution of 0.25 °, and the National Centers
for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR; Kalnay et al
1996) with a horizontal resolution of 2.5 °. The SSTs
from version 5 of the National Oceanic and Atmos-
pheric Administration’s (NOAA’s) Extended Recon-
structed SST dataset (ERSST v5) are also used, which
have a horizontal resolution of 2 °. The regional mean
SATI has an increasing trend obtained from two rea-
nalysis (Fig. 1c). The trend is 0.0167 °C/year calcu-
lated by the ERA5, and 0.0069 °C/year obtained from
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Fig. 1 aThe climatological mean of surface air temperature (SAT; °C) over the Indian continent during April for the period of 1979-2022. b The SAT
anomalies over the Indian continent during April 2022. ¢ The SAT averaged in the Indian continent (the SATI; solid lines) companied with the trend
(dashed lines), obtained from NCEP (red) and ERAS (blue)
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the NCEP-NCAR. The former is more close to the
trend obtained from the India Meteorological Depart-
ment daily gridded station data (Sanjay et al. 2020).
It is checked that the results of interannual variabil-
ity are independent with different reanalysis, so that
only results from ERA5 are shown. We calculated the
monthly anomalies by subtracting the climatological
mean annual cycle from the time series, and the trend
is not removed in this study. The study period is from
January 1979 to April 2022.

The ENSO indices (including Nifio 1+ 2, Nifio 3,
Nifo 3.4 and Nino 4) are download from https://psl.
noaa.gov/data/climateindices/list/. The statistical sig-
nificance of the correlation coefficient is tested with
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the Student’s ¢-test, which determines whether two
populations express a significant difference between
the population means.

Results

The EOF analysis is applied to discover the spatial and
temporal characteristics of SAT anomalies over the
Indian continent. As shown in Fig. 2, the first two lead-
ing EOF modes of monthly SAT anomalies for the period
1979-2022 explain 44.0% and 13.9% of the total squared
covariance, respectively. The EOF1 captures the same
sign SAT anomalies over the whole of India. The first
principal component (PC1) have an increasing trend, and
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Fig. 2 Spatial patterns of a EOF1 and b EOF2 of the monthly SAT anomalies (°C) over Indian continent for the period of 1979-2022 (after removing
the monthly mean regional average SAT). c and d Are the normalized time series of PCs. @ The normalized time series of PC1 (red line) and PC2 (blue
line) during April from 1979 to 2022. The pronounced EOFs cases are labeled with circles
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it has a high correlation with the SATI (R=0.99). In con-
trast, the EOF2 represents a “sea-saw” SAT anomaly pat-
tern in the northwest—southeast direction. Similar results
can also be obtained when applying the EOF analysis to
the April SAT anomalies (not shown). These results are
consistent with Chowdary et al. (2014) using air-temper-
ature data from the University of Delaware for the period
1900-2005.

The spatial structures of EOF1 and EOF2 show a center
of SAT anomaly over the northwestern India (Fig. 2a, b).
Pattern correlations are employed to explore the linear
relation between two spatial patterns. The pattern cor-
relations between EOFs and SAT anomaly during April
2022 (Fig. 1b) can reach 0.90 (significant at the 99% con-
fidence level). Thus, we assume that both the EOF1 and
EOF2 have contributed to the extreme SAT anomaly
over the northwestern India, although the EOFs are com-
monly orthogonal. The EOFs cases are further selected to
prove this assumption. The positive (negative) EOFs cases
are defined as the PCs during April that are larger than
one standard deviation (smaller than minus one standard
deviation), respectively. There are 6 (6) positive (negative)
EOF]1 cases and 7 (5) positive (negative) EOF2 cases from
1979 to 2022 (circles in Fig. 2e). One can see that the
positive EOF1 and EOF2 cases only occur simultaneously
during 2022. The PCs are higher than 2 during 2022,
which results in the extreme warming over the north-
western India. Thus, the question that will be addressed
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in this study is—what controls the first two leading EOF
modes and facilitates energizing them during 2022?

Figure 3a shows the regressions of the PC1 with SAT
and sea level pressure anomalies during April from 1979
to 2022. Similar to Fig. 1b, the maximum of SAT anoma-
lies occurs over the northwestern India and surrounding
countries. Due to the surface warming, the sea level pres-
sure anomalies decrease over the whole of Indian conti-
nent. According to the thermodynamic energy equation,
the horizontal advection and diabatic heating related to
short wave radiation are two main factors for the interan-
nual variability of SAT. For the horizontal advection, the
warm SST anomalies can be clearly seen in the Arabian
Sea and Bay of Bengal, accompanied by anticlockwise
surface wind anomalies (Fig. 3b). Such anomalous winds
are favorable for the warm advection from the ocean sur-
face to land in the boundary layer. Concurrently, surface
net shortwave radiation also plays an important role in
the SAT variability. As shown in Fig. 3c, d, an anoma-
lous anti-cyclone appears in the troposphere, leading to
the generation of deep convection and local downdraft.
The latter reduces specific humidity anomaly in the low-
level troposphere over India (Fig. 3c), leading to the
decrease of clouds cover. As a result, shortwave radiation
is enhanced at the surface, which thereby causes warm-
ing over the northwestern India. Overall, both the Indian
Ocean warming and the atmospheric forcing are impor-
tant reasons for the increase of Indian SAT.

50°N (b} SST & surface wind

30°N {7 ¢
10°N 1

10°S ol LA
40°

4m/s—»

50°N
7

30°N 1. & 'S

10°5
40°E

60°E 80°E 100°E

Fig. 3 Regressions of the PC1 with a SAT (colors; °C), sea level pressure (contours; hPa), b sea surface temperature (SST; colors; °C) and surface winds
(vectors; m/s) for the period of 1979-2022. ¢ Is the same as b, but for winds (vectors; m/s) at 700 hPa and the specific humidity (colors; g kg™
integral from 850 to 700 hPa. d Is the same as b, but for the vorticity (colors; x 10° s~') and winds (vectors; m/s) at 200 hPa. The green box marks the
region from 25°N to 35°N and from 63°E to 93°E, which is used to define the anti-cyclone index (ACI). Only anomalies which are significant at 95%

significance level are shown
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Furthermore, the ocean warming is closely related to
the Indian Ocean Basin Mode (IOBM), which is known as
the first leading EOF mode of SST anomalies in the Indian
Ocean (Klein et al. 1999; Alexander et al. 2002; Du et al.
2009; Schott et al. 2009). Although the IOBM is forced
by ENSO-induced heat flux anomalies (Klein et al. 1999),
the PC1 has low correlations with different ENSO indices
(including Nifio 142, Nifo 3, Nifio 3.4 and Nifo 4), and
all of which are below 0.1 (not significant at the 90% con-
fidence level). The spatial pattern of IOBM from 1979 to
2022 is shown in Fig. 4a. The positive IOBM contains warm
SST anomalies in the whole of Indian Ocean with the max-
imum in the equator. After the late 1970s, the center of
action in the IOBM shifted towards the Arabian Sea (Sun
et al. 2019), where the positive SST anomalies associated
with the Indian warming are relatively large (Fig. 3b). The
corresponding PC represents the temporal variability of
IOBM, which is referred as to the IOBM index (IOBMI).
The IOBMI has an increasing trend in recent years due to
global warming (Zheng et al. 2011), and it has a close rela-
tionship with the SAT anomalies over India. As shown
in Fig. 4b, the significant correlation coefficient occurs
when the IOBMI leads the PC1 by 3 months (R=0.43),
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and reaches the highest with 2 months lead (R=0.45).
The IOBM is energetic during boreal winter, and the SST
anomalies can persist until summer (Fig. 4c; Yang et al.
2007). Due to the seasonal transition and SST forcing, the
surface winds have shifted from northerly to westerly over
the Arabian Sea, and from easterly to southerly over the
Bay of Bengal. The SST anomalies and wind shift enhance
warm advection from Indian Ocean to the land, which ulti-
mately leads to the increase in SAT over India.

The results shown above reveal the capability of the
IOBM and tropospheric anomalous anti-cyclone to influ-
ence the regional mean SAT during April. The strength of
anomalous anti-cyclone is qualified by the vorticity anom-
aly at 200 hPa averaged in India (25 °-40 °N, 60 °-90 °E,
where the vorticity anomaly is relatively large; green box
in Fig. 3d), which is referred to as the AC index (ACI). The
ACI has a high correlation with the SATI (R=0.6, signifi-
cant at the 99% confidence level). In addition, the correla-
tion coefficient between the IOBMI and ACI is relatively
weak (R=— 0.09, not significant at the 90% confidence
level), which suggests that the IOBM and the anoma-
lous anti-cyclone are relatively independent of each other.
Considering their tight relationship in predicting regional
mean SAT over India, an empirical model is established to
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Fig. 4 aThe spatial structure of the IOBM for the period of 1979-2022, calculated by the EOF function of monthly SST anomalies obtained from
ERSST. b The lead correlation coefficient of the monthly IOBMI with the April PC1 (red line) and PC2 (blue line) during the period of 1979-2022.
The zero of x-axis represents the concurrent correlation. € Regression of April SST anomalies with the January IOBMI (colors; °C). The green and
black vectors are the mean surface winds during March and April (m/s). d The normalized SATI (black line; the same as the blue line in Fig. 1¢), the
predicted SATI for the training period (blue line; 1979-2000) and the hindcasting period (red line; 2000-2022)
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predict the Indian SAT during April (referred to as the pre-
dicted SATT) based on both the IOBMI and the ACI:

Predicted SA TIApril = - IOBMI]anuary + ,3 . ACIAp”'].

Since the significant correlation occurs when the
IOBMI leads the SATI around 3 months, the January
IOBMI is chosen (Fig. 4b). The training time window is
chosen from 1979 to 2000, and the half period 2000-2022
of time is used for hindcasting period. Statistically, the
comparable time length during two periods provides the
guarantee for the comparison of the prediction perfor-
mance, which is quantified by the correlation coefficient.
The parameters @ = 0.14 and § = 0.59 are calculated by a
least-squares fit to the IOBMI and the ACI, respectively.
To assess the prediction skills of this model, we compare
the predicted SATI with observations (Fig. 4d). There
is a high correlation coefficient (R=0.72) between the
observed SATT and that predicted by the above model. It
indicates that the IOBM and the anomalous anti-cyclone
are essential factors of regional mean SAT over India,
which are beneficial to improve the prediction of Indian
SAT during April. Additionally, although the anomalous
anti-cyclone is not active during 2022 (the ACI is under
one standard deviation), the intensified IOBM is strong
enough to motivate warming over India (the IOBMI is
higher than one standard deviation), which is reproduced
by the predicted SATI (Fig. 4d).

However, the SAT anomaly pattern during April
2022 (Fig. 1b) cannot totally be explained by the EOF1,
which represents the regional mean SAT over India.
The extreme high temperature over the northwest-
ern India is also linked to the EOF2 pattern. For the
EOF2 pattern, the regression map has a marked wave
train through North Atlantic and Europe (Fig. 5a).
Such wave train leads to the high pressure at 200 hPa
over the northern India, which is the dominant factor
for the dipole pattern of Indian SAT anomalies during
April (i.e., EOF2). The high pressure at 200 hPa is in
favor of the downdraft to the north of India, leading
to the increased short wave radiation in this region.
As a result, the SAT anomalies are enhanced. To con-
firm this, we calculate the Rossby Wave Source (RWS;
Sardeshmukh and Hoskins 1988) and Rossby wave rays
(Hoskins and Ambrizzi 1993). As shown in Fig. 5b, a
significant RWS center can be seen over the north-
western Atlantic (color shading). The Rossby wave rays
originate from this RWS center with the climatological
April 200 hPa zonal winds as basic flow, and the initial
wavenumbers for the wave rays are chosen to be 1-3.
Most branches of wave rays are characterized by clear
eastward propagation from the northwestern Atlantic
to the continent of Europe, which is in agreement with
the spatial scale of the observed wave train (Fig. 5a).
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Fig. 5 Regression of the PC2 with a geopotential height at 200 hPa
(contours; m) and b Rossby wave source (s™2) during April from 1979
to 2022. The significant results are marked in a. The green contours in
b represent the mean zonal winds at 200 hPa during April from 1979
to 2022, and the gray contours are Rossby wave trajectories along the
wave pathways (the initial positions are marked). The black box marks
the region from 25°N to 40°N and from 80°W to 50°W

We further check that the SST anomalies have non-sig-
nificant correlations with the PC2, which indicates the
role of atmospheric forcing in the Rossby waves. The
center of RWS anomaly over the Northwestern Atlan-
tic (25 °=40 °N, 50 °-80 °W; black box in Fig. 5b) has a
high correlation with PC2 (R=0.58, significant at the
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95% confidence level), and it is higher than 15 s~ dur-
ing April 2022, which strengths the Rossby wave train
and anomalous anti-cyclone over the northern India.
Hence, it provides a basic guarantee of the occurrence
of extreme SAT during April 2022.

Conclusion and discussion

Besides the influence of global warming on the trend
of Indian SAT discussed in most previous studies, the
Indian SAT has a non-negligible interannual variabil-
ity, which is an important reason for the extreme heat
wave events over India. In this study, we examined the
mechanism for the interannual variability of Indian SAT
during April and the reasons for the high record SAT
during April 2022. The EOF results show that the first
two leading modes of Indian SAT anomalies are concur-
rently active during April 2022. The EOF1 is forced by the
IOBM and the anomalous deep anti-cyclone in the tropo-
sphere. The former is pronounced during 2022, strength-
ening the warm advection from ocean to land and
intensifying warming over the whole of India. The EOF2
is associated with the Rossby wave train from North-
western Atlantic to the north of India, which is the other
cause for the unprecedented warming over northwest-
ern India during April 2022. Moreover, we reconstruct
the regional mean SAT over India using the IOBMI and
the vorticity anomalies associated with the tropospheric
anti-cyclone, indicating their ability to improve predic-
tion skills for the SAT over India.

Some studies suggested the remote impact of ENSO in
the variability of Indian SAT (e.g., Chowdary et al. 2014)
and the ENSO benefits for the prediction on seasonal
to interdecadal timescales (e.g., Hou et al. 2022). How-
ever, we find that the local forcing is more important to
the interannual variability of Indian SAT. The SATI has
low correlations with different ENSO indices (below 0.1),
and the peaks of PCs do not always occur after the ENSO
years (e.g., 1982, 1997, 2010; Fig. 2e). Although the IOBM
is a consequence of ENSO (Klein et al. 1999; Alexander
et al. 2002; Du et al. 2009; Schott et al. 2009), rich upper
ocean processes in the tropical Indian Ocean, including
horizontal and vertical advection, overturning and tur-
bulent mixing (Shenoi et al. 2002; Shee et al. 2019; Jain
et al. 2021; Qin et al. 2022), also play important roles in
the SST change on multi-scales. Numerical experiments
are needed to further qualify the impacts of atmospheric
and oceanic forcing on the SST variation, which triggers
the increase of Indian SAT.

Our results shed light on the atmospheric physical
processes that translate Rossby wave train to the SAT
interannual variability over India, and provide a clear
way forward to predict the Indian SAT. It is reported by
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Kornhuber et al. (2020) that Rossby waves are associated
with a strongly meandering jet stream and might cause
simultaneous heatwaves across the northern hemisphere.
On the decadal timescale, the presence of an upper-level
cyclonic anomaly over the west of North Africa has an
impact on the increase in the number of intensive heat
waves (Rohini et al. 2016). Thus, atmospheric teleconnec-
tions should focus on the studies of global and regional
extreme SAT in the current climate.
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