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Causes of 2022 Pakistan flooding and its linkage with China
and Europe heatwaves
Chi-Cherng Hong 1, An-Yi Huang 1, Huang-Hsiung Hsu 2✉, Wan-Ling Tseng 2,3, Mong-Ming Lu 4 and Chih-Chun Chang1

In boreal summer of 2022, Pakistan experienced extremely high rainfall, resulting in severe flooding and displacing over 30 million
people. At the same time, heatwaves persisted over central China and Europe. The coexistence of these extreme events suggests a
possible linkage. Our analysis indicated that the record rainfall was mainly induced by compounding factors. These included (1) La
Niña-induced strong anomalous easterlies over the northern Indian subcontinent, (2) intense southerlies from the Arabian Sea with
an upward trend in recent decades, (3) an interaction between extratropical and tropical systems, specifically the northerly flow
downstream of the Europe blocking and the southerly monsoon flow from the Arabian Sea. Wave activity flux and regression
analyses unveiled a distinct stationary Rossby wave-like pattern connecting the flooding in Pakistan and heatwaves in Europe and
China. This pattern, an emerging teleconnection pattern in recent decade, exhibited substantial differences from the reported
teleconnection patterns. We also noted the positive feedback of the excessive Pakistan rainfall could further enhance the large-
scale background flow and the heavy rainfall itself. The 2022 Pakistan flood event was an intensified manifestation of the 2010
Pakistan flood event, which was also caused by compounding factors, but occurred in a more pronounced upward trend in the
both tropics and extratropics.
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INTRODUCTION
In 2022, Pakistan experienced a sequence of unusually intense
monsoon rainfall surges that struck from early July to late August.
The extreme rainfall caused widespread landslides along the Indus
River basin, resulting in flooding across one-third of the country.
The flooding left over 30 million people homeless and resulted in
1000 deaths, as well as over USD 30 billion in damage and
economic losses, according to the World Bank. The accumulated
rainfall was approximately four standard deviations above the
climatological mean value and was twice the amount of rainfall
observed in the 2010 flooding event, which caused significant
socioeconomic losses and nearly 3000 deaths. Concurrently,
extreme heatwaves persisted over central China and Europe,
severely affecting agriculture and power supply. The concurrence
of these extreme events suggests a possible linkage1.
The year 2022 witnessed a triple-dip La Niña that began in 2020.

Previous studies have indicated that a La Niña summer tends to
exhibit a strong western North Pacific Subtropical High (WNPSH)
and Indian monsoon flow2–6. The influence of La Niña-induced
changes in large-scale circulation has been identified as a crucial
factor in causing the 2010 extreme flooding event7,8 and likely had
a similar impact in 2022. Although the Niño4 index reached an
unusually low level during the boreal summer of 2022 (the second
lowest since 1979, following 1999), the regression analysis of 850-
hPa moisture flux on Niño4 and Niño3.4 (of moderate magnitude)
individually did not exhibit substantial differences over the
northern Indian subcontinent and Pakistan (not shown). This
suggests that La Niña alone, including Niño4 SST, cannot fully
explain the anomalous rainfall in Pakistan. For example, the total
rainfall in 2022, despite having a moderate La Niña (Niño3.4), was
nearly double that of the strong La Niña year in 2010. In addition,

extreme rainfall events did not occur in other La Niña summers,
such as 1998 and 1999.
The extreme events of 2010 and 2022 exhibited notable

similarities, in addition to occurring during La Niña conditions. The
2010 flooding in Pakistan, which ranked among the top three in
terms of accumulated rainfall since 1979, was attributed to a
tropical–extratropical interaction. This interaction involved a
northerly flow associated with a blocking high and heatwave
over Europe, coupled with an intensified summer monsoon flow
in the western Indian Ocean (IO)7,9,10. Similarly, in 2022, a strong
blocking high and heatwave over Europe (45°–60°E) coincided
with an intense summer monsoon in the Arabian Sea, observed
from mid-June to late August. In both instances, the heatwave in
Europe and the flooding in Pakistan were connected through an
extratropical Rossby wave-like perturbation over the Eurasian
continent. It is plausible that a comparable tropical–extratropical
interaction contributed to the 2022 flooding in Pakistan.
Furthermore, there is evidence of enhanced atmospheric pertur-
bations and increasing sea surface temperatures (SST) in recent
decades, which may have intensified extreme rainfall and
heatwaves11–14. SST in the IO has been rising since 198015,16,
and higher SST levels contribute to increased moisture availability
and strengthened moisture transport, potentially amplifying
rainfall over mountainous regions in Pakistan. Understanding
whether this trend played a role in the heavier rainfall observed in
2022 is therefore essential.
Extreme events have been reported to occur when different

influencing factors synchronized12,17,18. In this study, we explore
the physical processes that led to the record rainfall in Pakistan in
2022 (Fig. 1a). Our focus is especially on the above-mentioned
compounding effect on the extreme rainfall in 2022. Additionally,
we address the linkage of the record rainfall with the Europe and
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China heatwaves. Our hypothesis posits that the flooding was
caused by compounding factors: the unusually strong anomalous
easterlies induced by La Niña over the northern Indian sub-
continent, an enhanced southerly flow from the Arabian Sea
characterized by an upward trend in recent decades, and the
tropical–extratropical interaction between monsoon and northerly
surges. Even more intriguingly, we identify a Rossby wave-like
teleconnection pattern over the Eurasian continent, which has
been in action since 2010, that connected the Pakistan’s record
rainfall to the China and Europe heatwaves.

RESULTS
Features of the record rainfall in Pakistan
Figure 1a depicts the time series of July–August averaged rainfall
in Pakistan and China’s 2-meter temperature (T2m) from 1979 to
2022. In addition, Fig. 1 presents the anomalous rainfall, T2m, 850-
hPa wind, and 500-hPa geopotential height (H500) over the
Eurasian continent in 2022. In 2022, both Pakistan and north-
western India experienced rainfall that exceeded the 99th
percentile value based on the 1979–2022 data. Central China
and northeastern Europe, downstream and upstream of Pakistan,
respectively, witnessed below-normal rainfall and above-normal
T2m values that exceeded the 99th percentile (Fig. 1b, c). The
extreme rainfall in Pakistan was accompanied by an intensified
southwesterly flow from the Arabian Sea and an easterly anomaly
associated with the strong Western North Pacific Subtropical High
(WNPSH) extending from the western North Pacific (WNP) to the
northern Indian subcontinent. The convergence of the anomalous
southwesterly and easterly winds near Pakistan provided a
favorable large-scale condition for convection. At the same time,
anomalous anticyclonic circulations and extreme warmth resided
over Europe and China.
The daily time series of the Pakistan (PKT) rainfall index (Fig. 2a)

reveals three unusually strong monsoon rainfall surges during

July–August 2022. During these surges, strong southerly flows
originating in the Arabian Sea reached Pakistan and converged
with the anomalous southward-penetrating northerly flow from
the extratropics (Fig. 2b). The first surge occurred in early to mid-
July, followed by the second surge in late July, and the third, the
strongest event, persisted from early to late August. Notably, both
the first and third surges were accompanied by the northward
propagation of convection from the Arabian Sea and the
southward penetration of northerly from the extratropics toward
Pakistan (Fig. 2c), a phenomenon also observed during the other
two extreme events in 2010 and 2020 (Supplementary Fig. 1c, g).
The three monsoon rainfall surges accounted for ~32%, 16%, and
49%, respectively, of the accumulated rainfall from July to August,
collectively contributing to more than 90% of the total rainfall
during that period. Consequently, a record accumulated rainfall of
450-mm was observed from July 1st to August 31st, which was
approximately four times higher than the climatological average
and twice as much as the previous record set in 2010.
Understanding the first and third surges was particularly
important because of their significant contribution to total rainfall
and also the common influences by both southerly and northerly
surges. Although a short-lived tropical storm occurred in the
Arabian Sea on 12–13 August, it did not make landfall and thus
did not significantly contribute to the observed excessive rainfall.
The excessive rainfall in August was primarily attributed to the
third monsoon surge19.
A mid-to upper-level blocking high was observed over north-

eastern Europe (Fig. 1c), similar to 20107. The blocking high was
particularly pronounced in August (Fig. 2d) and accompanied by
enhanced trough (downstream of the blocking) and northerly
winds extending southward from extratropical Eurasia to South
Asia (Fig. 2b). The anomalous northerly flow transported cold-dry
air southward, creating a convection-favorable environment (i.e.,
an unstable atmosphere) near Pakistan when it met the tropical
warm-moist southerly flow from the Arabian Sea7. This
tropical–extratropical interaction was also observed in 2010 and

Fig. 1 Large-scale conditions during the 2022 Pakistan extreme rainfall events. a Normalized time series of July–August averaged Pakistan
(PKT; 22°–32°N, 63°–73°E) rainfall index (one standard deviation equals 1.31 mmday–1) and Central China 2-m temperature (T2m; 25°–35°N,
90°–120°E) index (one standard deviation equals 0.58 °C). The correlation coefficient between PKT rainfall and Central China T2m indices is
0.44 (P < 0.01) during 1979–2021. b July–August averaged anomalous precipitation (PR, shading; unit: mm day–1) and 850-hPa horizontal
winds (UV850, vectors; unit: m s–1; minimum vector: 1). Black box indicates the region for Pakistan rainfall index. c Same as in (b), except the
shading and black contour lines represent the near-surface temperature (T2m; unit: °C) and 500-hPa geopotential height (H500; unit: m;
interval: 15) anomalies, respectively. Blue solid and dashed contour lines (5870-m isoline) are the 2022 and climatological mean of 500-hPa
geopotential height, respectively, representing the location of WNPSH. Shadings with white crosses in both (b, c) indicate that the signals
(precipitation and 2-m temperature) of each grid exceeded the 99th percentile during 1979–2022.
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likely played a significant role in inducing the extreme rainfall.
These characteristics were most evident during the first and third
monsoon surge, coinciding with the arrival of the northerly wind
anomaly at Pakistan from the deepened trough downstream of
the extratropical positive height anomalies (Fig. 2b, d). Our
analysis showed that the Rossby wave-like perturbations over
Eurasia occurred during the first and third rainfall surge. Their
appearances were consistent with the duration of the rainfall
event. That is, the pattern was persistently present in August but
was relatively transient in July, especially during 5–11 July when
large rainfall occurred (Supplementary Fig. 2).
All-time top 3 and top 1 rainfall events in Pakistan occurred,

respectively, in 2010 and 2022. Both were La Niña years with
anomalously low-level easterly winds over South Asia, an
enhanced WNPSH, and an extratropical wave-like perturbation
over Eurasia. However, they also differed in certain characteristics
as discussed below. First, in 2022, a negative Indian Ocean Dipole
(IOD)-like SST anomaly (SSTA) occurred, with warmer sea surface
temperatures in the eastern IO, whereas in 2010, a basin-wide
warm SSTA was observed in the IO (Fig. 3a, b). Second, an
unusually persistent upper-level anticyclone anomaly was present
over central China in 2022 (Fig. 3a), while in 2010, positive
anomalies appeared over central Eurasia and near Japan20

(Fig. 3b).
The 2022 event exhibited several distinctive features: record-

breaking rainfall, the presence of La Niña, a strong and westward-
extended WNPSH, a strong southerly flow over the Arabian Sea, an
easterly anomaly over the northern Indian subcontinent, an
upper-level trough associated with upstream Europe blocking,
and vigorous tropical–extratropical interaction. To assess the

rareness of these factors, we compared the circulation and sea
surface temperature (SST) characteristics of the 2022 event with
those of the 2010 and 2020 extreme events (exceeding 1.5
standard deviation of Pakistan rainfall) as well as the La Niña years
in 1998 and 1999 (with 1 negative standard deviation of Niño3.4
but lower Pakistan rainfall) (Supplementary Fig. 3). The compar-
isons are summarized in Supplementary Table 1.
An enhanced WNPSH and associated lower-level easterly

anomalies extending from the WNP to the northern Indian
subcontinent were observed in 1998, 2010, 2020, and 2022, but
not in 1999 (Supplementary Fig. 4). The La Niña-associated SSTA in
the eastern equatorial Pacific contributed to the enhancement of
the WNPSH21,22 in 1998, 1999, 2010, and 2022. In addition, the
easterly anomaly associated with the WNPSH, extending from the
WNP to the IO, indicates a weakened southwesterly monsoon
flow, which could enhance moisture convergence and rainfall in
Pakistan and northwestern India. Nevertheless, in the La Niña
summers of 1998 and 1999, Pakistan received less rainfall than
normal. In contrast, the summer rainfall in Pakistan in 2020, a non-
La Niña summer, was comparable to that in 2010 (Supplementary
Fig. 3).
Notably, while the July–August averaged Niño4 SST in 2022 was

the second lowest (following 1999) since 1979, the regression of
850-hPa moisture fluxes on Niño4 and Niño3.4 show only minor
differences over Pakistan and the northwestern Indian subconti-
nent (not shown). The correlation between the PKT index and
Niño3.4 was even higher than that with Niño4, suggesting an
unusually low Niño4 in 2022 was not an important factor as might
be suspected. These findings suggest that the La Niña SSTA alone
seemed insufficient to cause the extreme rainfall in Pakistan, even

Fig. 2 Time evolution of 2022 Pakistan extreme rainfall and associated large-scale conditions (from June 1st to September 1st). a Bars
and lines represent daily and accumulated PKT rainfall (PR; unit: mm day–1), respectively. The colored bars indicate three extreme rainfall
periods (surge 1 in green: 7/1–7/18, surge 2 in yellow: 7/23–7/30, and surge 3 in blue: 8/4–8/30). The numbers near colored bars are the
percentage of the accumulated rainfall in each period against total period (7/1–8/31). b Hovmöller (time-latitude) diagram of 3-day averaged
10-m meridional wind (V10m, shading; unit: m s–1) averaged over 60°–75°E. c Same as (b), but for anomalous outgoing longwave radiation
(OLR, shading; unit: 101Wm–2). White arrows indicate the northward propagation of convection. d Hovmöller (time-longitude) diagram of
blocking index with shading representing the 500-hPa geopotential height gradient south of middle-high latitude (blocking index, BI; unit: m/
degree latitude; only values larger than 0 are plotted) averaged over five grid points (details are documented in the methods section). Black
contour lines (0 isoline) mark the regions of blocking.
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though the summer Indian monsoon flow was suggested to be
statistically stronger in La Niña years compared to neutral
years23–25. Similarly, the SSTA in the Indian Ocean, which exhibited
distinct characteristics among the extreme rainfall summers of
2010, 2020, and 2022, did not seem to be an influential factor.
Furthermore, a clear tropical–extratropical interaction, similar to

that observed in 2022, was identified in the extreme rainfall
summer of 2010 (also a La Niña year), whereas it was absent in the
two other La Niña years, 1998 and 1999 (not shown). This
observation highlights the significant role of Europe-blocking-
related wave activity in enhancing the tropical–extratropical
interaction that contributed to the occurrence of extreme rainfall.
These findings indicate that the extreme rainfall events in Pakistan
during the summers of 2010 and 2022 were the result of multiple
factors, including the La Niña-related enhancement of the WNPSH
and the interaction between the tropical monsoon flow and
extratropical disturbances. However, the reasons behind the
higher rainfall in 2022 compared to 2010 remain unclear and
are discussed in the following section.

Influencing factors
Climate extremes are often induced by compounding factors18,26,
and the summer of 2022 happened to be a summer in which the
following factors coexisted.
Previous studies have revealed that the negative SSTA in the

equatorial eastern Pacific during a La Niña summer24 can induce
an anticyclonic anomaly (i.e., a typical Gill-type response) in the
WNP. This anticyclonic anomaly substantially weakens the south-
westerly flow in South and East Asia25,27. Consequently, the
southwesterly flow becomes predominantly confined over the
Arabian Sea, leading to enhanced moisture convergence and
creating a more favorable environment for heavy rainfall in the
northwestern Indian subcontinent. However, the above interpre-
tation does not provide an explanation for why the total rainfall in

2022 was nearly double that of 2010, considering that the La Niña
was slightly stronger in the boreal summer of 2010 than 2022.
One may suspect that the IO SSTA contributed to the stronger

moist southwesterly flow over the Arabian Sea in 2022 compared
to 2010 (Fig. 3c, d). As mentioned earlier, while both 2010 and
2022 were La Niña summers, they exhibited distinct characteristics
in terms of IO SSTA (Fig. 3a, b). The question remains whether the
negative IOD in 2022 resulted in a stronger southwesterly flow.
Our calculation of the correlation coefficient (cc) between the 850-
hPa meridional wind over the Arabian Sea (averaged over
10°–20°N, 50°–65°E) and the IOD index yielded a statistically
insignificant 0.03 correlation (P= 0.83, calculated based on
Fisher’s Z-transformation). Therefore, the enhanced southwesterly
in 2022 cannot be solely attributed to the negative IOD.
The tropical–extratropical interaction was another crucial factor

in helping induce the record rainfall (Fig. 2). This interaction was
particularly evident during the third surge, which persisted
throughout almost the entire month of August. The third rainfall
surge occurred when the northerly wind associated with the
upstream blocking converged with the southerly flow over
Pakistan (Fig. 2). This convergence resulted in strong convection
in Pakistan.
In addition, our numerical experiment suggests that the

convection-induced diabatic heating near Pakistan may accelerate
the southerly flow from the Arabian Sea (Supplementary Fig. 5a),
indicating a self-amplification between convection and circulation.
A recent study reported that the atmospheric river from the
Arabian Sea played a dominant role in the record rainfall over
Pakistan in August19. Our study, in line with their findings,
suggests the possibility that southward-penetrating extratropical
disturbances helped trigger precipitation in Pakistan through
tropical–extratropical interaction, which, in turn, could enhance
the southerly flow (atmospheric river) from the Arabian Sea. This

Fig. 3 Comparison of July–August averaged anomalous background conditions during two Pakistan extreme rainfall events in 2022 and
2010. a Sea surface temperature (SST, shading; unit: °C) and 200-hPa stream function (PSI200, contour; unit 106 m2 s–1; interval: 3) in 2022.
b Same as (a), but for 2010. c Vertically integrated (surface–300-hPa) moisture flux convergence (MFC, shading; unit: g m–2 s–1) and moisture
flux (UqVq, vectors; unit: 105 gm–1 s–1; minimum vector: 0.4) in 2022. Note that the values of MFC had been multiplied by “–1” (i.e., positive
and negative values represent convergence and divergence, respectively). d Same as (c), but for 2010. Shadings with white crosses in both
(c, d) indicate the MFC exceeding the 99th percentile during 1979–2022.
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positive feedback process could be a key feature in explaining the
heavy rainfall observed in 2022.
The same mechanism can also be applied to the 2010 event,

and therefore it cannot explicitly explain the heavier rainfall in
2022. However, we observed larger moisture flux over the
northern Indian subcontinent and the Arabian Sea, as well as
greater convergence near Pakistan during 2022 compared
to 2010.
Considering the compatible La Niña (slightly weaker but more

persistent in 2022) and the strength of the WNPSH in 2010 and
2022, another possibility for the heavier rainfall in 2022 is the long-
term trends commonly observed in many regions and variables.
While the summer rainfall in Pakistan does not exhibit a significant
trend (Supplementary Fig. 6a), the moisture fluxes show a
significant increasing trend in the Arabian Sea over 1979–2021
(Supplementary Fig. 6b). Calculations reveal a significant correla-
tion between Pakistan rainfall and the southerly flow in the
Arabian Sea (cc= 0.32, P < 0.05) during 1979–2021. When
considering the contribution of the linear trend, the correlation
coefficient increases to 0.41 (P < 0.001). Our analysis indicates that
the increasing trend contributes approximately 21% of the total
anomalous moisture flux convergence over Pakistan (Supplemen-
tary Fig. 7), potentially intensifying the rainfall. Particularly
revealing features are the long-term trend of moisture flux over
the Arabian Sea and from the Bay of Bengal to the northern Indian
subcontinent, which led to the significant moisture flux conver-
gence trend over Pakistan and northwestern India.
Furthermore, anticyclonic and warming trends have been

observed over the western and eastern Eurasian continent. The
anticyclonic trend in the eastern Eurasian continent is associated

with an easterly flux trend over the northern Indian subcontinent
(Supplementary Fig. 6b, c). When removing the linear trend from
the 2022 anomalies, we observe weaker anomalous highs over
Europe and central China, as well as a weaker low-level easterly
anomaly south of the Tibetan Plateau (Supplementary Fig. 6d–f).
These findings suggest that the recent trends have contributed to
both the observed Eurasian anomalies and the extreme rainfall in
Pakistan.
The intensifying trend of the southerly moisture flux over the

Arabian Sea is likely a result of the enhanced land–sea contrast
and the warming Arabian Sea in recent decades (Supplementary
Fig. 6b, c). The extratropical land has experienced faster warming
compared to the ocean, particularly in central Asia, the Arabian
Peninsula, and the Arabian Sea (Supplementary Fig. 6c). This
increased land–sea contrast is speculated to lead to a stronger
southerly flow over the Arabian Sea, allowing it to penetrate
further into central Asia and the Arabian Peninsula. With the
warmer SST in the Arabian Sea that would encourage more
evaporation, the moisture flux trend could become even more
significant. The intensified moisture transport from the Arabian
Sea, combined with the lifting effect of the topography, could
create strong upward motion near mountains (Supplementary Fig.
8), making a significant contribution to the rainfall in Pakistan.

Linkage between the flooding in Pakistan and heatwave in
China and Europe
Another distinct feature of the 2022 Pakistan flooding is the
linkage with the heatwaves in Europe and China (Fig. 4) through
the Rossby wave-like perturbations over Eurasia. The linkage with

Fig. 4 Linkage between Pakistan rainfall and the heatwaves in China and Europe. a Hovmöller diagram of daily 2-m temperature (T2m,
shading; unit: °C) anomaly (with 3-day moving mean) averaged over 25°–35°N during June–August 2022. b Same as (a), but for precipitation
(PR, shading; unit: mm day–1). c Regression coefficients of July–August averaged T2m (shading) on the normalized PKT index during
1979–2021. Black dots indicate the regression coefficients exceeding 90% confidence level based on Student’s t test. d Same as (c), but for
precipitation (shading) and 500-hPa geopotential height (contour; interval: 1.5). Shadings and slashed regions indicate the regression
coefficients exceed 90% confidence level based on Student’s t test.

C.-C. Hong et al.

5

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2023)   163 



the European heatwave was noted in the 2010 event7. The
Pakistan rainfall was also connected with an East Asian heatwave
in 201028. However, the heatwaves primarily occurred in north-
eastern Asia (i.e., Korea and Japan), and the strength and coverage
of heatwaves were much weaker and smaller, respectively,
compared to 2022. In comparison, the linkage with the central
China heatwave in 2022 was a more special characteristic.
Figure 4a, b shows Hovmöller diagrams (averaged over
25°−35°N) of anomalous T2m and precipitation in 2022,
respectively. The flooding in Pakistan (63°–73°E) was accompanied
by a negative T2m anomaly (90°–120°E). In contrast, an opposite
situation occurred in central China. The correlation coefficient
between PKT rainfall and central China T2m (25°–35°N, 90°–120°E)
indices is 0.44 (P < 0.01) during 1979–2021.
In the subsequent analysis, we regressed T2m, precipitation,

and geopotential height in the Eurasian continent upon the
July–August average rainfall index over Pakistan (Fig. 4c, d). A
teleconnection pattern of the temperature and geopotential
height, extending from Europe to East Asia, reveals that the
Pakistan rainfall was significantly correlated with the T2m and
geopotential height fluctuations in central China and northeastern
Europe, where heatwaves occurred in 2022. Specifically, the PKT
rainfall index was temporally correlated with averaged T2m and
H500 over central China (25°–35°N, 90°–120°E; T2m: cc= 0.44,
P < 0.01; H500: cc= 0.57, P < 0.0001) and northeastern Europe
(60°–70°N, 40°–60°E; T2m: cc= 0.33, P < 0.05; H500: cc= 0.28,
P < 0.1). Notably, the T2m in central China was highly correlated
with the spatially-based heatwave index (see “Methods”; cc= 0.79,
P < 0.0001), which also showed a significant correlation with the
PKT rainfall (cc= 0.39, P < 0.01). In addition, the rainfall in Pakistan
was significantly correlated with negative precipitation anomalies
in central China and with positive anomalies in South Asia and
northern China. The teleconnection pattern shows a close
resemblance to observed anomalies in 2022, indicating that the
connection between climate anomalies in Europe and Asia in 2022
did not occur coincidentally; instead, it has existed for more than
four decades but emerged more strongly in 2022.
We further investigated whether the observed anomalies simply

reflected a known teleconnection pattern. The first possibility is
the Scandinavia (SCA) pattern29,30, which has previously been
reported to influence the heatwaves in northeast Asia31 (Supple-
mentary Fig. 9a). However, the high-latitude anomalies (with
positive anomaly centered ~50°E and negative anomaly centered
~100°E) in 2022 (Fig. 1c) exhibit an eastward shift compared with
the SCA pattern (with positive anomaly centered ~20°E and
negative anomaly centered ~80°E), and the SCA pattern shows no
significant correlation with Pakistan rainfall (cc= –0.08, P= 0.60).
Another candidate is the circumglobal teleconnection (CGT)
pattern (Supplementary Fig. 9b), which occurred in the Northern
Hemisphere during boreal summer32. While the CGT is also
significantly correlated with Pakistan rainfall (cc= 0.41, P < 0.01),
its spatial structure differs from that of the 2022 event and the
long-term regression shown in Fig. 4d. For example, the wave-like
pattern of the CGT upstream of Pakistan is shifted westward by
about 50° longitude compared to the 2022 anomaly (Fig. 1c) and
the regressed pattern (Fig. 4d). In addition, we noted some
similarities between the regression pattern and the
British–Okhotsk Corridor (BOC) pattern33. However, there are
distinct differences, such as the shorter wavelength (or spatial
scale) and the northward shift of the negative anomaly toward
Siberia in the BOC pattern compared to the PKT regression
pattern. A series of calculation of 25-year sliding correlation,
anomaly pattern correlation coefficient, and comparison of
pattern characteristics with the BOC were conducted. Whereas
the relevance between the two cannot be entirely ruled out, the
comparison did not yield the conclusion that the PKT regression
pattern was the reflection of the BOC. Our study reveals that the
CGT, Scandinavia, and BOC pattern could not clearly explain the

PKT pattern. Whether it is an emerging pattern having increasing
influences on Pakistan and China precipitation is noteworthy and
warrants further investigation.
Analysis of wave activity flux34 revealed an extratropical

stationary Rossby wave-like perturbation in July and August. In
July, the wave-like perturbation primarily propagated its energy
eastward in high latitudes (Fig. 5a). By contrast, the perturbation in
August originated from the Europe blocking, propagated south-
eastward to central Asia and central China, and then turned
northeastward toward the extratropical North Pacific (Fig. 5b).
Positive stream function anomalies (i.e., blocking or ridges) were
associated with heatwaves in Europe and China, while negative
anomalies (i.e., deepened troughs) were associated with third
monsoon surge, contributing approximately half of Pakistan
rainfall. Whereas the wave-like pattern in July exhibited different
characteristics, perturbations similar to that in August, and a
regression pattern did exist in early July during the first rainfall
surge (e.g., 5–11 July, Supplementary Fig. 2). The regression
pattern prevailed persistent through August but appeared more
transiently in July. As a result, the monthly mean in July exhibited
different distributions. These findings indicate that the heatwaves
and flooding in 2022 were linked by anomalous Rossby wave-like
activity, in August and in certain period of July when heavy rainfall
occurred in Pakistan.
A recent study has also reported the importance of Rossby

wave-like teleconnection in linking Pakistan (western South Asia)
and China (East Asia)1. This study argued that the anomalous
upper-level anticyclone associated with the China heatwave
creates an easterly anomaly in its southern flank. This easterly
flow, exceptionally strong and reversing the climatological
westerly flow in the subtropical Tibetan Plateau, corresponds to
anomalous ascending and descending motions in the eastern
(Pakistan) and western (China) Tibetan Plateau, respectively. The
observed ascending (descending) motion aligns with the anom-
alous rainfall (heatwave) in Pakistan (China). This interpretation
however did not reveal causality. Our simulation partially
supported this argument by demonstrating that the diabatic
heating over Pakistan, likely in response to upstream wave activity
from Europe, can induce an anticyclonic anomaly over central and
southwest China, thereby sustaining the ridging activity and
heatwave in China (Supplementary Fig. 5b). However, the model
response exhibits a low-level westerly anomaly south of the
Tibetan Plateau, consistent with the near-field baroclinic vertical
structure response. This suggests a weakening effect on the
observed low-level easterly flow, which is more likely associated
with the typical equivalent barotropic vertical structure of
extratropical perturbations.
Supplementary Fig. 5 also indicates that excessive precipitation

in Pakistan can enhance the observed anticyclonic anomaly over
China, Pakistan, and the Middle East, and also the southwesterly
flow in the Arabian Sea. This result suggests that whereas the
Pakistan heavy rainfall was induced by compounding effects of
several influencing factors, its excessive heating could have
positive feedback to further enhance the observed anomalies
and heavy rainfall itself. The 2022 Pakistan flooding seemed to be
a result of complicated and intertwined large-scale features and
local heating that interacted rigorously. Further comprehensive
investigations, employing carefully designed numerical experi-
ments, are necessary to precisely identify the underlying physical
processes.

DISCUSSION
In this study, we investigated the causes of the record rainfall in
Pakistan during the boreal summer of 2022 and its linkage to the
heatwaves in Europe and China. The record rainfall event was
characterized by three distinct monsoon surges, which involved
the northward propagation of deep convection from the Arabian
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Sea. Our analysis revealed that multiple large-scale factors
contributed to the occurrence of these extreme rainfall events,
as schematically illustrated in Fig. 6. The compounding effects of
influencing factors were similar to those identified for the 2010

Pakistan flooding. It could be viewed as an intensified manifesta-
tion of the 2010 Pakistan flooding event under a warming trend.
The unusually strong easterly anomaly induced by La Niña over

the northern Indian subcontinent, along with an enhanced

Fig. 6 Schematic diagram to present the main results of this study. (1) La Niña enhanced the WNPSH and the low-level easterly anomalies
(black arrows). (2) Tropical–extratropical interaction: Europe blocking-associated cold-dry northerly wind (blue dotted arrows) converged with
the warm-wet southerly flow (red dotted arrows) over Pakistan. The H-L-H indicates the high-level atmospheric teleconnection pattern linking
Europe and China heatwaves and Pakistan flooding, which appeared persistently in August and more transiently in July when heavy rainfall
occurred in Pakistan. (3) Enhanced southerly from the Arabian Sea, which was intensified by an upward trend in recent decades (yellow large
arrow under red dotted arrows). (4) Topographic lifting effect (black arrows with upward curve) intensified upward motion over Pakistan. The
gray-filled triangles represent mountains.
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southerly flow from the Arabian Sea (which was further amplified
by an upward trend), resulting in a strong convergence of
moisture flux, promoting the development of intense convection
and heavy rainfall. The third and prolonged surge in August was
particularly influenced by the interaction between an unusually
warm-moist southerly flow from the Arabian Sea and an
extratropical cold-dry northerly anomaly associated with upstream
Europe blocking. Furthermore, the tropical–extratropical interac-
tion played a significant role, contributing approximately 50% of
the total rainfall during the third surge.
It is important to note that these contributing factors generally

occur independently and rarely coincide simultaneously, which
explains the infrequency of such extreme events. We argue that
only when these compounding factors occur concurrently can
they lead to the manifestation of extreme events26. As demon-
strated in Fig. 7, the proposed factors, including the anomalous
mid-upper geopotential heights in Europe and central China, the
850-hPa meridional moisture flux over the Arabian Sea, the
easterly winds over the northern Indian subcontinent, and the sea
surface temperature in the Niño3.4 region, synchronized and
reached unusually high values in 2022, setting it apart from other
years. This was also the case in the 2010 Pakistan flooding event,
as well as in the extremely dry 1987 when all factors synchronized
in a negative phase.
Notably, the SSTA in the Niño3/Niño3.4 regions exhibited

fluctuations throughout the period of 2020–2022, with the
July–August averaged SSTA in these regions being relatively
weaker and more confined to the east in 2021 compared to 2022
and 2020 (not shown). This likely limited the impact of the 2021 La
Niña on the rainfall in Pakistan, in contrast to the impacts
observed in 2022 and 2020. Furthermore, a noteworthy difference
in the SSTA of 2022, as compared to those in 2020 and 2021, was
the westward shift of negative and stronger SSTA. This westward
shift was more influential in 2022 than in the other 2 years.
The concurrence of flooding in Pakistan and the heatwave in

central China suggests a potential mutual enhancement between
wet and dry extremes. Our analysis supports this hypothesis by
revealing a potential positive feedback between the two extremes
(Fig. 4 and Supplementary Fig. 5). Specifically, the ascending
motion associated with flooding in Pakistan and the descending
motion associated with the heatwave in China were coupled.
Numerical experiments indicate that the anomalous rainfall in

Pakistan may trigger an upper-level anticyclone downstream,
strengthening the anticyclone associated with the China heat-
wave. Conversely, the upper-level anticyclonic anomaly associated

with the heatwave exhibited an equivalent barotropic structure,
with an associated easterly anomaly extending from the upper
troposphere to the lower troposphere (not shown). This easterly
anomaly was suggested to be correlated with the ascending
motion in Pakistan1. However, the specific feedback processes
between the China heatwave and Pakistan rainfall remain unclear
and require further investigation.
The equivalent barotropic vertical structure is typical for

extratropical Rossby wave-like perturbations, suggesting the
extratropical origin of the anomalous anticyclone as part of the
teleconnection pattern shown in Fig. 4d. The compounding effect
of extratropical and La Niña-associated perturbations, with the
upper-level components over central China potentially further
enhanced by diabatic heating over Pakistan, contributes to the
complexity of the interaction. However, the exact nature of how
the China heatwave influences the Pakistan rainfall remains
uncertain and warrants additional research.
The regression analysis and wave activity flux revealed a

teleconnection between the Europe blocking, flooding in Pakistan,
and the heatwave in China, which is mediated by a stationary
Rossby wave-like pattern. This wave-like structure is distinct from
the SCA and CGT patterns. We noted some similarities between
this wav-like structure and the BOC pattern4. However, some
substantial differences were identified. It remains uncertain
whether these patterns are precisely the same. Further investiga-
tion is required. The occurrence of climate extremes in Europe,
Pakistan, and China, similar to the 2022 event, may become more
frequent if this wave-like pattern becomes more active in the
future, particularly under warmer conditions. Further investigation
is needed to understand the mechanism driving this wave-like
pattern and its potential impacts on climate extremes across the
Eurasian continent.
It has been reported that weather and climate extreme events

are expected to increase in frequency and intensity as a result of a
warming climate35,36. Our findings suggest that the record rainfall
observed in Pakistan in 2022 may be a footprint of a warming
climate. The enhanced southwesterly flow over the Arabian Sea,
which played a critical role in facilitating strong moisture flux
convergence, and this enhancement can be attributed to recent
trends. Under an extreme warming climate, further investigation is
needed to understand the potential changes in the southwesterly
flow over the Arabian Sea and its possible impact on
tropical–extratropical interaction and extreme weather events in
these regions.
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Fig. 7 Compounding effects of multiple influencing factors. The stacked bars (refer to left y axis) are normalized indices of 500-hPa
geopotential height (H500) averaged over Central China (CC; 25°–35°N, 90°–120°E; yellow), H500 averaged over Northeastern Europe (NEU;
55°–70°N, 35°–60°E; orange), 850-hPa meridional moisture flux (Vq850) over Arabian Sea (AS; 5°–20°N, 55°–70°E; light gray), zonal wind (U850)
over northern Indian subcontinent (NI; 20°–30°N, 70°–90°E; blue), and sea surface temperature (SST) in Niño3.4 region (N34; 5°S–5°N,
170°–120°W; deep gray). Note that NI and N34 indices were multiplied by “–1”. The black solid and dashed lines (refer to right y axis) are
normalized indices of precipitation (PR; from GPCP) and land-only precipitation (PR-land; from CRU) averaged over Pakistan (PKT; 22°–32°N,
63°–73°E), respectively.

C.-C. Hong et al.

8

npj Climate and Atmospheric Science (2023)   163 Published in partnership with CECCR at King Abdulaziz University



METHODS
Data
We used the daily precipitation data (with horizontal resolution of
0.5° × 0.5°) from the Climate Prediction Center (CPC) Global
Unified-Based Analysis of Daily Precipitation37 and monthly
precipitation data (with horizontal resolution of 2.5° × 2.5°) from
the Global Precipitation Climatology Project38 (GPCP; version 2.3)
and Climatic Research Unit gridded Time Series39 (CRU; version
ts4.07). We utilized the ERA5 daily and monthly data40, including
horizontal winds, geopotential height, and specific humidity, of
the European Centre for Medium-Range Weather Forecasts in
diagnostics. The original horizontal resolution of ERA5 data is
0.25° × 0.25°. For consistency of calculation and coordination of
figures, we regridded the ERA5 data to a horizontal resolution of
2.5° × 2.5°. In addition, we used monthly sea surface temperature
data (with horizontal resolution of 2° × 2°) of the Extended
Reconstructed Sea Surface Temperature41 (ERSST, version 5) and
daily interpolated outgoing longwave (OLR) radiation data (with
horizontal resolution of 2.5° × 2.5°) of NOAA42.

Blocking index
Blocking index43 was calculated to identify atmospheric blocking
that often accompanies prolonged heatwaves. For the Northern
Hemisphere, the blocking index (BI) was defined based on the
500-hPa geopotential height gradient south:

BI ¼ ðZðλ;φoÞ � Zðλ;φsÞÞ=ðφo � φsÞ; (1)

φo ¼ 60
�
Nþ Δ; (2)

φs ¼ 40
�
Nþ Δ; (3)

Δ ¼ �5
�
;�2:5

�
; 0

�
; 2:5

�
; 5

�
(4)

where Z is 500-hPa geopotential height, λ and φ is longitude and
latitude, respectively. A blocking is identified at a given longitude
and a specific time when at least one value of Δ satisfy that BI > 0
(units: m/degree latitude).

Heatwave index
We first calculated the value of 95th percentile of daily averaged
2-m temperature at each grid during 1979–2022. The heatwave
index was then defined as the total number of grids exceeding the
95th percentile in the 20°N–40°N, 80°E–120°E region.

Statistical test of correlation coefficient
The Fisher’s Z-transformation was used for the statistical test of
the Pearson correlation coefficient.

Regression analysis
We calculated regression coefficients to estimate the relationship
between two monthly mean time series. The linear regression
model is expressed as Yi= α+ βXi+ ε, where Xi and Yi are
variables being examined, α is the intercept, β is the slope
(regression coefficient), and ε is the residual.

Percentile rank
The percentile rank is expressed as a whole number between 1
and 99 and is used to evaluate the precipitation intensity and T2m
as the percentage of scores in a reference group that is lower than
a given score of interest.

Idealized heating experiments
We used the LBM to conduct idealized heating experiments44.
The model was forced by an idealized heating over Pakistan

(centering at 29°N, 68°E) to simulate atmospheric responses in the
August climatological background flow. The 200- and 850-hPa
geopotential heights and horizontal winds from the day-30 output
were analyzed.

DATA AVAILABILITY
The CPC and GPCP precipitation data were provided by NOAA/OAR/ESRL PSL,
Boulder, Colorado, USA, from their websites at https://psl.noaa.gov/data/gridded/
data.cpc.globalprecip.html and https://psl.noaa.gov/data/gridded/data.gpcp.html,
respectively. The ERA5 reanalysis data was obtained from Copernicus Climate
Change Service (C3S) Climate Data Store (CDS) and is available at https://
cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-monthly-
means?tab=form. The ERSST sea surface data was from https://psl.noaa.gov/data/
gridded/data.noaa.ersst.v5.html. The NOAA interpolated outgoing longwave radia-
tion data was from https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html.

CODE AVAILABILITY
All the computer codes used to generate the results and figures in this study are
available from the authors upon request. All figures were generated by using the
MATLAB and Statistics Toolbox Release 2021b version 9.11.0.1769968 with the
M_MAP mapping package version 1.4 m (https://www.eoas.ubc.ca/~rich/map.html),
and the NCAR Command Language (NCL) (https://www.ncl.ucar.edu/) version 6.3.0.
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