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Relationship between Azores High and Indian summer
monsoon
Ramesh Kumar Yadav 1✉

A dominant mode of interannual variability of Indian summer monsoon rainfall shows west-east dipole pattern with above normal
rainfall towards west and central India and subdued rainfall towards the east and northeast India, and is related to the vigorous
Azores High. The vigorous Azores High is accompanied by enhanced subsidence resulting in well-built widespread upper-
troposphere convergence. This forms the meridional vorticity dipole consisting of anomalous cyclonic and anti-cyclonic circulation
at 30°N and 50°N, respectively, and boosts the Rossby wave source. The cascading down Rossby wave train imposes successive
negative, positive and negative Geopotential height (GPH) anomalies over north Mediterranean, northwest and northeast of India,
respectively. The negative GPH anomaly at the north Mediterranean increases the Asian jet towards the Caspian Sea, strengthening
the monsoon circulation through the ‘silk-road’ pattern. While, the dipole GPH anomaly north of India shift the Tibetan High
westwards, triggering monsoon activity towards the west.

npj Climate and Atmospheric Science            (2021) 4:26 ; https://doi.org/10.1038/s41612-021-00180-z

INTRODUCTION
The Indian summer monsoon (ISM), which is part of the South
Asian monsoon system, is one of the largest global phenomena
of the general circulation that has its impacts on the global
weather and climate, and the life of millions of Indians. It spans
a short period from June through September (JJAS) and
contributes about 80% of the annual rainfall in the country.
The JJAS seasonal rainfall plays an important role in the water
management and the economic planning of the country. It has
significant temporal and spatial variations1. Its temporal and
spatial variation causes large-scale droughts and floods,
seriously affecting the agriculture yields and the agrarian
economy of the country2. The interannual variation of ISM
rainfall is not stable in time. In recent decades, it has been
observed that the large-scale rainfall band have shifted
westward giving more rainfall in the west and central India
and below normal rainfall in the east and northeast India, as
observed by Yadav3–5 and Preethi et al.6. Therefore, it becomes
very important to study this variation and its teleconnections.
The JJAS seasonal circulation is marked by semi-permanent

features of upper-troposphere Tibetan High centred, maximum
at the northeast of India and zonally extends from north Africa
to northwest Pacific and meridionally extends from the south
tip of India to south Caspian Sea (Fig. 1a). It is flanked by an
Asian sub-tropical westerly jet-stream (hereafter: Asian jet) to its
north (Fig. 1b) and an Indian easterly jet-stream to its south. The
strength of the Asian jet in the north is more intense compared
to its southern counterpart. The Tibetan High is associated with
the strong horizontal divergence (Fg. 1a), which is conducive to
the outbreak of convective activity over the Indian subconti-
nent and the revival of ISM. In the North Atlantic another
noticeable semi-permanent feature is the Azores High. It attains
its maximum size and strength during JJAS season. It is a large
subtropical centre of high atmospheric pressure due to the
enormous large-scale subsidence and sinking motion air in the
system. In the upper-troposphere, the North Atlantic mid-
latitude region falls in the path of the circum-global transitory

Rossby wave train moving downstream towards the Eurasian
region (Fig. 1c). This wave train was probably first suggested by
Kripalani et al.7. However the terminology circum-global
teleconnection (CGT) wave pattern was suggested by Ding
and Wang8,9. The strong subsidence in the Azores High
generates compensatory widespread horizontal convergence
(Fig. 1a) at the upper-troposphere, consequently producing the
Rossby wave source in the North Atlantic (Fig. 1c). The North
Atlantic is the region of two subtropical westerly jet streams:
North American jet in the north and Asian jet in the south (Fig.
1b). These jets generate positive and negative vorticities
towards the north and south of their jet streaks, forming
quadrupole types of vorticities (Fig. 1b). So, the North Atlantic is
very vibrant and important during summer time as it globally
affects the weather and climate circulation patterns. Never-
theless, it remains unclear whether and how the Azores High
influences the ISM.
The ISM is a fully coupled land-atmosphere-ocean system. It

is linked with the local air-sea interactions and the remote
climatic phenomena, such as, El Niño-Southern Oscillation
(ENSO), the Indian Ocean Dipole Mode and the Atlantic Niño.
The Azores High and Indian rainfall have a similar seasonality of
summertime (JJAS) suggestive of a possible linkage between
them. Previous studies by Yadav10,11 have noticed the influence
of Azores High on ISM. These studies state that during non-
ENSO years, ISM is positively related to the Azores High. The
stronger Azores High is associated with the enhanced mid-
tropospheric subsidence forming upper-troposphere (near 250-
hPa, Fig. 1e) well organized widespread convergence (Fig. 1a).
This creates meridional vorticity dipole anomaly compromising
anomalous anti-cyclonic and cyclonic circulations at 45°N and
30°N over the North Atlantic owing to the manifestation of
equivalent barotropic and baroclinic structures of the extra-
tropical and tropical regions, respectively, as observed by
White12 and Wallace13. Azores High drives warm oceanic water
poleward (known as ‘Gulf stream’) rising sea surface tempera-
ture (SST) over the northwest of North Atlantic. This intensifies
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and shifts the North American jet to higher latitudes. The jet
stream further strengthens the meridional vorticity dipole. The
cyclonic circulation intensifies the Asian jet over North Atlantic.
A wave activity flux for stationary Rossby waves diverges out of
the vorticity dipole toward downstream along the Asian jet
stream over the Eurasian region14. The jet stream acts as a wave
guide and the successive troughs and ridges of the Rossby
waves travel along the jet15–17 and influence upper-
tropospheric Tibetan High and hence ISM18,19.
The main objective of this study is to investigate the

relationship between Azores High and the ISM. This study
hypothesized the mechanism by which the Azores High induce
anomalous upper-troposphere pressure dipole with positive
pressure anomaly at 50°N which fall in the path of the preferred

Rossby wave train producing negative and positive pressure
anomaly downstream towards north Mediterranean and north-
west of India, respectively. While the negative pressure anomaly
at 30°N in Atlantic escalates the origin of the Asian jet
strengthening the ‘Silk-Road pattern’ affecting the ISM. This
pathway provides an important link between Azores High and
ISM rainfall variations.

RESULTS
Association between Azores High and ISM; ISM
Teleconnections
To investigate the dominant patterns of ISM variability, Empirical
Orthogonal Function (EOF) analysis of the linearly detrended June-

Fig. 1 Climatology. Spatial pattern of seasonal (JJAS) mean climatology (period: 1979–2019) of a 250-hPa Divergence (shaded) and 200-hPa
GPH (black contours), b 250-hPa Vorticity (shaded) and 200-hPa Zonal Wind >5ms−1 (black contours), c 250-hPa Rossby wave source (shaded)
and the horizontal component of Rossby wave flux (black arrows). Vertical profiles of climatological-mean d zonal wind, e divergence,
f vorticity and g Brunt–Väisälä frequency (NN) for the mid-latitude area-averaged region (100°W-110°E, 25°N-65°N).
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July-August-September (JJAS) seasonal gridded rainfall over India,
excluding north-east India, for the period 1979–2019 have been
computed. The north-east India has been excluded from the EOF
analysis because of excessive loading and out-of-phase relation-
ship with all India summer monsoon rainfall. The first leading EOF
(EOF1), which account for 17.58% of the variance, show in-phase
rainfall anomaly almost all over India except in the east, the states
of Bihar and West Bengal, and the rain shadow region of south
peninsular India, the state of Karnataka, where out-of-phase
anomaly exists. The in-phase maximum loading lies over the
Western Ghats followed by west India and central India (Fig. 2a).

The principal component (PC) of EOF1 (PC1) ISM rainfall, is used as
a basic function for elucidating its teleconnections. The correlation
coefficient between PC1 and gridded JJAS rainfall over India
shows significant positive correlation over the Western Ghats,
west India and central India and negative correlation over north-
east and east India (Fig. 2b). This clearly demonstrates the shift of
ISM rainfall westward with excess rainfall over the west and central
India and subdued rainfall in the north-east and east India3–6.
The correlation between PC1 and gridded 200-hPa geopotential

hight (GPH) shows significant positive correlation over North
Atlantic, north Europe, north Africa, northwest of India, east Asia

Fig. 2 IMD PC1 correlation. a The first leading EOF of JJAS IMD rainfall anomalies (shaded), correlation of PC1 with b IMD gridded rainfall,
c 200-hPa GPH (shaded) and regression of 200-hPa winds onto PC1 (blue vectors), d correlation of PC1 with MSLP (shaded) and regression of
850-hPa winds onto PC1 (blue vectors). Contours show the significance at 95% confidence level.
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and southwest USA (Fig. 2c), representing CGT pattern. The
positive correlation over north Africa display the monsoon-desert
relationship. The significant positive correlation over northwest of
India is located in the west of the core of Tibetan High, suggesting
westward shift of the Tibetan High owing to active monsoon in
the west and central India and subdued monsoon activity in the
northeast and east India. The significant positive correlation over
extra-tropical North Atlantic, above Azores High, ensures the
association with the Azores High. A possible link between ISM and
Azores High has been investigated by Yadav10,11, but it still
remains unclear whether and how the Azores High affects ISM.
Therefore, it becomes important to re-explore the influence of
Azores High on ISM circulation. The 200-hPa wind regression onto
PC1 shows westerly anomalies over east of Caspian Sea,

suggesting a stronger Asian jet favourable for ISM. The correlation
between PC1 and MSLP (Fig. 2d) shows a significant positive
correlation over North Atlantic, below the 200-hPa GPH significant
positive correlation owing to the mid-latitude equivalent baro-
tropic atmosphere. This positive anomaly refers to the powerful
Azores High. The significant negative correlation over Arabian Sea,
west and central India illustrate vigorous monsoon in the west and
central India3,4. The 850-hPa wind patterns are associated with the
surface pressure anomalies.

Association between Azores High and ISM; Azores High
teleconnections
The above analysis clearly reveals a relationship between the first
dominant mode of ISM and Azores High for the period 1979–2019.

Fig. 3 Azores High correlation. Correlation of AH with a 200-hPa GPH (shaded) and regression of 200-hPa winds onto AH (blue vectors), black
contours show the GPH significance at 95% confidence level. Correlation of AH with b 500-hPa vertical velocity (shaded), c 250-hPa
Divergence, d 250-hPa Rossby wave source, e 250-hPa Vorticity (shaded) and 300-hPa Brunt–Väisälä frequency (NN, black contours). White
contours in (c) and (d) shows the significance at 95% confidence level.
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A time-series has been prepared by averaging MSLP data from the
box (320°E-342°E, 30°N-50°N), which shows the significant positive
correlation with the PC1 and is coincident with the position of the
Azores High in the North Atlantic, therefore named hereafter as
AH. This series is now considered for further exploration of Azores
High teleconnections with ISM rainfall. Similar, correlation and
regression analysis has been done for AH (Fig. 3). 200-hPa GPH
pattern (Fig. 3a) shows strong CGT patterns as in Fig. 2a.
Noticeably, all the six centres of actions (significant positive
correlations) in Fig. 2c i.e. located at North Atlantic, north Europe,
north Africa, northwest of India, east Asia and southwest USA, are
evident in Fig. 3a. The significant negative correlation southwest
of Greenland, significant anti-cyclonic and cyclonic circulation
anomaly at 50°N and 30°N, forming dipole, in the North Atlantic,
respectively, additional patterns are also apparent in Fig. 3a. The
successive negative, positive, negative and positive GPH anoma-
lies at the southwest of Greenland, North Atlantic, north
Mediterranean and northwest of India manifest a Rossby wave
train owing to the Azores High. The significant positive GPH at the
northwest of India shifts the core of the Tibetan High westward.
Consequently, the large-scale upper-tropospheric divergence induces
strong upward motion over the west and central India, facilitating
vigorous monsoon convection in these regions. The enhanced
convection and latent heating force strong monsoonal circulation in
the lower troposphere20,21 and lead to more water vapour
convergence in the boundary layer8. This leads to excess rainfall in
the west and central India and subdued monsoon activity in the
northeast and east India, forming a west-east dipole pattern. The
westerly wind anomaly associated with the negative GPH anomalies
at 30°N in North Atlantic and north Mediterranean increases the
Asian jet, favourable for ISM through the ‘silk road’ pattern.
The 500-hPa vertical velocity correlation with AH (Fig. 3b)

shows a significant positive correlation east of North Atlantic
suggesting stronger mid-tropospheric subsidence. The 250-hPa
divergence (Fig. 3c) shows a significant negative correlation
along the east North Atlantic inferring magnification of upper-
troposphere convergence owing to the strong mid-
tropospheric subsidence. The 250-hPa Rossby wave source
(Fig. 3d) shows significant positive values at the west of Ireland,
southwest Europe and central tropics of the North Atlantic,
indicating more generation of Rossby wave source over these
regions. The magnified convergence had given rise to the
powerful Rossby wave source in this mid-latitude equivalent
barotropics atmosphere. Overall, the Azores High is related to
mid-tropospheric subsidence, resulting in upper-troposphere
convergence, generating Rossby wave source over the east
North Atlantic. The 250-hPa vorticity correlation with AH (Fig.
3e) shows a significant negative correlation at 50°N and a
significant positive correlation at 30°N, forming vorticity dipole
in the North Atlantic. These negative and positive vorticities are
due to the anti-cyclonic and cyclonic circulation found in the
Fig. 3a. The significant positive vorticity over north Mediterra-
nean is the consequence of the increased Asian jet. The 300-hPa
Brunt–Väisälä frequency (NN), which is measure of the stability
of fluid to vertical displacements, shows significant positive
correlation, meaning instable atmosphere, along the path of the
increased Asian jet. This large zonal scale and small meridional
scale reveals the trapped stationary Rossby wave in the form of
the atmospheric waveguide16,17,22. Therefore, the Asian jet acts
as a wave guide, and forms a teleconnection pattern of low-
frequency variability from the North Atlantic and Europe
towards central Asia to east Asia, known as the waveguide
teleconnection15,22–26 and ‘Silk-Road’ pattern15,24. Hence, the
Azores High modulates the Asian jet, which affects the ISM
trough this ‘Silk-Road’ pattern3,27.

Composite analysis and statistical t-test
To understand the circulation features associated with the
correlation and regression patterns, composite anomalies and
composites of excess and deficient years of Azores High are
plotted. Their statistical significance of the difference in means
is estimated using the Student’s t-test for unequal variances28.
The distinctive features in the composite anomaly plots of 200-
hPa GPH and wind departure from the mean values and
composite of 200-hPa zonal wind take into account the physical
realism and represent configurations of the variable that are
comparable to observations.
The statistical significance of the composite anomaly of

excess (1979, 1980, 1983, 1984, 1990, 1996, 2018) and deficient
(1985, 1987, 1999, 2003, 2009, 2012, 2014 and 2015) years of
Azores High for 200-hPa GPH is presented in Fig. 4. Areas
enclosed by the grey dots correspond to 95% significance level.
The significant meridional dipole in the North Atlantic is clearly
evident during excess years of the Azores High with a positive
anomaly at 50°N and negative anomalies at 30°N (Fig. 4a). The
wind associated with these GPH, constitutes significant anti-
cyclonic and cyclonic circulation anomalies at the extratropical
and tropical regions of the North Atlantic, respectively. This
dipole pattern is formed as the excess Azores High is associated
with intensified mid-tropospheric subsidence inducing magni-
fied upper-troposphere convergence over the North Atlantic.
The extratropical and tropical regions develop the anticyclonic
and cyclonic circulation anomaly owing to the manifestation of
the equivalent barotropic and baroclinic structures of the North
Atlantic, respectively, as observed by White12 and Wallace13.
The extratropical anti-cyclonic circulation anomaly increases
and shifts the North American jet to higher latitudes. The
tropical cyclonic circulation anomaly increases the Asian jet at
its entrance at 50°W, 25°N (Fig. 4a). The successive negative,
positive, negative and positive significant GPH anomalies seen
at west of Greenland, extratropical North Atlantic, north
Mediterranean and east of Caspian Sea, respectively, demon-
strate a Rossby wave train during excess years of Azores High.
The negative and positive GPH anomalies over the north of
Mediterranean and east of Caspian Sea increases the Asian jet
over Caspian Sea. The positive and negative GPH anomalies
east of Caspian Sea and northeast of India shifts and intensifies
the core of Tibetan High westward, thence, shifting the
monsoon westward. Moreover, the increased Asian jet (Fig.
4a) does influence the organization of low-frequency variability
by producing meridionally trapped zonally elongated distur-
bance patterns along it through the ‘Silk-Road’ pattern3,27. The
jet acts as waveguide and the Rossby wave train over Eurasia
propagates along the jet15–17.
While, during the deficient years of Azores High the 200-hPa

GPH (Fig. 4b) shows significant successive positive, negative
and positive anomalies over the southwest of Greenland,
extratropical North Atlantic and north Mediterranean respec-
tively, portray a Rossby wave train with opposite GPH signs as
observed during excess years of Azores High. The cascading
significant positive anomaly observed over the north Mediter-
ranean, associated with the anti-cyclonic circulation anomaly,
decreases the Asian jet over the Mediterranean. Notably, the
tropical North Atlantic (30°N) significant GPH anomaly is absent
because of the reduced mid-tropospheric subsidence during
deficient years of Azores High, in turn has limited the upper-
troposphere convergence to extra-tropical North Atlantic. For
that reason, the significant negative correlation at tropical
North Atlantic (30°N) is not observed in Fig. 3a. The reduced
Asian jet (Fig. 4b) increases the stability of the atmosphere,
resulting in reduced ISM. The limited convergence of the North
Atlantic weakens the Rossby wave source during deficient years
of Azores High. Therefore, the cascading down Rossby wave

R.K. Yadav

5

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2021)    26 



erodes towards Asia. However, the weak negative anomaly east
of the Caspian Sea and decreased Asian jet mutually lessen the
ISM activities over the west and central India.

Relation between North Atlantic-Eurasian wave train and
Azores High
The upper-troposphere is the most important region for the
Rossby-wave propagation in the mid-latitudes region. There-
fore, 200-hPa GPH EOF for 41-years period from 1979–2019 has

been computed over the region (70°W-90°E, 20°N-70°N) in
search of the north Atlantic-Eurasian wave train patterns. The
EOF2, which explains 15.6% variance (Fig. 5) shows in-phase
intense anomaly over the extratropical region of North Atlantic
(at 18°W, 55°N), weak in-phase anomaly over east of Caspian
Sea, intense out-of-phase anomaly observed at north Medi-
terranean and weak out-of-phase anomalies at the west of
Greenland and tropical North Atlantic (at 11°W, 35°N). These
GPH anomalies pattern matches with the Azores High correla-
tion with GPH pattern Fig. 3a and significant GPH anomalies in

Fig. 5 Atlantic-Eurasian Rossby wave. The second leading EOF of JJAS 200-hPa GPH anomalies (shaded).

Fig. 4 Composite of Azores High. Composite anomaly of 200-hPa GPH (shaded), 95% statistical significance of composite of GPH (grey dots)
and wind (black arrows) and composite of zonal wind >5ms−1 (Cray contours) for a excess and b deficient years of AH, respectively.
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Fig. 4a and b. This clearly advocates that the pattern do exists
in the North Atlantic-Eurasian region and is the second
dominant mode. The correlation between the respective PC
of 200-hPa GPH EOF2 and Azores High series is 0.31 significant
at 95% level, while the correlation of EOF2 PC with ISM is not
significant, as the anomaly east of Caspian Sea, which
modulates the Tibetan High and hence ISM, is feeble. The east
of Caspian Sea positive GPH anomaly intensifies and shifts the
Tibetan High westward triggering the monsoon activities
towards the west and central India and vice-versa. The
extratropical North Atlantic anomaly is the response to the
Azores High and is the manifestation of the equivalent
barotropic atmosphere. The in-phase GPH anomalies of
extratropical North Atlantic and east of Caspian Sea propose
the linkages between Azores High and ISM. In addition, the
negative GPH anomalies over the tropical North Atlantic and
north Mediterranean increase the Asian jet, which conse-
quently boosts the ISM activity and vice-versa.

DISCUSSION
The ISM is a global phenomenon, as it affects and is also affected
by the global weather and climate. The spatial pattern of ISM
rainfall in the country is not homogeneous. The maximum rain
band remains shifting in different epochs. This changes its global
teleconnections. A particular teleconnection has been not always
stable with time. This makes the seasonal prediction of ISM more
challenging. Therefore, it is required to continuously monitor its
global teleconnections for better seasonal prediction and under-
standing. For that, EOF analysis has been done on the June-
July–August-September (JJAS) seasonal variability of India rainfall,
for the period 1979–2019, i.e., a total of 41-year boreal summer
season (JJAS). The first dominant mode obtained, excluding
northeast India, is highly correlated towards the west and central
India and anti-correlated to the east and northeast India,
suggesting a westward shift of ISM rainfall, creating the west-
east dipole pattern of rainfall anomaly. This dominant rainfall
pattern is significantly correlated to the Azores High in the North
Atlantic.
Analysis suggests the excess Azores High is associated with

the intense subsidence producing magnified wide-spread
upper-troposphere convergence. The baroclinic and equivalent
barotropic atmosphere of the tropical and extra-tropical
regions of North Atlantic constitute the cyclonic and anti-
cyclonic circulation anomalies, respectively12,13. This circula-
tion forms the meridional vorticity dipole with positive and
negative anomalies at 30°N and 50°N, respectively. The positive
vorticity (cyclonic circulation) anomaly increases the Asian jet
at its entrance (at 50°W, 25°N) in the North Atlantic. In addition,
the magnified upper-troposphere convergence at the north
Atlantic enhances the Rossby wave source intensifying the
circum-global rotating Rossby wave train and the GPH
anomalies over the Eurasian region. The cascading down of
Eurasian Rossby wave features successive upper-tropospheric
negative, positive and negative GPH anomalies over north
Mediterranean, northwest of India and northeast of India,
respectively. The negative GPH anomalies at the north
Mediterranean further intensifies the Asian jet towards the
Caspian Sea, while the dipole pressure anomaly north of India
shifts the Tibetan High westwards, shifting the intense
convection from northeast India to the west and central India
and subdued rainfall over the northeast and east India. Thus,
forms an anomalous west-east dipole rainfall pattern.
While, the weaker Azores High is associated with moderate

subsidence which minimizes the upper-troposphere conver-
gence forming anomalous sole negative GPH at 50°N. To note,
the upper-troposphere anomalous meridional vorticity dipole
structure is missing owing to weaker Azores High. The Eurasian

Rossby wave train imposes a positive GPH anomaly north of
the Mediterranean associated with the anti-cyclonic circulation
anomaly, which decreases the speed of the Asian jet. The
decreased Asian jet increases the stability of the atmosphere,
resulting in reduced ISM. The minimized upper-troposphere
convergence dwindle the Rossby wave source over North
Atlantic. The cascading down of dwindled Rossby wave train
from North Atlantic towards Asia forms a feeble negative GPH
anomaly east of the Caspian Sea. This weakens the west
portion of the Tibetan High consequently reducing rainfall in
the west and central India.
The present study is of great importance as it investigates

the prospective of the relationship between ISM-Azores High,
when the ISM-ENSO relationship has weakened during the
study period10,29. This study shows how the Azores High
modulates the mid-latitude wave pattern over North Atlantic-
Eurasian region, consequently affecting Asian jet and finally
ISM rainfall. The influence of mid-latitude wave3–5,9 and Asian
jet27 on ISM is well known. But none of the study has shown
the relationship of Azores High with ISM through mid-latitude
wave and Asian jet. The influence of active Azores High on ISM
circulation is more effective as it generates powerful Rossby
wave source in the North Atlantic, which energizes the
cascading down mid-latitude wave train to Asia, affecting
ISM. While, the inactive Azores High influence is feeble as it
generates moderate Rossby wave source in the North Atlantic.
The cascading down of Rossby wave from North Atlantic wanes
towards Asia, limiting the effect on ISM circulation. For this
reason, we don’t get strong correlation of ISM with Azores High
and therefore the relationship not documented earlier. How-
ever, the next step could be to examine the extent to which
this teleconnection is represented in climate forecast models
to aid the seasonal prediction of west and central India
summer monsoon rainfall.

METHODS
Data
The SST, 250-hPa GPH, and 850- and 250-hPa zonal and meridional wind
for the period 1979–2019 are obtained from the European Centre for
Medium-Range Weather Forecasts ERA5 reanalysis dataset at 0.25° spatial
resolution30. For rainfall over Indian landmass, the monthly gridded rainfall
at 0.25°X 0.25° resolutions for the period 1979–2019 is used from the
Indian Meteorological Department (IMD)31.

Vertical profile
Vertical profiles of climatological-mean boreal summer (JJAS) zonal
wind, divergence, vorticity and Brunt–Väisälä frequency (NN) for the
mid-latitude area-averaged region (100°W-110°E, 25°N-65°N) have been
plotted (Fig. 1d–g). These parameters show extrema at different levels
in the upper-troposphere. Zonal wind attains its maximum amplitude
near 200-hPa level (Fig. 1d). The transient motions and large-scale
disturbances in mid-latitude regions have an equivalent barotropic
structure in the vertical, with little tilt in wind and pressure field
anomalies with height. Therefore, the upper-troposphere wind and
GPH are plotted at 200-hPa level. Similarly, vorticity and divergence
extrema are at 250-hPa level (Fig. 1e&f). The Rossby wave source is
calculated from the divergence and vorticity component. Therefore,
vorticity, divergence and Rossby wave source are calculated at 250-hPa
level. The upper troposphere is the most important region for Rossby-
wave propagation in the tropical and subtropical regions but, the
equivalent barotropic mid-latitude waves are probably best repre-
sented using the flow from a slightly lower level32. Therefore, the
horizontal Rossby wave activity flux is plotted at the 250-hPa level. The
minimum in amplitude in the upper-troposphere for Brunt–Väisälä
frequency (NN) is located at 300-hPa level (Fig.1g), therefore, to
measure the stability of the upper-troposphere to vertical displace-
ments 300-hPa level have been selected.
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EOF, correlation, regression and composite analysis
EOF analysis is performed on the de-trended JJAS seasonal gridded
IMD rainfall data and 200-hPa GPH over North Atlantic-Eurasian region
(70°W-90°E, 20°N-70°N) to study their inter-annual variability of the
dominant mode. Other methods used are simultaneous correlation and
regression on the de-trended datasets. The excess and deficient years
for composite analysis are defined, if the standardized values (i.e., the
mean subtracted and divided by the standard deviation) are >+1 and
<−1, respectively (need to define index).

Rossby wave activity flux
The Rossby wave activity fluxes have been calculated33 to show the
existence and propagation of the Rossby wave in the mean flow over
Eurasian region. The horizontal flux of Rossby wave formulas is as follow:

Wx ¼ p cosϕ
2 Uj j

U
a2cos2ϕ

∂ψ0
∂λ

� �2
�ψ0 ∂2ψ0

∂λ2

� �
þ V

a2 cosϕ
∂ψ0
∂λ

∂ψ0
∂ϕ � ψ0 ∂2ψ0

∂λ∂ϕ

h i� �
(1)

Wy ¼ p cosϕ
2 Uj j

U
a2 cosϕ

∂ψ0
∂λ

∂ψ0
∂ϕ � ψ0 ∂2ψ0

∂λ∂ϕ

h i
þ V

a2
∂ψ0
∂ϕ

� �2
�ψ0 ∂2ψ0

∂ϕ2
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(2)

here Wx,y are the wave flux in the horizontal x and y direction, a is the
earth’s radius, (ϕ;λ) are latitude and longitude, respectively, Geostrophic
stream function is defined as ψ= ϕ/f, where ϕ is geopotential and f (=2
Ωsinϕ) the Coriolis parameter with the earth’s rotation rate Ω, ψ0 is
perturbation streamfunction, U is zonal wind, V is meridional wind, |U| is
wind magnitude, and p is pressure normalized by 1000-hPa (=pressure/
1000-hPa). In theory, the flux W is independent of wave phase and parallel
to the local group velocity of planetary waves. The flux tends to diverge
out of forcing regions. The details of the individual terms of W are
explained by Takaya and Nakamura33.

Rossby wave source
The divergence and vorticity are calculated from the zonal and meridional
wind component. The Rossby wave source is computed following
Sardeshmukh and Hoskins34

S ¼ �∇ � ðvxξÞ (3)

where ξ � ζ þ f is the absolute vorticity, ζ is relative vorticity while vx is the
divergent wind vector calculated from the velocity potential field. Note
that the wave source S is computed by means of seasonal mean fields so
that it excludes a contribution from subseasonal and submonthly
perturbations.

DATA AVAILABILITY
The IMD and reanalysis gridded data set are downloaded from their respective
websites: https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.
html and https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels-monthly-means?tab=overview, respectively.
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