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Abstract

The highly populated north central India receives 90% of annual rainfall during June to September. The interannual vari-
ation of summer monsoon rainfall is less studied compared to central and western India, due to its weak signal with the
El-Nifio-Southern Oscillation (ENSO). Previous studies have reported a marked decadal variation in the ENSO influences
on north India rainfall, but the teleconnections of this variation are not satisfactorily understood. A pathway of the changing
ENSO influences on north central India rainfall is revealed from observational data analysis and numerical experiments.
While La Nifa-like conditions produce anomalous northeasterly wind over India and reduce the tropospheric wind shear,
the emergence of the Atlantic Nifio appears to overtake this ENSO influence. The Atlantic Nifio intensifies the meridional
stationary wave affecting pressure anomaly over northwest Europe. This excites the Eurasian Rossby wave train along the
mid-latitude producing upper-troposphere high pressure anomaly, subsequently affecting north India. Future work should
examine the extent to which these teleconnections are represented in climate forecast models to aid the seasonal prediction
of north central India rainfall.

Keywords Indian summer monsoon - North India - ENSO - Atlantic Nifio Deep convection Sea surface temperature -
Pressure anomaly

1 Introduction

The north central part of India includes fertile regions of
the Gangetic Plain where population density is substantial.
Agriculture and animal husbandry comprises the main occu-
pations in the north central India; these rely heavily on a
sustained rainfall during the Indian Summer Monsoon (ISM)
from June to September (JJAS). Recent study by Yadav and
Roxy (2019) has shown that the post-2002 increase in the
Indian summer monsoon rain observed by Jin and Wang
(2017), has not taken place in this region. Analysis of the
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seasonal JJAS India rainfall for the period 1979-2017 had
shown a big patch of the drying trend over the plains of north
central India that consists of Bihar and East Uttar Pradesh.
The study also reveals that this region is largely independ-
ent of the monsoon rainfall variability in central India or
northeast India. Therefore, these two meteorological sub-
divisions in northern India, Bihar and East Uttar Pradesh
(Fig. 1), are considered for this study. The ISM in these two
provinces exhibits inconsistent variations with its southern
counterpart (e.g., Ding and Wang 2005). Despite the wealth
of literature that pertains to the study of the ISM, the ISM
impacts for north central India (especially in Bihar and East
Uttar Pradesh) have been overlooked which, given its impor-
tance to the livelihood of the population residing there, is an
omission that we address here.

The northward movement of the monsoon trough from
its climatological position and its interaction between the
westerly trough and the monsoonal flow collectively affect
northern India’s summer rainfall, herein “northern ISM”
(Ramaswamy 1956, 1962; Ramamurthy 1969; Krishna-
murti et al. 1980; Raman and Rao 1981; Vellore et al.
2014). It has been documented that the prominent impact
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Fig.1 Shaded regions are two meteorological sub-divisions of India: East Uttar Pradesh and Bihar, considered for the study of north central

India summer monsoon rainfall

of El-Nino-Southern Oscillation (ENSO) on the broad ISM
underwent a change around the late-1970s in response to
a major climate shift observed in the Indo-Pacific Ocean
(Graham 1994; Trenberth and Hurrell 1994; Yadav 2009a).
The ENSO-ISM relationship has transformed from one that
was primarily driven by the east Pacific El Nifio to one by
the central Pacific El Nifio (Krishna Kumar et al. 2006).
Additionally, recent research has highlighted the importance
of the Atlantic Nifio and its interaction with the north cen-
tral India ISM (Kucharski et al. 2008; Yadav 2017b; Yadav
et al. 2018); this interaction induces changes in the Indian
Ocean SST along the eastern coast of Africa and in the west-
ern Indian Ocean basin (Kucharski et al. 2008). Moreover,
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the Atlantic’s impact on the north central ISM also forms
through the Eurasian atmospheric wave trains (Ding and
Wang 2005, 2007; Yadav 2009a, b, 2017; Yadav et al. 2018).

The southern parts of India exhibit a circulation pattern
that is mostly of a tropical nature, while the northern parts of
India are influenced through interaction between the tropical
and extra-tropical circulations (Ding and Wang 2009; Wang
et al. 2011). What is more, the ENSO influence on northern
India is not stable, having pronounced decadal variations
in the ENSO-ISM relationship (e.g., Torrence and Webster
1999; Krishna Kumar et al. 1999; Krishnamurthy and Gos-
wami 2000; Kinter et al. 2002; Annamalai and Liu 2005;
Gershunov et al. 2001). Due to this decadal variation, diverse
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teleconnection patterns have been observed: For instance, a
study done by Yadav et al. (2018) with data after late-1970s
showed that the Atlantic Nifio significantly influences north-
ern Indian rainfall in a east-west dipole pattern across India;
this is different from previous thoughts (e.g., Kucharski et al.
2008) that considered the ISM rainfall homogeneously but
did not separate the anti-correlated northwestern and north-
eastern rainfall regimes. While Kucharski et al. (2008) did
mention the tropical circulation perturbation and the Atlantic
Niflo, they did not include the mid-latitude disturbances that
evidentially affect the northern Indian rainfall variability.
In this study, we explored the processes responsible for the
previously documented reduction of ENSO influences on
northern ISM through examination of the decadal variation
in the teleconnections and the distinctive circulation pat-
terns. The data and methods are described in Sect. 2. The
results are presented in Sect. 3, and finally the conclusion
and discussion in the last section.

2 Data and model

Monthly Indian meteorological subdivisions of rainfall data
from June to September (JJAS), for the period 1948-2016
(69-years), were obtained from the Indian Institute of Tropi-
cal Meteorology records (Parthasarathy et al. 1995; available
at http://www.tropmet.res.in). Rainfall records from 37 rain-
gauges within the Bihar and East Uttar Pradesh sub-divi-
sions were acquired for the purposes of this study. Other data
resources used included NCEP/NCAR reanalysis data (Kal-
nay et al. 1996) and monthly sea surface temperatures (SST)
from the ERSST version 5 data set (Huang et al. 2017).

Table List of acronyms used in the paper

The NCEP/NCAR reanalysis is the only full atmospheric
assimilation dataset available to study this secular relation-
ship from 1948 onwards, based on the in-situ observational
records. For spatial plotting of rainfall, we have used gridded
(0.25°) rainfall data from the India Meteorological Depart-
ment (Pai et al. 2014).

All the data series, except for the trend analysis, were de-
trended before carrying out any correlation and regression
analysis in order to highlight inter-annual and inter-decadal
variations. Excess and deficient years were defined if the
standardized values were greater than + 1 and less than — 1,
respectively. We also used a simplified general circulation
model (Simplified Parameterizations, privitivE-Equation
DYnamics, SPEEDY), developed at the International Cen-
tre for Theoretical Physics (ICTP) (Molteni 2003; Kucharski
et al. 2006), to investigate potential atmospheric responses to
SST anomalies. Although the eight-vertical-layer SPEEDY
model conducted at longitude/latitude resolution by 3.75°
might inevitably include unrealistic topographic effects, it
can capture the major circulation features of South Asian
summer monsoon, including particularly the seasonal migra-
tion of large-scale circulation (Wu et al. 2018). The integra-
tion length of the SPEEDY model simulations was 50 years
and the latest 30 years were analyzed (Table 1).

3 Results
3.1 The state of change

The area weighted average rainfall of north central ISM is
shown in Fig. 2a for the period of 1948-2016, revealing

Acronyms Description

BoB Bay-of-Bengal

CGT Circum-global teleconnection

ENSO El-Nifio-Southern Oscillation

ERSST Extended reconstructed sea surface temperature

GPH Geo-potential height

ISM Indian summer monsoon

ITCZ Inter tropical convergence zone

JJAS June to September

MSLP Mean sea level pressure

NCEP/NCAR The National Centers for Environmental Prediction (NCEP) and the National Center for
Atmospheric Research (NCAR)

SAD Sub-tropical south Atlantic dipole

SPCZ South Pacific convergence zone

SPEEDY Simplified parameterizations, privitive-equation dynamics

SST Sea surface temperature

TPD Tropical Pacific Dipole between northeast of Australia and north of equatorial central Pacific
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Fig.2 Standardized time series of (a) north central ISM and (b) 250-hPa GPH index for the1948-2016 period. The standardized values greater
and lower than + 1 and — 1 represents theexcess and deficient years, respectively. The horizontal dashed lines are + 1 and — 1 standardized values

marked inter-annual variability. We computed the contigu-
ous correlation patterns of the north central ISM rainfall
with (a) SST, mean sea level pressure (MSLP) and 850-
hPa winds, and (b) 250-hPa geo-potential height (GPH)
and winds, for the 1948-2016 period and shown in Fig. 3.
The correlation of low-level circulation features shows a La
Nifia-type pattern in the Pacific, exhibiting a SST dipole
with strong negative correlations of SST over north equato-
rial Pacific and a positive correlation center northeast of
Australia. The north-east of Australia describes the posi-
tion of ‘south Pacific convergence zone’ (SPCZ) and the
north of equatorial Pacific box represents the ‘inter tropical
convergence zone’ (ITCZ) at the central Pacific. The mean
SPCZ tends to lie over a region of large SST gradient, while
ITCZ over a maximum of SST (Fig. 6). Both SPCZ and
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ITCZ are inter-related to each other. La Nifa-like condi-
tions with weakening of ITCZ is associated with a south-
westward displacement of the SPCZ. On the other hand, El
Niflo-like condition with intense ITCZ is associated with
a northeastward displacement of the SPCZ (Folland et al.
2002). Also, La Nifia-like condition is associated with strong
trade winds that result in upwelling of cold deep water in the
large areas due to divergence and vice-versa for El Nifio-
like condition. Therefore the SST correlation over equatorial
central Pacific is much larger than north-east of Australia.
The MSLP shows a strong positive correlation in the north
Pacific and, the tropical central and eastern Pacific; this is
associated with an anti-cyclonic circulation anomaly over
the north Pacific. Significant anomalous south/southeast-
erly winds from Bay-of-Bengal (BoB) and northerly winds
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Fig.3 a Contiguous correlation of north central ISM with (a) SST
(shaded), MSLP (contours) and regression of 850 hPa wind (arrows;
m/s) onto north central ISM and (b) 250-hPa geopotential (color
shade and contours above 95% significant level) and regression of
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250-hPa wind (arrows; m/s) onto north central ISM. The pink boxes
in (a) represents the tropical Pacific dipole (TPD). The blue boxes in
(b) are considered for calculating the pressure gradient at 250-hPa
level
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from north of India are converging towards north central
ISM region acting as the source of moisture supply. Cor-
respondingly, the 250-hPa GPH (Fig. 3b) shows significant
negative correlation over tropical Pacific and west tropical
Indian Ocean and patches of significant positive correlation
along the mid-latitude/extra-tropical regions (20°N-50°N),
with strong positive correlation over northwest of India and
east Mediterranean. The significant high pressure anomaly
over east Asia, North Pacific and North Atlantic, represents a
circum-global teleconnection (CGT) pattern with high zonal
wave number; this was first noted Hoskins and Ambrizzi
(1993), Ambrizzi et al. (1995) and later was observed to
accompany ENSO (Chen 2002) and connected to northern
India (Ding and Wang 2005; Yadav 2009a, b). The posi-
tive and negative pressure anomalies over the northwest
of India and west tropical Indian Ocean, respectively, give
rise to significant anomalous northeasterly winds over India
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subcontinent that are relatively cool and dry. Their interac-
tion results in the upper-troposphere northeasterly air sink-
ing, forcing the comparatively lighter, moisture laden lower-
level southerly/southeasterly monsoonal flow upward. Thus,
strong convection ensues over north central India (Yadav
and Roxy 2019).

Further, to assess the impact of upper-level GPH gradi-
ent on the north central ISM region, we isolated the 250-
hPa GPH data from the significant correlations in Fig. 3b
(boxed areas of 50° E-80° E, 25° N-45° N and 40° E-65°
E, 5° S-10° N). Even though the GPH over the two regions
are poorly correlated (r=0.157, 1948-2016), their meridi-
onal gradient (north minus south, Fig. 3b) is strongly cor-
related to the northern ISM rainfall (r=0.47, significant at
99.9% level). Time series of this GPH gradient is shown in
Fig. 2b, indicating that this gradient setup and associated
250-hPa zonal and meridional winds steers a northeasterly
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wind that affects north central India rainfall. This relation-
ship would later serve as a dynamic linkage between the
changing Atlantic and Pacific influences on the north cen-
tral ISM rainfall.

Next, we investigated the long-term variation of the north
central ISM rainfall by computing the 21-year sliding corre-
lation with the Topical Pacific SST Dipole index, calculated

by the difference between the northeast of Australia and the
north-equatorial Pacific index (hereafter referred as TPD),
as both these indexes are anti-correlated among themselves
(Folland et al. 2002). The sliding correlation (Fig. 4a, blue
line) shows weak positive correlation upto late-1940s. The
relationship was significantly positive from late-1940s to
late-1970s. Thereafter, it shows a gradual weakening of
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Fig.5 Contiguous correlation of north central ISM with SST (color

shaded) and 250-hPa GPH (contours) for the (a) period 1 and (b)
period 2. The blue boxes depict the 250-hPa pressure gradient regions

and pink boxes SST dipoles. The color shade and grey dots of con-
tours are above 95% significant level
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the relationship, especially from the late-1970s. Significant
long-term changes in the distribution of tropical Pacific SST
around the late-1970s, as was reported previously by Gra-
ham (1994), Trenberth and Hurrell (1994) could have some
connection with the correlation change shown in Fig. 4a.
Moreover, changes in teleconnections and circulation pat-
terns around the late-1970s have also been observed (Ding
et al. 2010; Lin et al. 2010; Qu and Huang 2012; Zhou et al.
2009; Yu and Zhou 2007). The mechanism by which this
decadal variational shifts as occurred is examined in the
ensuing analyses.

3.2 Change in the interannual variations

To examine the differences in circulation features associated
with the decadal variation in the north central ISM rainfall’s
modulators, we constructed correlations and regressions for
two time slices; i.e. 1948-78 (31 years of length —period
1) and 1979-2016 (38 years of length — period 2). Refer-
encing Fig. 5, the observed differences in the north central
ISM correlation patterns between periods 1 and 2 are: (a)
the SST correlation in the Pacific for period 1 is distinctly
stronger compared to period 2, (b) the 250-hPa low pressure
anomaly is significant at west tropical Indian Ocean (period
1) while in period 2, the positive correlation at northwest of
India is stronger, (c¢) in period 2, the south Atlantic shows
a distinctive SST dipole pattern characterized by a positive
correlation over the eastern tropical Atlantic and negative
correlation over southwest Atlantic; this is referred to as the
sub-tropical south Atlantic dipole (SAD) (Nnamchi et al.
2016) that is absent in period 1. Finally, the CGT pattern
is visible in both periods but is more extensive in period 1
compared to period 2.

What is more, the 21-year sliding correlation between
the north central ISM and the SAD (Fig. 4a, red line) shows

Fig.6 SST trend analysis for
the period 1948:2016 (shaded).
Contours superimposed are

the SST climatology (black
contours for 21 — 27 °C with
interval 2 °C, red contours for 20°N
27.5 °C above with interval

0.5 °C). The grey dots are SST

trends significant at 95% con- 0°
fidence levels. The pink boxes

represent the regions considered

for tropical Pacific dipole (TPD) 20°S
and south Atlantic dipole (SAD)

40°N

40°S

positive correlation upto 1930s, then weak negative correla-
tion upto 1980s and then a steady strengthening of the posi-
tive relationship, especially from the late-1970s. After the
late-1970s the SAD-north central ISM relationship reverts
to one that is both positive and significant. Moreover, it is
interesting to note that, while the TPD is no longer signifi-
cant, the SAD attained significance and this indicates an
increasing combined effect of TPD and SAD on the north
central ISM. The 21-year sliding correlation between TPD
and SAD (Fig. 4a, green line) also indicates significant posi-
tive correlation between 1880s and 1930s and weak relation-
ship between 1930s and 1970s and then a strengthening cor-
respondence with each other after late-1970s, a previously
undocumented feature. The technique of partial correlation
has been used to remove the SAD from the contemporane-
ous TPD on the correlation between north central ISM and
TPD in a statistical sense and vice versa for TPD removal.
The 21-year sliding partial correlation between north cen-
tral ISM and TPD after removing the SAD (Fig. 4b, cyan
line) show similarly strong correlation prior to late-1970s
and gradually become insignificant afterwards. The 21-year
sliding partial correlation between north central ISM and
SAD after removing the TPD (Fig. 4b, orange line) also
switched around late-1970s. In both cases the partial corre-
lations after removing the contribution of their counterpart
are in good agreement with those without (Fig. 4a). It is
important to note in the post late-1970s where SAD and TPD
are inter-correlated among themselves, the influence of SAD
remained after late-1970s for north central ISM. We have
also plotted 21-year sliding correlation window for each of
the dipole indexes (Fig. 4c). The south Atlantic dipole goes
hand-by-hand with opposite correlation throughout the data
period. But the Pacific dipole the north-equatorial SST box
doesn’t always follows the SST of north-east of Australia
box. In the recent decades the drop of correlation of TPD

—-0.03
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with rainfall is mainly from the SST of the north-east of
Australia box.

To examine why the TPD seems to weaken its influence
on north central ISM, we plotted the global SST trend for the
entire period: 1948-2016 (Fig. 6). The SST shows signifi-
cant increasing trend all along the tropics. The rising trend
of SST over the equatorial and south-eastern tropical Atlan-
tic has intensified the ITCZ over Atlantic and adjoining west
Africa. The SAD is strongly related to the ITCZ of Atlan-
tic and west Africa (Nnamchi et al. 2016; Yadav 2017b;
Yadav et al. 2018) while the intensified ITCZ modulates the
global circulation. Therefore, the influence of the SAD on
the north central ISM, which has seemed to be overlooked
before late-1970s, has become active afterwards. In the north
equatorial Pacific, where the climatological SST is greater
than 28°C and is strongly anti-correlated with north central
ISM, a significant increasing SST trend prevails. Since the
climatological SST is greater than 28°C, a slight increase
or decrease in SST will affect a considerable bearing on
available moisture and tropospheric heating and in doing
so, the modulation of the large-scale circulation. Also, the
increasing SST trend over the northern equatorial Pacific
brings about an expansion of the Pacific warm-pool and
so, convection intensification that is evident in the elevated
tropical GPH height (Fig. 3b), which became unfavorable
for north central ISM. In the southwest of the Atlantic, the
climatological SST is below 20°C, therefore the increasing
trend in SST in this region is less likely to have an impact
on the atmospheric circulation.

To depict the TPD process, an analysis similar to Fig. 5
was conducted and is shown in Fig. 7. The difference in
the correlation patterns between the TPD and SST indicates
that significant SST warming was limited to the Pacific
only (period 1). In period 2, significant SST warming has
extended into areas in the Atlantic and Indian Oceans, i.e.,
into the equatorial western Pacific, the northwestern Pacific
and northwest of Australia. What this advocates is that, in
period 1, the La Nifia was under the influence of a dimin-
ished warm-pool, while in period 2, the expanded warm-
pool region likely initiated more intense and widespread.
Furthermore, the sub-tropical south Atlantic dipole (Nnam-
chi et al. 2016; Yadav et al. 2018) is absent in period 1 but
is revealed in period 2 (this is consistent with Fig. 4a, green
line). The comparative spread of the warm-pool resulted
in an increase in the tropospheric height, as was observed
in Fig. 7b, evidenced by the lack of significance /reduced
negative correlation of the 250-hPa GPH over the tropical
Indian Ocean, Africa and Atlantic Ocean. This observa-
tion echoes the established La-Nifia/El-Nifio negative/posi-
tive GPH anomalies over the tropics due to tropical cool-
ing/warming of SSTs (Yadav et al. 2010). In period 2, the
Northern Hemisphere shows more patches of positive GPH
correlations, representing a strong CGT pattern. This infers

that the simultaneous occurrences of Atlantic Nifio and
La-Nifia resulted in stronger CGT pattern in the Northern
Hemisphere.

Next, correlation analysis for SAD was done for both peri-
ods (Fig. 8). For period 1, the 250-hPa GPH shows signifi-
cant negative correlation over the mid-latitude Indian region
and weak correlation over the tropical west Indian Ocean,
which is unfavorable for the development of the northern
ISM (this is consistent with Fig. 4a, red line). For period
2, the mid-latitude/extra-tropics region of the Northern
Hemisphere shows areas of significant positive correlations
corresponding to the CGT pattern. The La-Nina-type pat-
tern is present. The Atlantic Dipole intensifies the Atlantic
and west African ITCZ, which in turn produces a standing
wave encircling north Africa, Mediterranean and Europe;
this is observed as alternating negative and positive GPH
anomalies over tropical Atlantic and Africa, the Mediterra-
nean and northwestern Europe as the background jet stream
weakens in this region. As was noted by Ding and Wang
(2007), the northwest of Europe is the center of action for
the generation and propagation of the Eurasian wave/CGT
pattern. Similarly, the SAD fosters positive GPH anomalies
over the Northern Hemisphere mid-latitude/extra-tropics
and intensifies the CGT pattern. The significant negative
correlation over tropical Atlantic and Africa along with the
western Indian Ocean is due to poleward displacement of
upper-troposphere GPH — a result of the ITCZ intensifica-
tion over the Atlantic and Africa. The intense ITCZ gener-
ates strong upper-tropospheric divergence which displaces
the zonally elongated Tibetan anticyclone that extends into
northern Africa; this creates a negative pressure anomaly
this is similar to what was observed. Last but not least, the
significant negative correlation over the tropical Indo-Pacific
and African regions is due to the simultaneous occurrence
of the Atlantic Nifio and La-Nifia.

3.3 Modeling exploration

To investigate the observed role of TPD- and SAD-type
SST anomalies as was previously discussed, a series of the
SPEEDY simulations were conducted (see Sect. 2). Com-
pared with the control simulation which has a climatological
SST, the TPD simulation has the SST anomalies (Fig. 9a and
1975as forcing) over the Pacific region (120° E-90° W, 30°
S-20° N), whereas the SAD simulation has the SST anoma-
lies (Fig. 9c and 1999 as forcing) over the Atlantic region
(60° W=20° E, 50° S—10° N). The regional SST forcing was
fixed in JJAS. An extra simulation named TPD +SAD was
further performed by including the SST forcing over both
the Pacific and Atlantic regions (i.e. TPD and SAD forc-
ing in combination, Fig. 9¢). The TPD + SAD simulation
was examined as the case that the simultaneous occurrences
of TPD and SAD have been observed since the late-1970s
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Fig. 7 Contiguous correlation of tropical Pacific dipole (TPD) with SST (color shade) and 250-hPa GPH (contours) for the (a) period 1 and (b)
period 2. The color shade and grey dots of contours are above 95% significant level

(Rodriguez-Fonseca et al. 2009; Ding et al. 2012). The
atmospheric responses to the SST anomalies can be explored
when comparing the experimental simulations to the con-
trol simulation (Fig. 9b, d, and f). The model response was
compared with the composite analysis for the excess minus
deficient years the TPD and SAD composites (Fig. 9g—h).
The model response of TPD shows upper-troposphere
(200-hPa) negative GPH anomaly along the tropics and

@ Springer

positive anomaly over east Asia, which agrees with the
composite analysis of TPD. The negative anomaly over
tropics is over estimated, while the east Asia positive
anomaly is under estimated. This lends support to the
documented association of east Asia monsoon with La-
Niiia events via ISM (Ding and Wang 2005; Yadav 2009a,
b). The northeasterly winds over the Indian subcontinent
correspond to the upper-level divergence over tropical
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west Pacific, and negative GPH anomaly over tropical
Indian Ocean. The decrease in SST over central equato-
rial Pacific and increase in SST over northeast of Australia
reveals the contraction of warm-pool region resulting in
strong convection and upper-troposphere divergence over
warm-pool region. The SAD response (Fig. 9d) captures
the Eurasian wave train similar to observation (Fig. 9h)
consisting consecutive positive-negative GPH anomalies

all along the upper-troposphere mid-latitude/extra-tropics
but with reduced GPH anomalies. The positive anomaly
along the tropical Atlantic and Africa represents strong
convection elevating tropopause height (Fig. 9d). Caveats
of the simulations do exits, since the model is not able to
capture the poleward displacement of the zonally elon-
gated Tibetan High over north Africa and Mediterranean,
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TPD+SAD. The composite of 250-hPa GPH for excess—deficient
(color shade) and significant (black contours) for (g) TPD during

and meridional standing wave due to the upper troposphere
strong divergence caused by the strong convection.

It has been observed that, after late-1970s, Atlantic Nifio
and La-Nifia tended to occur simultaneously (Rodriguez-
Fonseca et al. 2009; Ding et al. 2012). Therefore, to see the
combined effect of both Atlantic Nifio and La-Nifia on the
circulation pattern, we examined the compound simulation
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period 1 and (h) SAD for period 2. The green boxes in (d) and (h)
represents the wave patterns and pink boxes in (f) and (h) represents
the stationary waves

of both TPD and SAD. The compound response of TPD and
SAD (Fig. 9f) appears to represent the meridional stand-
ing wave, with a slight poleward displacement in the GPH
anomalies. The negative GPH anomaly over tropical Atlantic
is the response of Pacific La-Nina effect lowering the tropi-
cal tropopause height, as observed in Figs. 9b and 7a. The
Northern Hemisphere CGT pattern is also well captured in
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the compound response. Overall, the model is able to capture
the observed patterns with a slight shift.

3.4 Change in the synoptic processes

Synoptic disturbances are an important rain producer in this
region. During this season (JJAS), numbers of tropical lows,
depressions, deep depressions, storms and severe storms are
formed in the north Indian Ocean. These systems generally
move west-northwest direction towards the Indian landmass
(Goswami 1987), produces heavy rainfall while imposing on
the inter-annual variability of north central ISM. So, we have
plotted the tracks of these storms obtained from “Tropical
cyclone best track data site” maintained by Joint Typhoon
Warming Centre JTWC), USA along with the composite
of SST and rainfall anomaly over India to get more insight
into their relationship. Figure 10 shows the tracks of these
systems, SST composite and composite rainfall anomaly
for period 1 (Fig. 10a), period 2 (Fig. 10b), for the excess
and deficient years of north central ISM (Fig. 10c, d), TPD
(Fig. 10e, f) and SAD (Fig. 10g, h). In period 1, the storms
were formed in the head Bay-of-Bengal (BoB) and moved
westward/northwestward to north-west India. Compara-
tively, fewer storms were formed over north Arabian Sea.
While, in period 2 the numbers of storms formed are com-
paratively much lesser than period 1, the storms were more
scattered and quite good numbers shows more north ward
movement. The average SST in the BoB and north and south
of Arabian Sea is much warmer in period 2 than in period 1.
The formation of storms not only depends upon the warmer
SST but also upon the weaker wind shear, lower level
convergence, strong convection and moisture supply. The
warmer BoB in the post-79 was favorable for more produc-
tion of storms, but the other parameters such as strong tropo-
spheric wind shear were not suitable for the formation of the
storms. Also, warmer SST shifted the ITCZ further south.
The vortices formed along the ITCZ and further developed
into storms were, therefore, observed mostly along the off-
east coast of India and Arabian Sea.

During the excess north central ISM, TPD and SAD
years, the storm paths were more zonal and the SST was
relatively cooler than the deficient north central ISM, TPD
and SAD years. In the deficient years, the storm tracks were
more meridional and away from north India compared to
excess years. In summary, during the excess years the storms
are well organized, formed overhead Bay-of-Bengal (BoB)
and migrates west-northwest direction towards south of
north central India and the SSTs are cooler than the deficient
years. While, during deficient years the storm are scattered,
formed all along the eastern coast of India and quite good
numbers of storm move northwards towards Bangladesh.
The rainfall over north central India doesn’t depends upon
the numbers of storms formed during the season, but the

position of storms formation and their direction of move-
ments. The excess years represents the La-Nifia type patterns
when the warm-pool is more contracted and accompanied
by the reduction of the Indian Ocean warming. On the other
hand, the deficient years represents the El-Nifio type patterns
when the warm-pool is zonally elongated and the tropical
Indian Ocean is warmed. These changes shift the ITCZ to
lower latitudes in the India Ocean scattering the storms all
along the north Indian Ocean. Furthermore, during excess
years (Fig. 10, left panels) the upper-troposphere anomalous
winds are northeasterlies, reducing the tropospheric wind
shear over north India while allowing more frequent intru-
sion of comparatively cold and dry air masses from mid-
latitude. This produces favorable conditions for the storms
to form in the BoB and moves west-northwest direction.
While, during deficient years (Fig. 10, right panels), the
anomalous westerlies increase the tropospheric wind shear
and hinders the intrusion of mid-latitude air masses. This
also steers the westward moving storms to turn eastward
under the influence of westerly, taking the storms away from
north India (Wang et al. 2013). This confirms our hypothesis
how anomalous northeasterly over Indian sub-continent are
important for the storms track dynamics and for the convec-
tive activities over north India.

4 Conclusion and discussion

The current study attempts to explain the apparent change in
the teleconnections of north central India summer monsoon
rainfall before and after the late-1970s. The analysis shows
that the north central ISM rainfall undergoes the combined
effect of the interaction between the lower-level monsoonal
flow and the upper-tropospheric meridional wind and it
is significantly correlated to remote forcing of the Pacific
and Atlantic SST dipoles. The La Nifia-type pattern in the
Pacific acts to reduce the tropopause height across the trop-
ics, creating upper-troposphere negative GPH anomaly at the
tropical west Indian Ocean. This circulation setup accom-
panies anomalous northeasterly over India, favorable for the
north central ISM rainfall. The Atlantic dipole intensifiers
the Atlantic and west Africa ITCZ, which generates station-
ary wave at the upper-troposphere while affecting the GPH
anomaly of northwest Europe. A Eurasian wave train is then
generated across central Asia, revealing a structure that
resembles the CGT pattern. The CGT then creates positive
GPH anomalies over mid-latitude/extra-tropics, favorable for
north central ISM rainfall.

Earlier studies (Ramaswamy 1956, 1962; Ramamurthy
1969; Krishnamurti et al. 1980; Raman and Rao 1981) have
reported that the summer monsoon is active over north
India when the monsoon trough shifts northwards towards
the foot hills of Himalayas. Occasionally, high amplitude
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north central ISM years, (e) excess and (f) deficient tropical Pacific
dipole (TPD) years, and (g) excess and (h) deficient south Atlantic
dipole (SAD) years
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upper-tropospheric westerly trough intrudes into the north-
ern parts of India, reinforcing the outbreak of convective
activities. The current study adds further details to those
findings by showing that the upper-troposphere anomalous
positive and negative GPH over northwest of India and
tropical west Indian Ocean, respectively, are associated with
northeasterly over Indian sub-continent that is favorable for
north central ISM. These regional upper-troposphere pres-
sure anomalies have remained unchanged over the entire
analysis period, but their connection with remote oceanic
forcing have changed from one that was mostly affected by
La-Nifia to another that is collectively modulated by the sub-
tropical south Atlantic dipole patterns.
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