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Abstract

Based on the observational and reanalysis data, El Nifio warming patterns associated with
the South Asian summer monsoon droughts are investigated. While the inverse relationship
between the eastern Pacific (EP) type of El Nifio-Southern Oscillation (ENSO) and the Indian
monsoon rainfall weakened significantly, the correlation between the central Pacific (CP)
type of ENSO and the monsoon rainfall strengthened after the late 1970s. Moreover, the
drought-producing ElNifio warming pattern also exhibits a notable decadal modulation
associated with the climate shift. The analysis results indicate that both the EP type of El Nifio
with positive sea surface temperature (SST) anomalies extended to the date line and the CP
type of ElNiiio with the maximum warming located in the central equatorial Pacific may
produce severe droughts over the Indian subcontinent. Although the CP warming is more
effective in driving anomalous rising motion in the central equatorial Pacific and consequently
producing anomalous subsidence over South Asia, the position and strength of the anomalous
ascending and descending branches of the Walker circulation are sensitive to the detailed
distributions of tropical SST anomalies and determined by the competing effects of the CP

and EP warming.
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I. Introduction

El Nifio-Southern Oscillation (ENSO) is the dominant
mode of climate variability on interannual timescale,
which can exert great impacts on the global climate,
including the South Asian summer monsoon (SASM).
The relationship between ENSO and SASM on both
interannual and interdecadal timescales has been exten-
sively addressed by many previous studies (Rasmusson
and Carpenter, 1983; Ropelewski and Halpert, 1987;
Webster and Yang, 1992; Grove, 1998; Krishnamurthy
and Goswami, 2000; Fan etal, 2010). The warm
(cold) episodes of ENSO tend to be associated with
below-normal (above-normal) Indian monsoon rainfall,
and the ElNifo index and the All-India monsoon rain-
fall (AIMR) index (Mooley and Parthasarathy, 1984;
Parthasarathy er al., 1994) are significantly and nega-
tively correlated. The recognition of a different type of
El Nifio, referred to as the central Pacific (CP) El Nifio
(Ashok et al., 2007; Yu and Kao, 2007; Ashok and Yam-
agata, 2009; Kao and Yu, 2009; Kug et al., 2009), pro-
vides a new way to explore ENSO influences on global
and regional climate. Different from the canonical east-
ern Pacific (EP) ElNifo, the CP type of EINifio is
characterized by positive sea surface temperature (SST)
anomalies concentrated in the central tropical Pacific
and is less sensitive to the thermocline variations (Kao
and Yu, 2009; Zheng et al., 2014). As the ENSO affects

the SASM through the east—west displacement of the
Walker circulation, the change in spatial configurations
of SST anomalies leads to the change in the position
and strength of the rising and sinking branches of the
Walker circulation anomalies, and consequently alters
the spatial distributions of precipitation anomalies over
South and Southeast Asia (Ropelewski and Halpert,
1987; Palmer et al., 1992).

The climate system experienced notable decadal
variation in the late 1970s, which is related to the phase
transition of the Pacific Decadal Oscillation (Trenberth,
1990; Mantua and Hare, 2002) and human activity
induced global warming. During this climate transi-
tion, the conventional inverse relationship between
ENSO and SASM has collapsed. Krishna Kumar et al.
(1999) analyzed the 140-year historical record and
found a drop in correlations between Indian sum-
mer monsoon rainfall and summer (June-July-August
(JJA) mean) Nifno-3 SST anomalies after the late
1970s. Although this weakening of the ENSO-Indian
monsoon rainfall relationship may be due to natural
variability (Mehta and Lau, 1997; Gershunov et al.,
2001), some evidence (Krishna Kumar et al., 1999)
suggests that anthropogenic global warming might
be the root cause. Further investigations (Krishna
Kumar et al., 2006) of the detailed spatial distributions
of eastern-to-central tropical Pacific SST anomalies
related to the Indian monsoon droughts revealed that
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El Nifio events characterized by CP warming are more
effective in producing Indian monsoon failure than
those accompanied by EP warming.

Better understanding of the ENSO-monsoon associ-
ation is of great importance for monsoon predictions.
The precipitation data used in Krishna Kumar et al.
(2006) to illustrate composite spatial patterns only
covers the period 1979-2004. Whether the Indian
monsoon drought-related ElNifilo warming pattern
underwent a decadal shift is still unclear. The objectives
of this study are to identify the spatial characteristics
of EINifio warming patterns associated with the
Indian monsoon droughts and to examine whether the
monsoon drought-inducing ElNifios exhibit different
warming patterns between pre- and post-late 1970s.
The rest of this article is organized as follows. The data
and method are described in Section 2. Section 3 shows
the main results, followed by conclusions in Section 4.

2. Data and method description

The observational data used in this study include
monthly mean SST data provided by the Hadley
Centre’s sea ice and sea surface temperature dataset
(HadISST) (Rayner et al., 2003) and the precipitation
dataset with high-resolution grids for Asia devel-
oped by the Asian Precipitation — Highly Resolved
Observational Data Integration Towards Evaluation
of Water Resources (APHRODITE) project (Yatagai
et al., 2012). The APHRODITE’s precipitation dataset
has been used to evaluate the models’ performance in
reproducing observed precipitation in East Asia (Lin
and Zhou, 2015). This study also used precipitation
and velocity potential from the Twentieth Century
Reanalysis Version 2 (Compo et al., 2011), which was
provided by the National Oceanic and Atmospheric
Administration’s (NOAA'’s) Office of Oceanic and
Atmospheric Research (OAR) Earth System Research
Laboratory (ESRL) Physical Science Division (PSD),
Boulder, Colorado, from its website (http://www.esrl
.noaa.gov/psd/). This long-term reanalysis dataset
was generated using an Ensemble Kalman Filter data
assimilation method and surface pressure observations
were assimilated into the model.

The AIMR, representing the interannual variabil-
ity of the regionally averaged summer monsoon
[June—September (JJAS)] rainfall over India, was
calculated based on rain gauge observations from
hundreds of stations (Parthasarathy et al., 1995). While
the influence of ENSO on the East Asian summer
monsoon is significant during the decaying stage of
ENSO through an anomalous western North Pacific
anticyclone (Wang et al., 2000), the ENSO has an
instantaneous impact on the SASM in the developing
phase of ENSO by altering the ascending and descend-
ing branches of the Walker circulation (Krishna Kumar
et al., 1999; Wang et al., 2001). The criterion for select-
ing strong El Nifio events is that the standardized boreal
summer mean (JJAS) Nifo-3 (5°S—5°N, 90—150°W)
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Table I. Strong  EINifio events (standardized Nifio-3
index>1.0) and the associated All-India monsoon rain-
fall (AIMR) during the shorter (1950-2012) and longer
(1871-2012) periods.

Standardized

Nifo-3 Nifio-3
SST SST
anomaly anomaly AIMR Standardized
Years (°C) index Type (mm) AIMR index
Strong EI Nifio events (1950-2012)
1951 L1 146 EP 7387 —-1.20
1957 [.18 1.55 EP 7885 -0.61
1963 0.86 113 CP 8577 0.21
1965 122 1.60 EP 7092 —1.54
1972 1.62 2.12 EP 6528 =221
1976 0.96 1.26 EP 8566 0.20
1982 [.19 1.56 EP 7351 —1.24
1983 1.03 1.35 EP 9556 1.37
1987 143 1.88 CP 6970 —1.69
1997 240 3.15 EP 8714 0.37
Strong EI'Nifio Events (1871-2012)
1877 1.63 242 CP 6039 -2.93
1888 0.98 1.46 EP 8l14 —0.44
1896 0.82 122 EP 8284 -0.23
1900 0.84 125 CP 8892 0.50
1902 1.45 216 cP 7917 -0.67
1904 0.72 1.08 EP 7501 —1.17
1905 1.27 1.88 CP 7163 —1.58
1914 0.80 .19 EP 8979 0.60
1918 0.85 1.27 EP 6506 -2.37
1919 0.74 [.10 CP 8844 0.44
1925 0.87 1.30 EP 8035 —-0.53
1930 097 1.44 EP 8044 —-0.52
1941 0.76 .13 CP 7281 —1.44
1951 1.0l 1.50 EP 7387 —1.31
1957 1.09 1.62 EP 7885 -0.71
1963 0.79 .17 EP 8577 0.12
1965 I.16 171 EP 7092 —1.66
1972 1.58 234 EP 6528 -2.34
1976 0.94 1.39 EP 8566 0.10
1982 118 1.75 EP 7351 —1.35
1983 1.03 1.52 EP 9556 1.29
1987 1.44 213 CP 6970 —1.81
1997 244 3.62 EP 8714 0.28
2009 0.79 118 CP 6676 -2.16

The EP and CP types of EINifio are identified based on the EP/CP ENSO
index method developed by Kao and Yu (2009).

SST anomaly index is greater than +1.0. It is worth
noting that we have used the summer rather than winter
Nifio-3 index in this study to identify ElNifio events
because we focus on examining the simultaneous rela-
tionship between ENSO and SASM. Furthermore, the
EP and CP types of ElNiifio have been differentiated
using a previously derived procedure [i.e. the combined
regression-Empirical Orthogonal Function (EOF)
method] (Kao and Yu, 2009; Yu et al., 2012). To define
the EP ENSO index, the SST anomalies regressed on
the Nino-4 (5°S-5°N, 160°E—150°W) index were
firstly removed from the original SST anomalies, and
then the leading principal component of the residual
SST anomalies was extracted with the EOF analysis
to represent the EP ENSO variability. Similarly, the
CP ENSO index was defined as the leading principal
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Figure 1. (2) Interannual time series of the Nifio-3 SST anomaly index (blue), the EP ENSO index (red), and the CP ENSO index
(green) for boreal summer season (June—September) during the 1871-2012 period. These series have been standardized to have
zero mean and unit standard deviation. (b) Sliding correlations on a 21-year moving window between the ENSO indices and the
AIMR index during the 1871-2012 period. The horizontal dashed lines indicate the one-tailed p =0.05 and p =0.I significance

levels.

component of the SST anomalies in which the influence
from the Nifio 1+2 (0-10°S, 80-90°W) region had
been removed. Strong EINifio events were classified
into EP and CP types based on the relative values of the
summer mean EP and CP ENSO indices. The selected
strong El Nifio events and two types of El Nifio during
two time periods are listed in Table 1.

3. Results

The interannual variations of the standardized sum-
mer mean (JJAS) Nifio-3 SST anomaly index and the
two types of ENSO indices are shown in Figure 1(a).
The Nifio-3 index is highly correlated with the EP
ENSO index (r=0.66) and weakly but significantly
correlated with the CP ENSO index (r=0.21) during
the 1871-2012 period. Figure 1(b) illustrates the slid-
ing correlations on a 21-year moving window between
the ENSO indices and the AIMR index. The sliding
correlations between the Nifio-3 index and the AIMR
index were substantially significant before the 1980s
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but weakened considerably thereafter. The sliding cor-
relations between the EP ENSO index and the AIMR
index, though relatively weak, are almost in phase with
those between the Nifio-3 index and the AIMR index.
The in-phase oscillations of the two sliding correlation
curves imply that the weakening of the ENSO-SASM
relationship after the late 1970s may be partly explained
by the breakdown in the connection between the EP
ENSO and the Indian monsoon rainfall. By contrast,
the sliding correlations between the CP ENSO index
and the AIMR index strengthened (r=-0.3 ~—-0.4)
and became marginally significant (p <0.1) in the last
three decades of the twentieth century, indicating that
the CP type of SST variation could explain 9 ~ 16% of
the Indian monsoon rainfall variability during this time
interval. It should be noted that the SASM response to
CP El Nifo warming is sensitive to the specific defini-
tion of the CP ENSO index (Garfinkel et al., 2013).
Figure 2 shows the simultaneous relationship between
Nifo-3 SST anomalies and the Indian monsoon rain-
fall anomalies in boreal summer season. It is evident
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that deficient (abundant) Indian monsoon rainfall con-
ditions are more likely to occur in the developing phase
of ElNifio (LaNifa) events. The negative correlations
between the Nifio-3 index and the AIMR index are sta-
tistically significant at the one-tailed p=0.001 level
for both the shorter 1950-2012 interval (r=—0.48)
and longer 1871-2012 interval (r=—-0.53). However,
the occurrence of moderate to strong ElNiflo events
does not necessarily guarantee the Indian monsoon fail-
ure. For 10 (24) strong ElNifio events (standardized
Nifio-3 index > 1.0) during the 1950—2012 period (the
1871-2012 period), only half of them produced Indian
monsoon droughts (standardized AIMR index < —1.0),
whereas the other half were accompanied by normal
(—1.0 < standardized AIMR index < 1.0) or even abun-
dant rainfall (standardized AIMR index > 1.0) condi-
tions. Given the important role of the CP warming in the
Indian monsoon drought raised by Krishna Kumar et al.
(2006), it is worth asking whether the drought-inducing
El Nifios are of the CP type. Somewhat surprisingly, for
the shorter 1950-2012 period (Figure 2(a)), there is not
a clear split between the EP and CP types of strong
El Nifios with respect to this consideration. When the
time interval is extended back to 1871 (Figure 2(b)), we
found a greater tendency for the CP El Nifios (62.5%:; 5
out of 8) to produce Indian monsoon droughts than the
EP El Nifos (37.5%; 6 out of 16). However, because of
the difficulty in discerning El Nifio types from the early
record when data are sparse (Giese and Ray, 2011),
these results are not sufficient to demonstrate that the
CP type of ElNifo is the determinative factor in the
Indian monsoon failure.

We next examined the differences in composite spa-
tial patterns of SST and precipitation between drought
(standardized AIMR index < —1.0) and drought-free
(standardized AIMR index >—1.0) EINifio years
(Figure 3). Undoubtedly, the composite difference
patterns of precipitation are featured by substan-
tially decreased rainfall over the Indian subcontinent
(Figure 3(a)). During the 1950—2012 period, the pri-
mary differences in composite SST pattern are the
greater warming in the central Pacific around 170°W
and less warming in the eastern Pacific along the
South American coast, consistent with the results
in Krishna Kumar et al. (2006). Splitting the whole
period (1950—-2012) into two subperiods (i.e. pre-1979
and post-1979), we found that the composite SST
difference patterns corresponding to the drought versus
drought-free rainfall conditions exhibit contrasting
features (Figure 3(b)). The composite SST difference
pattern in the later subperiod is quite similar to that in
the whole period, though the positive and negative SST
anomalies in the central and eastern Pacific are more
significant. In contrast, the drought-inducing El Nifio
pattern in the earlier subperiod is characterized by
overall enhanced warming in both central and eastern
equatorial Pacific, and the most prominent enhance-
ment of warming appears in the Nifiol +2 region.
Similar composite difference patterns can also be
produced by a larger group of El Nifio events selected
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Figure 2. The standardized summer mean (June—September)
Nifo-3 SST anomaly index and the standardized All-India mon-
soon rainfall (AIMR) index during (a) the 1950-2012 period
and (b) 1871-2012 period. Linear regression of the AIMR
index against the Nifio-3 index is shown in thick black line. EP
and CP EINifo events with standardized Nifio-3 SST anomaly
index> 1.0 are denoted by red dots and green diamonds,
respectively.

with a lower threshold (standardized Nifio-3 index
exceeding +0.65) (Appendices S1 and S2, Supporting
information). These results indicate that the ElNifo
warming pattern associated with Indian monsoon
drought experienced a notable decadal modulation in
the late 1970s.

For the purpose of better understanding the underly-
ing physical mechanism, velocity potential anomalies at
200 hPa in response to tropical SST anomalies in strong
El Nifio years are depicted in Figures 4 and S3. Note that
the 200 hPa velocity potential is used as a surrogate for
the Walker circulation with negative (positive) anoma-
lies corresponding to ascending (descending) motion
anomalies. Corresponding to the aforementioned com-
posite SST difference patterns, composite difference
patterns of precipitation and velocity potential at
200 hPa between drought and drought-free ElNifio
years are featured by enhanced ascending motion

Atmos. Sci. Let. 18: 175182 (2017)
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Figure 3. Composite difference patterns of (a) precipitation and (b) SST between drought (standardized AIMR index < —1.0) and
drought-free (standardized AIMR index > —1.0) EINifio years during the 1950—-2012 period, pre-1979 subperiod and post-1979
subperiod. Precipitation patterns are based on the APHRODITE'’s precipitation dataset covering the period 1951-2007. SST
patterns are based on the HadISST dataset over the 1950-2012 period.

(increased precipitation) in the central Pacific and
intensified subsidence (decreased precipitation) over
South Asia for both pre-1979 subperiod and post-1979
subperiod (Figure S3). The drought-producing El Nifio
events in the earlier 1950—1978 subperiod are of typ-
ical EP type with positive SST anomalies extended to
the date line (e.g. 1972; Figures 4(a) and S4). Although
the maximum positive SST anomalies for these typ-
ical ElNifios lie in the eastern equatorial Pacific, the
rising anomalies of the Walker circulation excited by
sea surface warming are concentrated in the central
equatorial Pacific. Correspondingly, compensatory
subsidence anomalies of the Walker circulation are
centered over or very close to the Indian subcontinent,
leading to suppressed convection and decreased SASM
precipitation (Figure 4(f)). Due to the fact that the
climatological SST in the central Pacific is higher
than that in the eastern Pacific, SST in the central
Pacific may exceed the threshold for convection with
a relatively small positive SST anomaly, resulting in
greater efficiency of CP warming in driving anomalous
atmospheric circulation (Graham and Barnett, 1987).
It is also worth noting that positive (negative) precipi-
tation anomalies coincide with ascending (descending)
motion anomalies, indicating a consistency between
convective precipitation changes and large-scale circu-
lation variations in the tropics. Accompanied by more
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frequent occurrence of the CP type of ElNifio after
the late 1970s, the drought-producing ElNifio events
in the later 1979-2012 subperiod may be of tradi-
tional EP type with warming extended westward (e.g.
1982; Figure 4(c)) or the newly emerged CP type (e.g.
1987; Figure 4(d)). Both these two types of EIlNifio
warming patterns may lead to the Indian monsoon
failure through the atmospheric teleconnection
(Figures 4(h) and (i)).

In contrast, the center of anomalous rising motion in
drought-free El Nifio years shifts to the eastern equa-
torial Pacific due to the lack of CP warming (e.g.
1976; Figures 4(b) and (g)). Consequently, the anoma-
lous sinking motion shows a prominent southeastward
displacement and is centered over the Maritime Con-
tinent, leaving the South Asian region less affected
by the subsidence anomalies. Despite the fact that
the ElNifio of 1997 was extremely strong (Nifio-3
SST anomaly =2.40 °C) with positive SST anoma-
lies extended to the date line, the even stronger EP
warming effect dominated over the CP warming effect
(Figure 4(e)). Accordingly, the centers of anomalous
ascending and descending motion were located over the
eastern equatorial Pacific and the Maritime Continent,
respectively, keeping the Indian monsoon rainfall at a
normal state (Figure 4(j)).

Atmos. Sci. Let. 18: 175182 (2017)
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the 1950-2012 period.

4. Conclusions

We have confirmed that the CP warming plays an
essential role in producing Indian monsoon droughts.
However, the “flavor” of the drought-inducing El Nifio
events is not necessarily of the CP type. In the earlier
1950-1978 subperiod, the composite SST difference

© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

pattern between drought and drought-free EIlNifo
years is featured by consistently enhanced warming
throughout the eastern-to-central equatorial Pacific,
and the Indian monsoon drought-inducing EINifio
events are of canonical EP type with warming signals
extended westward. By contrast, the composite SST
difference pattern in the later 1979-2012 subperiod is

Atmos. Sci. Let. 18: 175182 (2017)
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characterized by positive SST anomalies in the central
Pacific and negative SST anomalies in the eastern
Pacific, and the drought-producing ElNifio warming
pattern may be of traditional EP type or the recently
recognized CP type. These findings refine the previous
view of drought-producing ElNifio warming pattern
and raise the possibility that the severe Indian monsoon
droughts may be induced by different spatial distri-
butions of ElNifio warming associated with climate
shifts.
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Figure S1. The standardized summer mean (June—September)
Niflo-3 SST anomaly index and the standardized All-India mon-
soon rainfall (AIMR) index during the 1950—2012 period. Linear
regression of the AIMR index against the Nifio-3 index is shown
in thick black line. EP and CP El Nifio events with standardized
Nifio-3 SST anomaly index >0.65 are denoted by red dots and
green diamonds, respectively.

Figure S2. Composite difference patterns of (a) precipitation
and (b) SST between drought (standardized AIMR index <—1.0)
and drought-free (standardized AIMR index >-1.0) ElNifio

(standardized Nifio-3 index >0.65) years during the 1950-2012
period, pre-1979 subperiod and post-1979 subperiod.

Figure S3. Composite difference patterns of precipita-
tion (shaded) and velocity potential at 200hPa (contours;
x10°m?s~!) between drought (standardized AIMR index
<—1.0) and drought-free (standardized AIMR index >-—1.0)

El Nifio years during the 1950—2012 period, pre-1979 subperiod
and post-1979 subperiod.

Figure S4. (a)—(c) SST anomalies and (d)—(f) 200 hPa velocity
potential anomalies (contours; x10°m?s™') superimposed
on precipitation anomalies (shaded) for summer season
(June—September) in drought-producing ElNifio years (1951,
1965 and 1972) during the 1950—1978 subperiod.

Figure S5. (a)—(c) SST anomalies and (d)—(f) 200 hPa velocity
potential anomalies (contours; x10°m?s™') superimposed
on precipitation anomalies (shaded) for summer season
(June—September) in drought-free ElNifio years (1957, 1963
and 1976) during the 1950—1978 subperiod.

Figure S6. (a)—(c) SST anomalies and (d)—(f) 200 hPa velocity
potential anomalies (contours; x10°m?s~') superimposed
on precipitation anomalies (shaded) for summer season
(June—September) in drought-producing EINifio years (1982,
1987 and 2009) during the 1979-2012 subperiod.
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Figure S7. (a)-(b) SST anomalies and (c)—(d) 200hPa
velocity potential anomalies (contours; X10°m?s~!) superim-
posed on precipitation anomalies (shaded) for summer season
(June—September) in drought-free ElNifio years (1983 and
1997) during the 1979-2012 subperiod.

Table S1. Moderate to strong EINifio events (standardized
Nifio-3 index >0.65) and the associated All-India monsoon
rainfall during the 1950-2012 period. The EP and CP types of
El Niflo are identified based on the EP/CP ENSO index method
developed by Kao and Yu (2009).

Appendix S1. Relationship between El Nifio and SASM
drought.

Appendix S2. Composite difference patterns.

Appendix S3. Atmospheric
drought-free El Nifio years.

responses in drought and
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