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Understanding 

the ‘scatter’ 

between Nino 

3.4 SST 

Anomaly and 

ISMR

� SST over Nino 3.4 in JJAS and ISMR shows interannual correlation of -

0.53. However, there seems a bearing of previous winter’s Nino 3.4 

SST on summer monsoon.

� Winter La Nina seems decrease summer monsoon. [Chakraborty A, 

2018, Env Res Lett]
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Knowing last winter’s ENSO condition improves 
ENSO-Monsoon relationship
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DJF Neutral
Transition from La-Nina 
state results in stronger 
sensitivity of ISMR to 
summer ENSO



Regional 
Responses

� Detailed analysis show that preceding winter La Nina tends to 
reduce following summer monsoon rainfall.

� This is especially true over south and western sides of India.

� And it is more effective when summer is neutral or in El Nino 
condition.

Environ. Res. Lett. 13 (2018) 054030

Figure 2. Spatial variation of JJAS precipitation for different winter and summer ENSO states. Panels (a)–(f) show precipitation
anomaly (mm/day) composited separately for ENSO neutral, El Niño and La Niña summer with La Niña and El Niño winter. The
crossed grids are regions where this anomaly is different than zero at least at 90% level. Panels of (g) show probability distribution of
precipitation over five homogeneous regions of India for preceding winter La Niña (blue lines) and El Niño (red lines) conditions,
irrespective of the summer ENSO state. The 90% confidence band, calculated using a binomial distribution, is shown as shades
(supplementary text S1).

anomalous anticyclonic moisture flux over western
Pacific and anomalous westward moisture flux over
equatorial Indian Ocean. We also notice a decrease
(increase) in p" northwest of India with El Niño (La
Niña) condition in winter.

In March–April (figure 3(b)), the equatorial west-
ern Pacific p" anomaly weakens and is mostly centered
at around 15◦–20◦N. The negative p" anomaly of west-
ern Asia also weakens but its center moves southeast.
In May–June (figure 3(c)) the high of western Pacific
weakens further but extends westward and merges with
the high over the Indian region. At the same time,
p" over the northern Arabian Sea and northwestern
India increases. This results in the weakening of the
low-level westerlies and a decrease in moisture flux
to the Indian region from the Arabian Sea, consistent
with [30]. This can have an impact on the onset date
of the monsoon, which is discussed later. However,
note that the low p" region over 20–40 E, 30–50 N still
persists, although weak. In July–August–September
(figure 3(d)) this low p" region moves southeast close
to the Indian monsoon, strengthening the low level
moisture flux through the Arabian Sea toward India.
We also notice the persistence of the western North

Pacific high pressure, transporting anomalous mois-
ture toward Indian region from west. This increase
(decrease) in moisture flux toward India in summer
following warm (cold) N34SST of the preceding winter
increases (decreases) precipitation over India, as seen
in figures 1(b) and 2.

Composites of moisture flux are calculated for
summer ENSO neutral years. Figures 3(e) and (f) show
the latitudinal profile of eastward moisture flux at 70◦E
and 85◦E, respectively, during years when summer
ENSO was neutral, and composited separately for pre-
cedingwinter La Niña or El Niño. At 70◦E, the eastward
moisture flux south of 20◦N is anomalously negative
in JJAS ENSO neutral years with DJF La Niña. At the
same time, in DJF El Niño years the Indian region
receives more moisture from the west in JJAS ENSO
neutral state. These results are consistent with the p"
and moisture flux vector anomalies shown in figures
3(c) and (d). In figure 3(f), we find that the westward
influx of moisture to the Indian region at 85◦E in JJAS
is higher for DJF El Niño years as compared to La
Niña years. This is due to the presence of anoma-
lous subtropical high (low) of western north Pacific,
persistent from preceding winter El Niño (La Niña)
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Figure 2. Spatial variation of JJAS precipitation for different winter and summer ENSO states. Panels (a)–(f) show precipitation
anomaly (mm/day) composited separately for ENSO neutral, El Niño and La Niña summer with La Niña and El Niño winter. The
crossed grids are regions where this anomaly is different than zero at least at 90% level. Panels of (g) show probability distribution of
precipitation over five homogeneous regions of India for preceding winter La Niña (blue lines) and El Niño (red lines) conditions,
irrespective of the summer ENSO state. The 90% confidence band, calculated using a binomial distribution, is shown as shades
(supplementary text S1).

anomalous anticyclonic moisture flux over western
Pacific and anomalous westward moisture flux over
equatorial Indian Ocean. We also notice a decrease
(increase) in p" northwest of India with El Niño (La
Niña) condition in winter.

In March–April (figure 3(b)), the equatorial west-
ern Pacific p" anomaly weakens and is mostly centered
at around 15◦–20◦N. The negative p" anomaly of west-
ern Asia also weakens but its center moves southeast.
In May–June (figure 3(c)) the high of western Pacific
weakens further but extends westward and merges with
the high over the Indian region. At the same time,
p" over the northern Arabian Sea and northwestern
India increases. This results in the weakening of the
low-level westerlies and a decrease in moisture flux
to the Indian region from the Arabian Sea, consistent
with [30]. This can have an impact on the onset date
of the monsoon, which is discussed later. However,
note that the low p" region over 20–40 E, 30–50 N still
persists, although weak. In July–August–September
(figure 3(d)) this low p" region moves southeast close
to the Indian monsoon, strengthening the low level
moisture flux through the Arabian Sea toward India.
We also notice the persistence of the western North

Pacific high pressure, transporting anomalous mois-
ture toward Indian region from west. This increase
(decrease) in moisture flux toward India in summer
following warm (cold) N34SST of the preceding winter
increases (decreases) precipitation over India, as seen
in figures 1(b) and 2.

Composites of moisture flux are calculated for
summer ENSO neutral years. Figures 3(e) and (f) show
the latitudinal profile of eastward moisture flux at 70◦E
and 85◦E, respectively, during years when summer
ENSO was neutral, and composited separately for pre-
cedingwinter La Niña or El Niño. At 70◦E, the eastward
moisture flux south of 20◦N is anomalously negative
in JJAS ENSO neutral years with DJF La Niña. At the
same time, in DJF El Niño years the Indian region
receives more moisture from the west in JJAS ENSO
neutral state. These results are consistent with the p"
and moisture flux vector anomalies shown in figures
3(c) and (d). In figure 3(f), we find that the westward
influx of moisture to the Indian region at 85◦E in JJAS
is higher for DJF El Niño years as compared to La
Niña years. This is due to the presence of anoma-
lous subtropical high (low) of western north Pacific,
persistent from preceding winter El Niño (La Niña)
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How Does It 
Impact?

Environ. Res. Lett. 13 (2018) 054030

Figure 3. Relationship between !" and DJF N34SST. Regression coefficients (hPa/K) between DJF mean N34SST with !" (shaded) and
vertically integrated moisture flux (vector) in (a) January–February, (b) March–April, (c) May–June, and (d) July–September. Panels
(e) and (f) show vertically integrated moisture flux as a function of latitude along 70 E and 85 E, respectively, during ENSO neutral
summer composited separately for La Niña and El Niño winter conditions, with 90% confidence band.

and associated anticyclonic (cyclonic) circulation (fig-
ure 3(c) and (d)) [25].

How do these p" anomalies propagate in space
from winter to summer? Figures 4(a) and (b) show
the longitude-time evolution of monthly p" anomaly
along 20◦–30◦N during ENSO neutral summer, com-
posited separately for La Niña and El Niño winters.
The La Niña (El Niño) winters are associated with
increased (decreased) p" in northern subtropics. These
anomalies are seasonally persistent from December to
April. It is interesting to note here that during northern
winter and spring, p" anomalies are of opposite signs
between 0–180◦E and 0–180◦W. In May, p" anoma-
lies become +ve (−ve) between 0–60◦E for winter

La Niña (El Niño) condition. The is more prominent
for winter La Niña to summer ENSO neutral years (fig-
ure 4(a)) for which +ve p" anomalies develop over the
north and west of the Indian region and persist up to
September. This could be responsible for reduced east-
ward moisture flux over the Arabian Sea that can affect
ISMR [30].

We now analyze the time evolution and propaga-
tion of p" anomalies for all years, averaged between
20◦–30◦N, from winter to summer using principal
component analysis. The first mode of time-longitude
evolution shows a standing wave with prominent
high from 10 W to 120 E, covering the European and
Asian midlatitude. The time evolution of this pattern
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Off-equatorial 
high with +ve Nino 
3.4 SST in winter 
moves to north-
west Pacific Ocean 
in next summer.

That in turn decreases eastward moisture 
flux over Bay of Bengal (more 
convergence).

Mass m = #$/&
Mass is a function of 
vertical temperature 
structure





Onset of 
monsoon and 
west Asian 
surface 
pressure in 
May

around 5°N reduce the meridional shear of zonal
winds in the late onset years, which is unfavourable for
the formation of onset vortex during the early phase of
monsoon [13]. Note that, during June–September, the
850 hPa zonal winds over the Arabian Sea are strongest
near 65° E (figure S3). However, before the onset (in
May) the cross-equatorial winds are strongest near the
coast of Somalia. Additionally, figure 2(b) indicates a
weaker meridional gradient of 850 hPa zonal winds in
late onset years and the low level jet is nearly 40%
weaker and shifted southward by approximately 3
degrees as compared to early onset years.

Next, we compute composites of ps anomaly
averaged over 5°–35°N, 40°–70°E, henceforth referred
as west Asia, for the late and early onset years (figure 2
(c)).Theps anomaly starts evolving at least threemonths
before the mean onset date (mid-June) for early or late
onset year. Further, the magnitude of ps anomalies in
May associatedwith early onset years (∼−0.7± 0.3 hPa)
is higher as compared to the late onset years (∼ +0.3 ±
0.2 hPa). A regression analysis between onset dates and
surface pressure for March, April andMay suggests that
this signature of the interannual variation of onset is
present in surface pressure anomaly of March, which
becomes stronger in subsequent months (figure S4).
Hence, the time-persistent surface pressure anomaly
over the northern Arabian Sea and western Asia in the
pre-monsoon season can be considered as a precursor
for early and late MOCI.

Thegeopotentialheightdifferencesbetween lateand
early onset years over west Asia, seen in figure 2(b),

extend up to 350 hPa (figure S5); that is deeper than a
heat low which is normally confined to the lower
troposphere. Ithasbeenshown[20] that theevolutionof
pressure over this region is controlled not by surface
heating alone but also by orographic and dynamical
factors. Surface pressure anomaly acts as an integrated
indicator of all these influences.

The time-longitudinal variation of ps anomalies
averaged over 15°–35°N are shown in figures 2(d) and
(e) for early and late onset years respectively. The ps
anomalies propagate from west to east during years of
early and late onset. These anomalies, however, get
intensified over western Asia. The speed of propaga-
tion of these anomalies is about 3m s−1, a typical phase
speed of atmospheric Rossby waves at these latitudes.
Thus, existence and eastward propagation of such
ps anomalies (which are also related to geopotential
field anomalies up to 350 hPa level) are likely to be
associated with midlatitude westerly winds. This is
consistent with the previous study showing the impact
of mid-level anomalous high over western Asia on the
break phase of the Indian summer monsoon [34]. This
also explains the higher number of hiatus events noted
during years of late onset as compared to early onset
(figure 1(d)).

Do horizontal winds of the upper troposphere
carry signals of early or late onset in pre-monsoon
season? The upper tropospheric westerly jet of northern
summer [35] jumps from the south of the Tibetan
Plateau to its north during the onset of the monsoon
over the South China Sea and south Asia [36, 37]. In

a)
b)

c) d) e)

Hgt and U, 850 hPa, May, <50-60E>

Figure 2. (a) Composite difference in surface pressure (shaded) and winds at 850 hPa (vector) in May for late minus early monsoon
onset years. Regions where surface pressure differences are significant at 95% level are indicated by dots. (b) Composite geopotential
height (solid lines) and zonal wind (dashed lines) at 850 hPa in May averaged over 50°–60° E. (c) Composite time series of surface
pressure anomalies over west Asia (40°–70° E, 5°–35° N) for early and late onset years, showing time-evolution of anomalies. The
error bars show 95% confidence interval. (d) Time-longitude evolution of surface pressure anomalies averaged over 15°–35° N for
early onset years. The green arrows indicate propagation of Rossby waves. (e) Same as (d) for late onset years.
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calculate the location of the axis of LLJ after averaging
zonal wind at 850 hPa along 50°–60° E, and then
locating the latitude of its maximum intensity over
the Arabian Sea (within 5° S to 20°N). This is done
for every year separately and composites are obtained
for the LowPs andHighPs years. Figure 4(c) shows that
for years with HighPs anomaly, the location of the LLJ
is shifted south by about 2.5 degrees compared to the
years with LowPs anomaly, although the spreads of
these two ensembles show some overlap. This is also
consistent with figure 2(b). In LowPs years, the low
level westerlies are stronger (as also evident from figure
2(b)), in addition to a northward shift of the LLJ axis.
Most of these differences in zonal winds for LowPs and
HighPs years are found between surface to 500 hPa
pressure level (figure S6(a)). These differences are
much weaker when composited based on El Niño and
La Niña (figure S6(b)).

The composites of moisture flux, vertically
integrated from surface to 500 hPa at 70° E (eastward
positive) and integrated from 5°N to 25°N, during
LowPs and HighPs years are shown in figure 4(d). A
strong and northward shifted low level jet in LowPs
anomaly years brings more moisture toward Indian
monsoon region in May. In fact, mean eastward
moisture flux at this longitude is about 1.5 times in
LowPs years as compared to HighPs years.

In figure 4(e) we show the composites of moist
static energy (MSE) at 925 hPa over central India in
May during LowPs and HighPs years. MSE is defined
as

MSE ¼ CpT þ gz þ Lvq ð1Þ

where T, q and z are temperature, specific humidity
and geopotential height, respectively; Cp, Lv and g are
specific heat at constant pressure for air, latent heat of
vaporisation for water and acceleration due to gravity,

respectively. Note that, an increased eastward moisture
flux crossing 70° E results in an increase in the lower
level MSE (of the order 4 kJ kg−1) over central India,
without much change in upper level MSE (figure S7).
This enhancement in MSE in the lower troposphere
destabilises the atmosphere andmakes it conducive for
convection [26, 39, 40]. It then leads to early onset
during LowPs years as compared to late onset during
HighPs years.

A scatter plot between the ps anomaly over west
Asia and MOCI is shown in figure 5(a). The linear
correlation coefficient between these quantities (0.53)
is much higher compared to that of MOCI with sea
surface temperature anomalies over Niño 3.4 region
(0.21) or central–north Pacific Ocean (−0.33) (figure
S8). This figure also suggests that while negative ps
anomaly inMay almost always ensures an early MOCI,
onset dates for positive ps anomalies have larger
interannual variations. Moreover, while El Niño years
tend to be associated with positive ps anomaly, the
opposite is true for La Niña years. Similarly, positive
(negative) central–north Pacific Ocean (150°–210°E,
20°–40°N) sea surface temperature anomalies are
clustered along negative (positive) ps anomaly. Note
that, conventionally a positive central–north Pacific
sea surface temperature anomaly is associated with a
negative Pacific Decadal Oscillation (PDO) index [41].
Thus, the mechanism proposed in this study offers a
plausible explanation for the existing teleconnection
between Indian monsoon rainfall and ENSO (and
PDO), that is through changes in surface pressure over
western Asia due to large-scale changes in circulation
during ENSO or PDO years. This figure also suggests
that the relationship between ps anomaly over west
Asia and date of onset over central India is stronger
(weaker) during negative (positive) PDO years.
Similar asymmetry in teleconnection between ENSO
and rainfall over eastern Australia during different

a) b)

Figure 5. (a) Relation between surface pressure in May averaged between 40°–70° E, 5°–35°N and date of onset of monsoon over
central India. Years with El Niño (red color), La Niña (blue color), negative central–north Pacific sea surface temperature anomaly
(triangle markers), positive central–north Pacific sea surface temperature anomaly (square markers) are marked to understand their
role in modulating surface pressure and onset date. Two dashed horizontal lines show threshold for early and late onset years. (b)
Correlation coefficient between May surface pressure anomaly over west Asia and June rainfall over central India in observations and
historical simulations of eight CMIP5 models.

Environ. Res. Lett. 12 (2017) 074002
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We Observe 
Signature of 
Transition of 
ENSO phase in 
surface pressure. 
Composite of Ps 
averaged 
between 20-30N.

Environ. Res. Lett. 13 (2018) 054030

Figure 4. Zonal propagation of surface pressure anomaly. Time-longitude cross section of !" anomaly along 20–30 N during JJAS
ENSO neutral years, composited separately for preceding winter La Niña (left) and El Niño(right) conditions. The hatching shows
regions where the differences in the anomalies (between winter La Niña and El Niño) are different at 90% level, calculated using a
t-test. Thus, the hatched regions are same on both the panels.

does not show any prominent propagation in longi-
tude direction. The associated PC shows interannual
variation amid increase since 1960s and decrease after
mid-1990s. We found that this PC is closely associated
with the date of onset of the monsoon over peninsu-
lar India (r = 0.44). Note that early onset before the
1960s and delayed onset afterward is associated with
this pattern of p". Reference [30] has shown that an
increase in p" over western Asia can delay the onset of
the monsoonbecause of a decrease inwesterly moisture
flux toward India. The current finding, in addi-
tion, sheds light on the observed long-term variation
of the onset over peninsular India.

The second mode (figures 5(c) and (d)) is closely
associated with the winter ENSO condition (r = 0.6). El
Niño (La Niña) decreases (increases) p" of subtropical
eastern Pacific Ocean and increases (decreases) p" over
western Pacific Ocean. The anomalies of the eastern
Pacific fizzle out after winter. However, the anoma-
lies of western Pacific associated with this principal
component strengthen in northern summer. This is
consistent with figure 3. The associated p" anomalies
move westward from winter to summer at a speed of
about 7 degrees of longitude per month from winter to
summer.

The third and fourth modes are associated with
winter and summer N34SST, and their difference,
although somewhat weakly. The fifth mode shows
prominent eastward propagation (figures 5(i) and (j)),
with speed of about 32 degrees of longitude per month.
p" anomalies of eastern Pacific Ocean in winter prop-
agate eastward and become more prominent between
0◦–120◦E after April. At the same time, p" anoma-
lies of central Pacific Ocean (180◦–240◦E) propagate
eastward and appear over western Pacific Ocean by
JJAS. A positive (negative) value of the associated PC
time series results in a decrease (increase) in p" over
west Asia (west Pacific Ocean) that increase (decrease)

moisture flux toward the Indian region. This increases
precipitation over India, as seen by the correlation
between this PC time series with ISMR (r = 0.48). Note
that this value of correlation coefficient between $5 and
ISMR is close to that between ISMR and JJAS N34SST
(−0.57).

4. Discussions

In this study, we quantify the relative impacts of ENSO
in summer and in the preceding winter on summer
monsoon rainfall over India. We focus on years of
ENSO neutral summer since interannual variations
of ISMR during those years are least understood. The
primary findings are:

a. Winter La Niña reduces following summer mon-
soon rainfall over India by about 4% even during
ENSO neutral summer. The partial correlation
between DJF N34SST and ISMR, after regressing
out the effect of JJAS N34SST on ISMR is 0.27 (sig-
nificant at 95% level). These results are consistent
with previous findings [21] that use the tendency
of Darwin surface pressure. However, the present
study uses SST that has higher auto-correlation in
time than surface pressure.

b. This impactofprecedingwinterLaNiña is strongest
during El Niño summer (ISMR anomaly about
−14.5%, as opposed to −5.3% for a persistent El
Niño), increasing the probability of severe drought.
This is reported for the first time and would have
high socio-economic importance.

c. The western and southern parts of Indian land are
most prone to reduced precipitation when the pre-
ceding winter was La Niña. Such spatial variations
of the impact of winter ENSO is also reported for
the first time.

7

• Increase in Ps west of India for La Nina to Neutral Years.
• This decreases north-south pressure gradient.
• In turn, low-level westerlies over Arabian Sea decreases.
• That decreases moisture flux toward India.



Seasonal 
evolution of 
surface 
pressure 
anomaly along 
20-30N shows 
dominant 
interannual 
modes
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What happed 
in 2018?
Surface Pressure Anomaly 
Evolution in 2018 shows a 
typical sign of La Nina to 
Neutral Transition



We know that 
mean state is 
important to 
understand 
teleconnection. 
We find here 
that the 
direction of 
change in state 
could be as 
important.

June-September Sea Surface Temperature



La Nina Winter to Neutral Summer El Nino Winter to Neutral Summer
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Summary and 
Open 
Questions

qThe impact of summer ENSO on ISMR is modulated by the state 
of ENSO in preceding winter.

qENSO-ISMR relationship is stronger conditioned upon La Nina or 
El Nino in preceding winter. 

qWinter La Nina decreases summer monsoon and is responsible for 
severe droughts when summer is El Nino.

qThis provides opportunity for improved seasonal outlook of 
monsoon rainfall.

qQuestions:
qDo coupled climate models capture this observed evolution of 

climate from winter to summer?

qWhen exactly should we initiate a seasonal prediction using coupled 
model? Too early increases forecast error due to lead-time. Too late 
does not capture the evolution of the climate.

qCan a mathematical model be designed to capture the asymmetry 
between El Nino and La Nina?


