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Abstract

Recent studies have shown that the Atlantic zonal mode (AZM) can significantly influence the Indian summer monsoon
(ISM). In an earlier study, we proposed that AZM influence propagates in tropospheric temperature as Kelvin wave-like fea-
tures to the east to reach the Indian Ocean and influences the monsoon by modulating the mid-tropospheric land-sea thermal
gradient and thereby the seasonal mean flow. The changes thus induced in the mean flow were shown to affect the monsoon
depressions in the Bay of Bengal and rainfall over India. In the present study, we use the Coupled Forecast System version
2, which is utilized for seasonal prediction of ISM in India, to examine how well the model simulates this AZM-monsoon
link. In the sensitivity experiment, a warm AZM SST anomaly is added over the tropical Atlantic in the boreal summer and
the ISM response is studied. We find that the model simulates the important aspects of the AZM-monsoon link. The model
also simulates a known dynamics-based mechanism wherein a warm AZM SST anomaly produces a Matsuno-Gill type
response, which in turn induces a sinking motion over India causing a reduction in rainfall. However, some finer details of
these mechanisms are not simulated due to mean state biases in the tropical Atlantic in the model, a problem common to
many coupled models. Our study highlights the need for the improvement of mean state of model in the tropical Atlantic
to better capture the AZM-ISM relationship which will ultimately improve the monsoon forecasts issued using this model.

Keywords Tropical Atlantic - Indian summer monsoon - Interannual variability - Teleconnection - CFSv2 - Coupled model
biases

1 Introduction

The livelihood and well-being of people living in India
and surrounding countries depend, to a great extent, on
the Indian monsoon during summer. The Indian summer
monsoon Rainfall ISMR) exhibits variability on diurnal to
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decadal and longer timescales (e.g., Sikka 1980; Parthasar-
athy et al. 1994; Webster et al. 1998; Krishnamurthy and
Shukla 2000; Gadgil 2018). Although the interannual varia-
bility of the ISMR is only about 10% of the mean (long term
mean is 850 mm; e.g., Kothawale and Rajeevan 2017), these
year-to-year variations of ISMR have a significant impact
on the food production and economy of the region which is
home to millions of people (e.g., Gadgil and Gadgil 2006;
Amat and Ashok 2018). Hence, it is important to understand
what contributes to the interannual variability of the ISMR,
especially during the non-ENSO years, and anticipate its
variations well in advance to prepare for any possible disas-
ters like floods and droughts.

Interannual variability of the monsoon is a result of an
interplay of both the internal dynamics of the monsoon
and the slowly varying external forcings such as El Nifio-
Southern Oscillation (ENSO; e.g., Rasmusson and Carpen-
ter 1982; Philander 1989). The influence of these external
factors on the monsoon forms the predictable part of the
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monsoon variability (e.g., Keshavamurty 1982; Mooley and
Parthasarathy 1984; Gadgil and Sajani 1998; Webster et al.
1998; Ashok et al. 2019 and references therein). Recent
advances have highlighted the influences of the strong posi-
tive Indian Ocean Dipole events (IOD; also referred to as
Indian Ocean zonal mode; Saji et al. 1999; Webster et al.
1999; Behera et al. 1999; Murtugudde et al. 2000; Ashok
et al. 2001) as well.

Earlier studies suggest that the tropical Atlantic also hosts
a mode of interannual variability called the Atlantic zonal
mode (AZM) or the Atlantic Nifio which is similar to, but
weaker than, ENSO (e.g., Zebiak 1993; Ruiz-Barradas et al.
2000; Servain et al. 2000; Liibbecke et al. 2018 and refer-
ences therein). It peaks in boreal summer (June—August;
e.g., Zebiak 1993), and its life cycle is also shorter com-
pared to ENSO: an AZM lasts for 3—4 months whereas an
ENSO event generally lasts for 6-24 months (Liibbecke and
McPhaden 2013). The studies on the effect of the AZM on
monsoon are still limited but have started to gain attention
recently (Kucharski et al. 2008, 2009, 2016; Wang et al.
2009; Barimalala et al. 2013; Pottapinjara et al. 2014, 2016;
Yadav et al. 2018; Sabeerali et al. 2019a, b; Pottapinjara
2020). In the following, we will briefly discuss some of the
studies that are most relevant for our current study.

A series of studies by Kucharski et al. (2007, 2008, 2009)
based on the analysis of observational/reanalysis datasets
and sensitivity experiments conducted using an Atmospheric
General Circulation Model (AGCM), shows the existence of
a relation between AZM and ISMR in which a warm (cold)
AZM event leads to a low-level divergence (convergence)
over India and thereby reduced (enhanced) ISMR. In Pot-
tapinjara et al. (2014), we have shown that the AZM also
affects the monsoon transients: in response to a warm (cold)
AZM event, the number of monsoon depressions forming in
the Bay of Bengal (BoB) decreases (increases) and thereby
contributes to a reduction (an enhancement) of rainfall over
India. Also, we have proposed a physical mechanism in
which the AZM influence propagates in tropospheric tem-
perature via Kelvin wave-like features to the east to reach the
Indian Ocean and influences the Indian monsoon by modu-
lating the mid-tropospheric land-sea thermal gradient and
thereby the seasonal mean flow (Pottapinjara et al. 2014).
This mechanism involves a thermodynamic aspect of the tel-
econnection between the AZM and ISM. The changes thus
induced in the mean flow were shown to affect the monsoon
depressions in the BoB and rainfall over India (detailed dis-
cussion in Sect. 3.2). Further, in Pottapinjara et al. (2016) we
discussed the possible predictors such as heat content which
can foretell the development of an AZM event and thereby
the impact on the monsoon, one season in advance.

For optimum societal benefit, process understanding of
the monsoon variability, and the efforts to forecast it must go
hand in hand. The India Meteorological Department (IMD)
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is the agency tasked with the responsibility of providing
meteorological services including the monsoon forecasts,
in India. Currently, the IMD uses a suite of statistical (Pai
et al. 2011; Kumar et al. 2012) and dynamical (Pai et al.
2017, 2019) models to forecast the monsoon. In addition to
these existing models, the IMD has recently adopted a vari-
ant of the Coupled Forecasting System version 2 (CFSv2;
Saha et al. 2014a) for the operational monsoon forecasts
(Ramu et al. 2016; Sahai et al. 2019; Pattanaik et al. 2019;
Pai et al. 2019; Rao et al. 2019). CFSv2 is a state-of-the-art
coupled ocean—atmosphere general circulation model, origi-
nally developed by the National Centers for Environmental
Prediction (NCEP).

Earlier studies have shown that the CFSv2 simulates the
general features of the monsoon such as the onset, with-
drawal, seasonal mean patterns of spatial rainfall distribu-
tion and wind circulation, and the variability of monsoon
reasonably well (e.g., Jiang et al. 2013; Saha et al. 2014a,b).
However, it has some serious biases, especially, a dry bias
over land and cold SST bias over the Indian Ocean (Saha
et al. 2014b; Narapusetty et al. 2016, 2018; Sahana et al.
2019). The model captures the warmer tropospheric tem-
peratures over Tibetan Plateau compared to those over
the Indian Ocean but it underestimates the mean tropo-
spheric temperature and tropospheric temperature gradient
between the land and ocean (Saha et al. 2014a, b). The ISM
in the model is rightly phase locked to the boreal summer
(June—September) but the onset is delayed by about 7 days
in the model (Saha et al 2014a, b). The success of monsoon
forecasts using the CFSv2 depends on, among other things,
how well the model simulates the links of the monsoon
with external factors. Previous studies have investigated
the simulation of ENSO and IOD, and their relation to the
ISMR in the model (e.g., George et al. 2016; Saha et al.
2016; Shukla and Huang 2016; Krishnamurthy 2018) and
report that while the ENSO-monsoon relation is too strong
compared to observations probably because of the deficien-
cies associated with the simulation of ENSO in the model,
the IOD-monsoon relation is completely out of phase due
to inadequate representation of coupled dynamics over the
Indian Ocean. However, the simulation of AZM and its rela-
tion to the ISMR in the model are yet to receive their due
attention. In a recent study, Sabeerali et al. (2019b) analyze
the hindcasts of CFSv2 initialized in two months (Febru-
ary and May) and show that the simulation that erroneously
forecasts the AZM (initialized in February) loses predic-
tive skill for the monsoon. They also show that although the
hindcasts initialized in May improve on prediction skill for
the AZM, the misrepresentation of ENSO-ISMR relation-
ship in the May-initialized hindcasts leads to a lower skill for
the ISMR compared to the February-initialized hindcasts.
Further, they demonstrate an improvement in the predic-
tion skill for the ISMR by combining the ISMR induced by
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ENSO and AZM in hindcasts initialized in February and
May, respectively. While their interest was on assessing the
predictive skill of the AZM in the model, in this study, we
will focus more on the simulation of observed AZM-ISM
relation and teleconnections in the model, particularly as
proposed in our recent study (Pottapinjara et al. 2014). We
attempt to achieve this goal by analyzing the AZM-ISM
relationship in the free-run simulations of the model and by
conducting a sensitivity experiment which can be expected
to show the cause-and-effect in the AZM-ISM relationship
more clearly. This helps in identifying the shortcomings, if
any, in the model with respect to AZM-ISM relation and
should potentially contribute to improving the forecasts of
ISM issued using this model.

In the next section, we will describe the datasets used
and general methodology, the CFSv2 model, and the model
experiments we carried out. In Sect. 3, we will at first exam-
ine the representation of the mean state in the tropical Atlan-
tic (Sect. 3.1) and the simulation of the AZM and its relation
to ISMR in a free-run or reference run we carried out with
the model (Sect. 3.2). Further, in Sect. 3.3, we will present
the details of a complementary sensitivity experiment in
which the SST anomaly associated with the AZM in the
tropical Atlantic is imposed, and the response of ISM to that
anomaly is examined. The final Sect. 4 presents a summary
of results, followed by a discussion.

2 Observations and model simulations
2.1 Observational data and methods

The Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST; Rayner et al. 2003) is used for the model sensi-
tivity experiment (see Sect. 2.4 for details). The AZM vari-
ability in this study is represented by the Atl3 index which
is the area-average of SST anomalies in the Atl3 region
(3° S—3° N and 20° W —0° E; Zebiak 1993; Burls et al.
2012). A warm (cold) AZM event is considered to occur
whenever the June—August (JJA) Atl3 index exceeds (falls
below) the + 1 (—1) of its standard deviation. The Oceanic
Nifio Index (ONI) which is the average of SST anomalies
in Nifio 3.4 region (5° S—5° N and 170° W —120° W) is
used as an index of ENSO. The monthly precipitation data
from the Global Precipitation Climatology Project (GPCP;
Adler et al. 2003) is also used. The meridional position of
the Atlantic ITCZ is identified as the latitude at which the
meridional component of the surface winds vanishes along
28°W between the latitudes of 5° S and 20° N (Servain
et al. 1999; Pottapinjara et al. 2019). The wind data from
the European Centre for Medium-Range Weather Forecast-
ing (ECMWF)’s Reanalysis, known as the ERA-Interim
(Dee et al. 2011) is used to validate the model performance.

The Tropospheric Temperature (TT) data is also taken from
ERA-Interim reanalysis. The observational analyses pre-
sented in this study are based on the data for a common
period of 19792012 unless mentioned otherwise.

As discussed already in the Introduction, ENSO impacts
ISM at interannual timescales. Earlier studies suggest
that ENSO also affects AZM, with an El Nifio (La Nifia)
event during boreal summer accompanying a cold (warm)
AZM event (e.g., Kucharski et al. 2009; Wang et al. 2009;
Pottapinjara et al. 2014). To show the direct relationship
between the AZM and ISM in the analysis clearly, we have
regressed out the effect of ENSO on a target field (Kucharski
et al. 2008; Pottapinjara et al. 2016), whenever necessary.
Regressing out the impact of ENSO involves a subtraction
of the product of ENSO index (ONI) time series, and the
linear regression slope between ENSO and the target field
from the target field time series. The resultant (ENSO-influ-
ence-free) time series of the target field is used in further
analysis. Whenever the ENSO influence is regressed out,
it is explicitly mentioned while discussing the respective
analysis. However, it must be noted that this method cannot
remove the effect of ENSO completely. The Student’s ¢ test
is used to determine the level of significance of relevant
statistics. In the following, the season boreal spring refers to
the months of March—May and boreal summer refers to the
period June—September unless mentioned otherwise.

2.2 The model

In this study, we use one of the configurations of the NCEP-
CFSv2 model being utilized at the Indian Institute of Tropi-
cal Meteorology, India (Saha et al. 2014a, b). The atmos-
pheric component of the model has a resolution of T126
(0.9°) in the horizontal and has 64 sigma-pressure hybrid
levels in the vertical. The oceanic component has a hori-
zontal resolution of 0.25° —0.5° and 40 vertical levels. The
ocean—atmosphere coupling information is exchanged every
0.5 hours. A variant of this model is used in operational sea-
sonal forecasting and is successful in representing the key
monsoon processes (e.g., Roxy et al. 2015).

2.3 Model reference run

In our simulations, we use a 100-year free-run of the CFSv2
coupled model (also referred to as the reference run or
CFSv2ggp) starting with the well-balanced ocean and atmos-
pheric initial conditions. The reference run (CFSv2ygp)
includes a constant external forcing in terms of mixing ratios
of, for instance, the atmospheric CO,, N,O, and CH,, of the
present-day values. With the appropriate initial and bound-
ary conditions, this ensures that the model climate is compa-
rable with the observed climate of the recent decades (Saha
et al. 2014a, b; Roxy et al. 2013, 2015). The performance
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of the model in simulating the systems involved in AZM-
ISM links is diagnosed using 40 years of the model free-run
or CFSv2gpp, leaving the first 50 years of the free-run for
allowing the model to reach a dynamical stability. From the
results of the analysis presented in Sect. 3, it will be shown
that the model simulates seasonal cycle of the tropical Atlan-
tic, and the AZM and its relation with the ISM reasonably
well, despite some mean state biases.

Apart from examining whether or not the model simulates
the observed AZM-ISM relationship, it is also our goal to
validate if the physical mechanism we proposed in Pottapin-
jaraetal. (2014) is indeed at work. However, the influence of
AZM on ISM and the physical mechanism cannot be deline-
ated from the analysis presented in Sect. 3.1 using CFSv2pgr
alone. With the flexibility of conducting sensitivity experi-
ments, the model comes in handy to test if the AZM in fact
affects the ISM the way we see it in the observations. The
difference between the reference and sensitivity runs tells
us the effect of AZM anomalies on ISM, in other words, the
cause-and-effect becomes clearer. Therefore, the model is
used to conduct a sensitivity experiment to see how the ISM
responds to an imposed SST anomaly associated with the
observed warm AZM events. The details of how the imposed
SST anomaly is constructed is discussed later.

2.4 Model sensitivity experiment

The sensitivity experiment (referred to as the CFSv2gqr
hereafter) is similar to Roxy et al. (2015) and is designed
as follows. We start from the model state in the month
of May of every year of a 20-year period of the 40-year
free-run (CFSv2ggp) and impose the SST anomaly pattern
associated with the observed warm AZM events in the
tropical Atlantic (presented in Sect. 3.2) from June through
September of each year. These are the months when both
the AZM and ISM occur, as they are seasonally phase
locked to this period. The atmospheric component of the
coupled model responds, to the combined SSTs (SST
produced by the ocean component + observed AZM SST
anomaly pattern added at the coupler level) in the tropi-
cal Atlantic, and to SSTs coming from the oceanic com-
ponent everywhere else. In simpler words, the CFSv2gg4p
differs from the CFSv2ygr by having an additional warm
AZM-like SST anomaly in the tropical Atlantic at the
coupler level. Thus, the model is coupled everywhere
in its domain. The experiment (CFSv24¢r) comprises 20
runs, each lasting only for the June—September season of
every year of the 20-year period. Note, however, that the
SST anomaly pattern imposed in the tropical Atlantic in
CFSv24g7 runs, is kept the same throughout the experi-
ment period to keep the experiment simple. Thus, this
ensemble of runs with different initial states (all taken
from CFSv2ypr in the respective years of the 20-year
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period) but with the same imposed boreal summer SST
anomaly in the tropical Atlantic, constitutes the sensitiv-
ity experiment (CFSv2447). The average of differences
between the sensitivity run (CFSv2g¢r) and the reference
run (CFSv2ggp), i.e., the average of CFSv2¢r—CFSv2ipp
over the common period, represents the response of the
model to the imposed SST anomaly (Figs. 9, 10, 11, 12,
13). It may be noted that while Roxy et al. (2015) impose
an SST trend in the western Indian Ocean to study the
associated climate change impact on the ISM, we impose
the AZM SST anomaly pattern in the tropical Atlantic to
understand AZM-monsoon links.

As discussed above, the observed warm AZM SST
anomalies in the tropical Atlantic are added to the surface
temperature or SST from the ocean at the coupler level
before passing them onto the atmospheric model. Since
these SST anomalies are not added directly to the ocean
model in the tropical Atlantic, it is not meaningful to
explore the ocean conditions in the tropical Atlantic. How-
ever, it may be relevant to explore resultant SSTs passed
to the atmosphere in the tropical Atlantic to gain insights.

The SST anomaly added at the coupler level every sum-
mer on the simulated SST in the tropical Atlantic is pre-
pared from the observed SST data in the tropical Atlantic,
as follows: (1) monthly SST anomalies (SSTA) are aver-
aged over the period of June—August (JJA) of each year
during 1950-2012, (2) JJA SSTA are de-trended, and (3)
the de-trended anomalies are composited in all those years
when there is a warm AZM event during the period. Note
that this pattern is composited over June—July—August but
in the sensitivity experiment, it is kept imposed through-
out June—July—August—September as described earlier.
As the cold tongue, the interannual modulation of which
manifests as the AZM (Burls et al. 2012; Liibbecke et al.
2018), develops late in the model (CFSv2ggg) by one or
two months (see Sect. 3.1), the season over which the sen-
sitivity experiment conducted is extended by one month,
i.e., into September. Also, ISM, whose relationship with
AZM is the focus of this study, is still active in September.

It is possible to design the sensitivity experiment
alternatively and more sophisticatedly. For instance, the
imposition of an AZM pattern which varies within the
experiment season may be more realistic but the present
design is adapted for the sake of simplicity. Alternatively,
an AZM anomaly pattern derived from the reference run
(CFSv2ggp) itself multiplied by an ad hoc factor to address
the weak amplitude of AZM in the model (see Sect. 3.2),
can be imposed. However, this approach does not address
the issue of the narrow spatial extent of model simulated
AZM compared to that of observations (Sect. 3.2). Nev-
ertheless, despite being simplistic, our present experiment
design reproduces the observed AZM-ISM relationship
adequately (see Sect.3.3).
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3 Results and discussion

3.1 Mean state of the tropical Atlantic in CFSv2
reference run

Before examining how the model simulates the relation-
ship between the AZM and ISM, it is imperative to see if
the model simulates the climatological features in the two
ocean basins, i.e., tropical Atlantic and Indian Oceans.
As discussed already in the Introduction, earlier studies
have shown that the CFSv2 simulates the climatological
features of ISM including the tropospheric temperature

gradient between the land and ocean, and the interan-
nual variability of ISM faithfully despite some mean state
biases (e.g., Jiang et al. 2013; Saha et al. 2014a,b, 2016;
Narapusetty et al. 2016, 2018; George et al. 2016; Shukla
and Huang 2016; Krishnamurthy 2018; Sahana et al.
2019). Therefore, we will not analyze the simulation of the
mean ISM or its variability in this study but will focus on
the simulation of the seasonal cycle in the tropical Atlantic
in the following analysis.

The observed monthly climatological evolution of SST
and surface winds in the tropical Atlantic is shown in Fig. 1.
The band of high SSTs with temperatures above 25 °C
migrates in the north—south direction with the season.
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Fig.1 Observed monthly climatology of SST (°C; shaded) overlaid
by surface winds (vectors), and position of the oceanic ITCZ (thick
blue line) in the tropical Atlantic. The SST contour of 25.5 °C is over-

laid (blue) to show the development of the seasonal cold tongue in the
southern tropical Atlantic during boreal spring—summer. The corre-
sponding month is indicated on each subpanel
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Notably, it is followed by a zone of convergence of the trade
winds from either hemisphere, i.e., the Inter-tropical Con-
vergence Zone (ITCZ) with a delay of about one month.
With the progress of the season, and as a result of intensi-
fied winds and northward excursion of the ITCZ during late
boreal spring to early boreal summer, i.e., March—June, the
thermocline in the southeastern Atlantic shoals. The asso-
ciated upwelling leads to a drop of about 5 °C in SST and
thereby leads to the development of a distinctive seasonal

cold SST tongue with temperatures below 25 °C in the
eastern equatorial Atlantic during boreal summer (Fig. 1;
Dippe et al. 2018). The cold tongue region has the highest
SST variability, and the interannual modulation of the cold
tongue in terms of its timing of occurrence and/or strength
manifests as an AZM event (e.g., Burls et al. 2012; Liibbecke
et al. 2018).

The bias of the model in simulating the seasonal cycle of
SST and surface winds in the Atlantic is shown in Fig. 2. It
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can be seen from the figure that there is a warm SST bias
in the equatorial and tropical south Atlantic throughout
the year. A strong warm bias of about 3 °C in the equato-
rial and tropical south Atlantic can be also observed dur-
ing May—September, and it has the highest spatial extent
in June—July. The winds over the equatorial Atlantic have a
northwesterly bias during January—June and a southwesterly
bias during July—December. Irrespective of the direction, the
equatorial Atlantic wind bias is the highest with a magnitude
of about 6 ms~! in April-May. Particularly, the zonal winds
in the equatorial Atlantic have a westerly bias throughout
the year and this bias is the highest during boreal spring.
The warm SST bias in the southeastern tropical Atlantic
follows that of equatorial Atlantic zonal winds with a delay
of about 2 months, during boreal spring—summer. Note that
the model bias in SST in summer has a structure similar
to that of the seasonal cold tongue shown in Fig. 1. These
biases are essentially consistent with the well-known biases
in other coupled climate models (Richter et al. 2014; Richter
and Tokinaga 2020).

Simulation of the development of seasonal cold tongue
in the tropical Atlantic is important for the model to cap-
ture the AZM properly, although a few coupled models can
reproduce interannual variability despite mean state biases
(Richter and Tokinaga 2020). As seen in the observations
(Fig. 1), the meridional movement of ITCZ is strongly tied
to the seasonal cycle (e.g., Xie and Carton 2004; Liibbecke
et al. 2018) and examining the climatological meridional

movement of ITCZ in the tropical Atlantic in the model
may reveal more about the SST bias. A comparison of the
monthly climatological meridional position of the Atlan-
tic ITCZ along 28°W in the model reference run with that
of the observations is shown in Fig. 3. General observed
features of the Atlantic ITCZ spending most of its time
(about 8 months in a year) in the northern hemisphere, and
occupying the southernmost position in boreal spring and
the northernmost position in boreal summer are captured
accurately by the model along with its seasonal migration
(in CFSv2ggr). However, the Atlantic ITCZ in the model is
not collocated with that of the observed most of the year.
The model Atlantic ITCZ is the farthest from the observed
ITCZ during boreal spring by 3—5 degree latitude, with the
model ITCZ to the south of the observed ITCZ, but the dif-
ference between their meridional positions reduces in the
later months leading up to midsummer. Hence, the model
ITCZ (in CFSv2gxgp) lags behind the observed ITCZ by
1-2 months during spring to early summer. It all reflects the
delayed Atlantic seasonal cycle during the spring to summer
transition in the model.

Because of the further southward location of the model
ITCZ (in CFSv2ggp) compared to the observed during spring
(Fig. 3), the southeast trades are weak which explains the
northwesterly/westerly surface wind bias over the equator
in the model (Fig. 2). As a result, the development of the
cold tongue is delayed which causes the warm SST bias dur-
ing late spring to summer as shown in Fig. 2. These biases

12.

ITCZ Position (degree north)
~
!

CFSv2 SST
CFSv2 REF —
Obs — [~

Fig.3 Monthly climatological position of the ITCZ (degree north)
in the Atlantic in the model reference run (CFSv2ggg; red) and in
observations (blue) with the shading indicating the standard deviation
about the mean position of ITCZ in the respective months. The mean

J A S 0 N D

position of the Atlantic ITCZ in the model sensitivity experiment
(CFSv24gr; light green) during June—September is overlaid, with the
dashed lines in light green indicating the standard deviation about its
mean position
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in SST in the cold tongue region, surface winds over the
equator, and the meridional position of ITCZ are all inti-
mately connected with each other and the biases decrease
after July. It should be noted that the position of the ITCZ in
the model almost coincides with the observed one in mid-
to-late boreal summer (July—September; Fig. 3). As we will
see later, this point becomes important when interpreting the
results of the sensitivity experiment discussed in Sect. 3.3.
From the above, we can conclude that the model simulates
the important climatological features in the tropical Atlan-
tic such as the development of characteristic seasonal cold
tongue although with a delay of one or two months during
spring to summer which gives rise to the warm SST bias dur-
ing late spring to summer. As stated earlier, the warm SST
bias in the southeastern tropical Atlantic is a major problem
plaguing many models participating in the Coupled Model
Intercomparison Project 5 (CMIPS5) and the earlier studies
attribute this bias to drawbacks in the proper simulation of
physics of ocean and atmosphere, and insufficient model
resolution of the atmospheric and oceanic components (e.g.,
Xu et al. 2014; Richter 2015; Zuidema 2016; HarlaB3 et al.
2018; Cabos et al. 2019; Goubanova et al. 2019). Particu-
larly, Richter (2015) points out that the SST bias is likely
caused by errors in surface winds in the equatorial Atlantic
and winds alongshore the coast of Angola. The errors in
the simulation of winds in the equatorial Atlantic exert a
remote influence on the upwelling along the coast of Angola
via oceanic Kelvin waves. The curl of alongshore winds
directly control the local upwelling. He also highlights that
meso-scale eddies play an important role in offshore oceanic
transport in the southeastern tropical Atlantic and a coarse
resolution model such as CFSv2 used in this study may not
sufficiently resolve these eddies, thus contributing to the SST
bias (e.g., Marchesiello et al. 2003; Colas et al. 2012; Gou-
banova et al. 2019).

From earlier studies, we know that the interannual SST
anomaly of the cold tongue, and its accompanying anoma-
lous winds and the thermocline depth, among other things,
manifest as an AZM event (Zebiak 1993; Xie and Carton
2004; Liibbecke et al. 2018). Having shown that the model
simulates the development of seasonal cold tongue in the
tropical Atlantic, we examine below how well the model
simulates the AZM using a free-run (CFSv2ggp) of the
model.

3.2 Simulation of the AZM and its links with the ISM
in CFSv2 reference run

The composites of anomalies of SST and winds of cold and
warm AZM events (see Sect. 2.1 for the identification of
events) in the CFSv2 free-run (or CFSv2gr) are compared
with that of the observations in Fig. 4. In the observations,
the SST anomalies associated with an AZM event peak in
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June—July and decay thereafter. These SST anomalies extend
from the coast of Angola to the Atl3 region (3°S-3°N and
20°W-0°E) over the equator (Fig. 4a) and are accompa-
nied by divergent (convergent) surface winds during a cold
(warm) event. The northerly (southerly) wind anomalies
along the Angolan coast in the latter months of July and
August, among other things, contribute to the decay of a
cold (warm) event (Fig. 4a; e.g., Zebiak 1993; Jansen et al.
2009). In the model, the timings of the peak and decay of
AZM events are captured very well (Fig. 4b). However, the
magnitude and spatial extent of simulated AZM SST anoma-
lies are weaker compared to that in observations (compare
Fig. 4a , b). Further, these SST anomalies are restricted
mostly to an area between 10° S and 5° N and are less well
connected to those off the coast of Angola (Fig. 4b), when
compared to observations. As discussed earlier in Sect. 3.1,
various processes influence the simulation of SST in the
southeastern tropical Atlantic (e.g., Xu et al. 2014; Richter
2015; Cabos et al. 2019) and an erroneous simulation of the
contributing processes in the model can dictate the strength
and spatial extent of the interannual AZM SST anomalies.
For instance, the upwelling and the SSTs off the coast of
Angola, are controlled largely by the local winds off Angola
and remote winds in the western equatorial Atlantic. Unless
the model simulates all the contributing processes well, the
model simulated SST and its interannual variability can not
be realistically simulated. Missing meso-scale eddies in the
low resolution CFSv2 can also contribute to the deficiencies
of AZM since a coupled model can extend coastal influences
into the tropics. Model deficiencies in simulating the coastal
processes and the cascade of those biases into large-scale
coupled climate variability have been an issue for well over
a decade (Large and Danabasoglu 2006). However, we will
not go into those details in this study as that is not our focus.
Nonetheless, the important feature of the phase locking of
AZM to the seasonal cycle is captured by the model (Fig. 4).
Examining the interannual variability of the AZM in the
model, the simulated standard deviation of the JJA Atl3
index is 0.31 against the observed value of 0.48 implying
that the simulated variability of AZM is weaker in the model
(CFSv2ggp) compared to observations during June—August
(Fig. 5). It is worth noting that the standard deviation of JJA
Atl3 index in the CFSv2;gp of 0.31 is also lower than that
of most other CMIP5 models which is 0.5 (Richter et al.
2014). Although the AZM in the model is weak and less
variable compared to observations, it can be concluded that
the model simulation of the AZM is quite adequate for our
goal here.

The relationship between AZM and ENSO in CFSv2gr
(free-run) is briefly discussed here. The correlation between
JJA Atl3 and JJA ONI in the model is 0.21 in contrast to
— 0.41 in observations. While the AZM and ENSO have an
opposite phase relation in the observations (e.g., Kucharski
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Fig.4 Monthly composites of anomalies of SST (shaded; °C) and
low level winds at 850 hPa (vectors; ms™!) of cold and warm AZM
events in a observations and b in the reference run (CFSv2ygp) during

et al. 2009; Pottapinjara et al. 2014), they are in phase and
are less strongly linked, in the model. It is worth noting here
that this relationship between AZM and ENSO can be influ-
enced by the mean state in the tropical Atlantic (Rodriguez-
Fonseca et al.2009), and modulated by the Atlantic Meridi-
onal Overturing Circulation (AMOC; Svendsen et al. 2013)
and Atlantic Multidecadal Oscillation (AMO; Martin-Rey
et al. 2014). However, we will not examine the reasons for
the incorrect relationship between AZM and ENSO in the
model. Nonetheless, as discussed already in Sect. 2.1, this
issue has been taken care of although partly, by regress-
ing out the impact of ENSO when required in the following
analyses.

The AZM operating in the tropical Atlantic influences
the monsoon rainfall over remotely located Indian subconti-
nent during boreal summer. In Pottapinjara et al. (2014), we
proposed a teleconnection mechanism by which the AZM

40°W 20°W 0° 40°W 20°W 0°

June—September. The red (blue) contour lines in cold (warm) com-
posites indicate the 10% level of statistical significance

can affect the ISM: an AZM excites a response in the mid-
tropospheric temperature (TT) field, which propagates to the
east and disturbs the thermal gradient between the Indian
landmass and the Indian Ocean (Webster et al. 1998; Gos-
wami and Xavier, 2005) and thereby affects the mean circu-
lation and rainfall over India (Fig. 6a). The simulation of this
teleconnection in the reference run (CFSv2ggp) is examined
here. In Fig. 6, the key element of eastward propagation of
TT response of the AZM is shown both for observations
(Fig. 6a) and the model (Fig. 6b). In Fig. 6a, the positive
correlation between the Atl3 index and the TT indicates that
responding to SST and convection anomalies associated with
an observed warm (cold) AZM event, the tropospheric tem-
perature over the Atlantic and Indian Oceans rises (falls). In
the observations (Fig. 6a; similar to Fig. 10 of Pottapinjara
et al. 2014), the TT response in the Atlantic grows (before
—1 month TT lead), peaks (between —s1 and 1 months lead)
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Fig.5 Monthly standard deviations of the Atl3 index in the model
reference run (CFSv2ggp; thick red line) and observations (thick blue
line). The standard deviation of June—August Atl3 index is also indi-
cated (CFSv2ggg: dashed red line; observations: dashed blue line)

and decays (after 1 month lead) with time. This Matsuno-
Gill response (Matsuno 1966; Gill 1980) has a Rossby wave-
like structure with two lobes of high positive correlation on
either side of the equator in the Atlantic and has an east-
ward propagating Kelvin wave-like structure in the equa-
torial band (Fig. 6a). This response propagates to the east
through the Indian Ocean and reaches as far as 140°E in the
Pacific at its peak. The warming of the troposphere in the
equatorial belt (confined between 10° S and 10° N) over the
Indian Ocean can weaken the positive TT gradient between
the land (Indian landmass) and ocean (Indian Ocean) that is
shown to be critical for the circulation of ISM (e.g., Webster
et al. 1998; Goswami and Xavier 2005). In Pottapinjara et al.
(2014), the modulation of TT gradient by the AZM is argued
to be intimately connected to the lower level moisture trans-
port to the Indian subcontinent, low level cyclonic vorticity
in the BoB, number of depressions in the BoB and ultimately
the rainfall over central India. A similar figure (Fig. 6b) for
the model tells us that an AZM in the model indeed excites
a positive response in TT, similar to observations. With an
exception at lags 2 and 3 in the Indian Ocean (Fig. 6b), this
response is weaker overall (compare Fig. 6b with Fig. 6a)
which is likely due to weaker interannual variability of the
AZM SSTs in the model. It also decays faster compared
to the observations. Nevertheless, the key features of the
response in terms of structural similarity, propagation to the
east into the Indian Ocean, and growth and decay are all
captured by the model.

It is interesting to see if the simulation of the response
of TT to the AZM in the model is reflected in AZM-ISMR
relation as well. Figure 7 shows the correlation between the
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Atl3 index and precipitation over India both in observations
(Fig. 7a) and in the reference run (CFSv2ygp; Fig. 7b). As
reported in previous studies (e.g., Kucharski et al. 2008;
Wang et al. 2009; Pottapinjara et al. 2014), the observed
relationship between the AZM and ISMR is that a warm
(cold) AZM decreases (increases) rainfall over the Western
Ghats and central India and enhances (reduces) rainfall over
northeastern India (Fig. 7a). An opposite relation between
the AZM and rainfall over a band extending from the BoB to
the northwest India can also be seen. However, in the model,
only the relationship between the AZM and rainfall along
the Western Ghats is captured correctly (Fig. 7b). Note that,
in the observations, the rainfall along the Western Ghats is
directly influenced by changes in the mean atmospheric cir-
culation. On the contrary, the rainfall over central India has
several contributors apart from variations of the mean flow
(e.g., Pant and Kumar 1997) and for the model to capture
the relation between the rainfall over central India and the
AZM, all such factors need to be simulated properly. For
instance, the monsoon depressions contribute to about 50%
of the monsoonal rainfall over central India (Krishnamurti
1979; Yoon and Chen 2005; Krishnamurthy and Ajayamo-
han 2010; Praveen et al. 2015) and the AZM influences the
frequency of the monsoon depressions in the BoB (Pottapin-
jara et al. 2014). However, due to the coarse resolution, the
model may not be able to simulate the monsoon depressions
and this can lead to an incorrect simulation of the relation-
ship of AZM-rainfall over central India during summer mon-
soon. It is also unclear how the dry bias in the model over
land plays into the AZM-ISM teleconnection over central
India at intraseasonal and seasonal timescales (Narapusetty
et al. 2016, 2018).

3.3 Response of the ISM to the imposed observed
warm AZM SST anomaly in the sensitivity
experiment

In the above, examining the model free-run (CFSv2qgp),
we have shown that the model simulates the relationship
between the AZM and ISMR through Kelvin wave-like fea-
tures in the TT field, albeit with some shortcomings. To
delineate the influence of AZM on the ISM more clearly,
especially to see if the physical mechanism proposed in Pot-
tapinjara et al. (2014) is indeed at work, a sensitivity experi-
ment is conducted as described earlier (see Sect. 2.4 for the
experiment design).

Before delving into the details of the response of ISM
to the imposed warm AZM SST anomalies (Fig. 8a), the
response of the model in the tropical Atlantic to the imposed
anomalies needs to be discussed. A comparison of the JJA
Atl3 time series from the reference (CFSv2yp) and sensitiv-
ity (CFSv2gqgp) runs is shown in Fig. 8c. The standard devia-
tion of JJA Atl3 index based on the SSTs ultimately seen
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Fig.6 Monthly lead-lag correlations between the Atl3 index and
Tropospheric Temperature (TT) integrated over 600-200 hPa after
removing the effect of ENSO on both TT and Atl3 index in a Obser-
vations and b Model (CFSv2gg). The lead of TT in months is indi-
cated on each subpanel. The effect of ENSO is removed to elicit
the signal clearly. All the the correlations shown in non-white color

by the atmosphere in the sensitivity experiment (0.36) is
slightly greater than that in the reference run (0.31) implying
that the variability of the AZM in the sensitivity experiment
increased only marginally. Note that the imposed AZM pat-
tern rides on the background SSTs (directly from the oceanic
component) of CFSv24¢r which are very close to CFSv2pgr
SSTs. The addition of warm AZM SST anomaly pattern
(Fig. 8a) in the tropical Atlantic in CFSv2qqr, causes warm
(cold) AZM events in the CFSv2yp;: to become warmer still
(near neutral) in CFSv24qr (Fig. 8c). Although the strength
of resulting warm AZM events that are ultimately seen by
the atmosphere (Fig. 8b) is a bit weaker in the southeastern
tropical Atlantic (20°S-5°S and 15°W-10°E) compared to
the imposed warm AZM pattern (Fig. 8a), the spatial pat-
tern of the warm AZM in a larger region of 30°S—5°N and
30°W-10°E is very similar (compare Fig. 8b with Fig. 8a).

150°E 150°W 150°W 90°W

30°W 30°E 90°E 150°E 150°W

(above 0.1) are statistically significant at the 10% level. The analy-
sis is done covering respective full time series to keep it simple and
hence, the lags do not correspond to any calendar months. Neverthe-
less, the signal in TT can still be seen due to the robustness of the
AZM-ISM relationship

An examination of the response of the model to warm AZM
in terms of anomalies of surface wind and precipitation in
the tropical Atlantic (in CFSv2gqr) tells us that the sign and
magnitude of these anomalies are captured reasonably well
throughout the season (figure not shown). It implies that
the internal dynamics of the model do not damp away the
imposed warm AZM. This gives us confidence that our sen-
sitivity experiment achieves its goal.

The response of ISM in the model to the imposed warm
AZM SST anomaly shown in Fig. 8a is discussed here (see
Sect. 2.4 for details on how the model response is com-
puted). In the subsequent analyses (Figs. 9, 10, 11, 12,
13), the difference between the CFSv24¢p and CFSV2pr
which is defined as the ‘response’ (see Sect. 2.4) to the
imposed warm AZM pattern, will be used. We start with
the observed relationship between AZM and ISM along
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Fig.7 The correlation between the JJA Atl3 index and the JJAS
precipitation over India in a observations and b model free-run
(CFSv2ggp), after removing the effect of ENSO over precipitation at

with the low level monsoonal winds in the tropical Indian
Ocean shown in Fig. 9a as a reference for the analysis of the
model response. In the observations, a warm AZM causes
easterly wind anomalies in the eastern tropical Indian Ocean
and northeasterly wind anomalies over the Arabian Sea; the
net effect being a weakening of the boreal summer seasonal
mean flow. As a result, a warm AZM suppresses rainfall over
the Western Ghats and over a band extending from the BoB
to northwest India but enhances rainfall over the eastern
equatorial Indian Ocean (Fig. 9a). The seasonal (June—Sep-
tember) average of the response in precipitation and low
level winds in the tropical Indian Ocean during summer in
the model is shown in Fig. 9b. It appears that the imposition
of warm SST anomaly in the tropical Atlantic weakens the
low level mean flow over the Arabian Sea, in agreement
with the observations, but enhances precipitation along and
to the west of Western Ghats, contrary to the observations
(compare with Fig. 9a). It also seems to cause an anticy-
clonic low level flow over central India and an increase in
rainfall over the same region. The response in the low level
winds in the eastern equatorial Indian Ocean is easterly,
again in agreement with the observations (compare with
Fig. 9a). While the model response in the low level winds
is roughly as we would expect based on our earlier results
in Pottapinjara et al. (2014) and the observational analysis
shown in Fig. 9a, the response in the precipitation (Fig. 9b)
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each grid point. The positive (negative) correlations enclosed by blue
(red) contours are significant at the 20% level

is not consistent with the observations. More importantly,
the rainfall along the Western Ghats is enhanced in response
to the warm AZM SST anomaly (Fig. 9b), contrary to the
observed relationship (compare with Fig. 9a). Further, the
responses in the low level winds and precipitation are not
consistent with each other. This apparent inconsistency must
be investigated first before delving into further details.

A similar plot of monthly mean responses in precipita-
tion and low level winds during June—September shown in
Fig. 10, tells us that the two fields are consistent with each
other in all individual months of the season. Whenever the
response in low level winds tends to oppose (strengthen)
the seasonal mean flow, precipitation is less (more) than the
corresponding climatological mean. However, the response
in neither the precipitation nor winds is uniform in sign
throughout the season and the precipitation response is
disproportionate to that of winds. For instance, the wind
response of about 2 ms~! along the west coast of India in
September (Fig. 10d) generates disproportionately wide-
spread and stronger precipitation response, compared to the
response in precipitation accompanied by the wind response
of about 4 ms~! in the same region in August (Fig. 10c).
Hence, the inconsistency between the wind and precipitation
in the seasonal mean response shown in Fig. 9b arises from
averaging their respective responses which are non-linearly
related in individual months (Fig. 10). While we are focused
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Fig.8 Response of the model (CFSv24qr) in the tropical Atlantic to
the imposed AZM SST anomaly. a Composite of observed JJA SST
anomalies (shaded; °C) of warm AZM events that is imposed (added
at the coupler level) in the sensitivity experiment (CFSv2¢¢r) and b
JJA composite of resulting warm AZM SST anomalies in CFSv2gqr,
and c the time series of JJA Atl3 index from the reference (CFSv2gp)
and sensitivity (CFSv2ggr) runs during the common period. The
composite in a is statistically significant at the 10% level. This same
anomaly is added every year on top of the simulated tropical Atlantic
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Fig.9 Influence of AZM on the seasonal mean precipitation and low
level circulation in the Indian Ocean in a observations and b model
(CFSv24gr—CFSv2;gr). a Regression of JJA Atl3 index onto anoma-
lies of JJAS precipitation (shading; mm day~') and low level winds
(850 hPa; vectors; ms™!) after removing the influence of ENSO b
JJAS mean model response (CFSv244—CFSv2ygr) in precipitation

SST at the coupler level in CFSv2¢¢r. See Sect. 2.4 for details on how
this composite anomaly (a) is prepared. In b, and ¢, the SST anom-
alies from CFSv2gqr used are those that are ultimately seen by the
atmospheric component. In ¢, the+ 1 standard deviation of JJA Atl3
SST from the CFSv2ggp, i.e., 0.31, is indicated by black dashed lines
for a comparison. When the JJA Atl3 index exceeds (falls below)
the+1 (—1) standard deviation, then a warm (cold) AZM event is
considered to occur. The correlation coefficient (0.64) between the
two time series is also shown
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(shading; mm day‘l) overlaid by winds (vectors; ms™)). In a, the
statistically significant regressions at 20% in precipitation (positive:
blue; negative: red; contours) and in winds (black vectors) are marked
in the aforementioned colors. In b, the responses in precipitation and
winds statistically significant at 20% are marked similarly
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Fig. 10 A Model Response:
Monthly mean response

(CFSv24gr—CFSv2qgr) of pre-
cipitation (shading; mm day™")
overlaid by low level winds
(vectors) in each month during
June—September (a June; b July;
¢ August; d September) and B
Observations: Regression of JJA
Atl3 index onto monthly anom-
alies of precipitation (shading;
mm day~') and low level winds
(850 hPa; vectors; ms_l) dur-
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on the seasonal responses here, the role of the intraseasonal
variability in determining the seasonal and interannual vari-
ability may be important to consider (Goswami and Ajaya
Mohan 2001). It is likely that the coastal processes and
ocean control on rainfall over the west coast are an issue
here as well (Xi et al. 2015). Such details need further model
experiments and diagnoses but are beyond the scope of the
current investigation.
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In the above, we have shown that the observed relation-
ship between AZM, and the ISMR and low level mon-
soonal winds in the tropical Indian Ocean (Fig. 9a) holds
in the sensitivity experiment as well but only in the month
of August (Fig. 10c). Further, the model response in other
months is either weak (in June; Fig. 10a) or the opposite
[in July (Fig. 10b) and September (Fig. 10d)]. This result
is also substantiated by month-to-month comparison of
the monthly ISM responses to AZM (Fig. 10a—d) during
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June—September with that of observations (Fig. 10e-h;
similar analysis to Fig. 9a; compare Fig. 10a with Fig. 10e
and so on). Note that while Fig. 9a shows the JJAS sea-
sonal mean influence of AZM on ISM in observations,
Fig. 10e-h present a monthly evolution of the same during
June—September. Focusing on the AZM-ISM relationship
in August in the model (Fig. 10c), a strong easterly flow
extending from the west Pacific to the Somali coast weak-
ening the seasonal mean flow north of the equator can
be observed (Figs. 10c and 12a). A strong anti-cyclonic
circulation in the BoB can also be noticed (Fig. 10c). This
response in winds is accompanied by a reduction in pre-
cipitation along the Western Ghats and over the BoB, and
an enhancement in precipitation over the central to the
eastern Indian Ocean between 10° S and 5° N. All this
response is consistent with the observations (compare
Fig. 10c with Fig. 9a and Fig. 10g) as well as with our ear-
lier study (Pottapinjara et al. 2014). However, the precipi-
tation response over central India is mixed, with a reduc-
tion over some places and an enhancement over others
(Fig. 10c). As may be noted, this relation between AZM
and precipitation over central India is not simulated in the
model reference run (CFSv2gy) either (Fig. 7b). Although
the precipitation response along the Western Ghats in
August (Fig. 10c) is consistent with the observations, the
spatial extent of the precipitation response is extended
further north (between 10° N and 20° N; Fig. 10c) com-
pared to that of observations (between 10° N and 17° N;
Figs. 9a and 10g). This must be related to the incorrect
precipitation response over a band extending from the BoB
to central India to northwest India (Fig. 10c) compared to
the observations (Figs. 9a, 10g). Despite these shortcom-
ings, on the whole, the response in the month of August
(Fig. 10c) is very close to observations.

It is worth noting that the reference run (CFSv2gr) and
sensitivity experiment (CFSv2qqr) have (almost) the same
mean state biases (Fig. 3). However, whereas the signals of
AZM-ISM relationship can be seen in the June—September
seasonal average in the reference run (CFSv2ypp; Fig. 9a),
it can be seen only in August in the sensitivity experiment
(Fig. 10c). It may be because the addition of SST anomalies
in CFSv2qr is particularly more sensitive to the mean state
biases in the model. To some extent, it may also be due to
the simplistic design of our sensitivity experiment. Further
studies are required to understand this issue, but it is beyond
the scope of the present study. Before addressing the ques-
tion of whether or not the response in August is consistent
across different fields, we must examine why the experi-
ment yields a response consistent with observations only in
August and not in the other months of the season.

Examining the simulation of the tropical Atlantic sea-
sonal cycle in the model may provide us a clue as to why the
model response is as observed only in August. An accurate

simulation of the tropical Atlantic seasonal cycle in the
model is essential because the AZM is tightly phase locked
to the seasonal cycle (e.g., Keenlyside and Latif 2007;
Liibbecke et al. 2010; Richter et al. 2017). The meridional
movement of the ITCZ is an important aspect of the tropical
Atlantic seasonal cycle, and the position of the ITCZ dur-
ing boreal spring is very sensitive to the contemporaneous
SST gradient between the north and south tropical Atlan-
tic, and thus links the meridional and zonal modes (Ser-
vain et al. 1999; Murtugudde et al. 2001). A comparison
of climatological evolution of meridional position of the
Atlantic ITCZ both in the model reference run and in the
observations shows that the model simulated Atlantic ITCZ
(in CFSv2ggg) is placed further away from the equator com-
pared to the observed Atlantic ITCZ during January—April
(Fig. 3). However, the ITCZ in the model (in CFSv2ygp) is
located where it should be as per the observations only in the
months of July—August—September and it is biased by 1.7-5
degrees latitude in January—June. The Atlantic ITCZ in the
sensitivity experiment (in CFSv2¢¢p) coincides with that of
the reference run (in CFSv2ggr) during June—September,
implying that the mean state biases in the two runs remain
almost the same. Therefore, with reference to boreal sum-
mer, the ITCZ seasonal cycle in the model (both CFSv25r
and CFSv24qp) is delayed during boreal spring to early sum-
mer when compared to that of observations (Fig. 3). The
timing of the least bias in the position of the ITCZ in the
model coincides with that of the western equatorial Atlan-
tic zonal winds (Fig. 2). As may be noted from Fig. 2, the
SST bias in the southeastern tropical Atlantic also starts to
decrease in August. On the other hand, in September, ISM
is already withdrawing from the Indian subcontinent and for
AZM to impact the ISM, ISM should also be active. Hence,
only the period prior to September is likely to feel the impact
of AZM on ISM. Given that the SST anomaly imposed in the
tropical Atlantic in the experiment ride on the background
SSTs, it may be concluded that the less-biased background
conditions in the model in August both in the tropical Atlan-
tic and the Indian Ocean, give us the desired response in the
Indian Ocean region. Therefore, we will concentrate on the
response in different fields in August only. Henceforth, the
model response in the following would mean the response
in August unless mentioned otherwise.

As mentioned earlier, AZM can influence the rainfall
over central India by modulating the frequency of monsoon
depressions forming in the BoB (Pottapinjara et al. 2014).
As shown in Fig. 11, as a response to the imposed warm
SST anomaly in the tropical Atlantic, there is a negative
vorticity north of 13°N and enhanced vertical wind shear
between upper and lower levels north of 17°N in the BoB,
which together tend to oppose the formation of monsoon
depressions in the head BoB (Pottapinjara et al. 2014). The
reduced number of monsoon depressions in the BoB in turn
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Fig. 11 The response (CFSv2¢—CFSv2ggp) in vorticity at 850 hPa
(shading; 107 s™!) overlaid by magnitude of vertical wind shear
between at 850 and 200 hPa (contours; shear: winds at 850 hPa—
winds at 200 hPa; ms™'") in August. The positive (negative) wind
shear response is indicated by red (blue dashed) contours

tend to cause less rainfall over the central Indian region that
is normally frequented by monsoon depressions. Although,
the response in such large scale features that are critical for
the monsoon depressions in the BoB are captured by the
model, the rainfall response over central India is incorrect
(Fig. 10c), possibly due to the low resolution of the model
which is insufficient to resolve the monsoon depressions. It
is also likely that the split of rainfall between the persistent
and propagating modes is not accurately captured by CFSv2
as can be inferred from the dry bias related to enhanced
break spells (Krishnamurthy and Shukla 2008; Narapusetty
et al. 2018). Nonetheless, we can conclude that the model
simulates an important result of Pottapinjara et al. (2014), at
least to the extent of AZM influencing the factors affecting
the formation of monsoon depressions in the BoB.

A major aspect of the teleconnection mechanism
between the tropical Atlantic and Indian Oceans is through
Kelvin wave-like response propagating in the tropospheric
temperature field, as discussed earlier (Pottapinjara et al.
2014). To demonstrate this, the responses in different
fields covering the tropical Atlantic and Indian Oceans
are shown in Fig. 12. In response to the imposed warm
AZM SST anomaly in the tropical Atlantic, the convection
over the eastern equatorial Atlantic results in precipita-
tion over the same region (Fig. 12b). A consistent low
level westerly wind response in the central to the western
equatorial Atlantic can be also noticed (Fig. 12a). In addi-
tion, as noted already, the monsoonal flow in the Indian
Ocean north of the equator is weakened by the easterly
wind response which extends up to 150° E (Fig. 12a; also
Fig. 10c). As a result, a weak warm response in SST in
the Arabian Sea can also be seen (Fig. 12c). Excited by
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the warm AZM SST anomaly and its resultant convection
anomalies, a warm response in the mid-tropospheric tem-
perature can be seen extending from the tropical Atlantic
into the Indian Ocean and reach over to 150°E in the west-
ern Pacific (Fig. 12d). The vertical section of TT averaged
over the equatorial belt covering the Atlantic and tropical
Indian Oceans shown in Fig. 13a tells us that the TT in
the mid-tropospheric column over the longitudes of the
Atlantic indeed warms up and extends eastward into the
Indian Ocean. The vertical section of the TT response in
the longitudinal band of 60°E-120°E covering both the
Indian subcontinent and the Indian Ocean reveals that the
TT response over the Indian Ocean is warm, consistent
with the warm TT response originating from the equatorial
Atlantic, and it is cold over the subcontinent (Fig. 13b).
This warm TT response over the ocean (Indian Ocean) and
cold TT response over land (Indian subcontinent) weakens
the mean land-sea mid-tropospheric thermal gradient and
consequently reduces the strength of mean monsoonal flow
as shown in Fig. 12a. Note that this TT response is consist-
ent with the response in winds and precipitation shown in
Fig. 12a, b, respectively, all agreeing very well with the
thermodynamical aspect of the teleconnection between the
AZM and ISM proposed by Pottapinjara et al. (2014).

As discussed in the Introduction, a dynamical manifesta-
tion of the response of ISM to AZM is reported by Kuchar-
ski et al. (2009). From a sensitivity experiment conducted
using an AGCM, they find that a positive (negative) AZM
SST anomaly in the tropical Atlantic causes a Matsuno-Gill-
type baroclinic quadrupole response in the stream function.
From the upper level velocity potential, they showed that
the heating associated with the warm AZM event induces an
upper level divergence over the tropical Atlantic and African
regions, and an upper level convergence over India and the
western Pacific. This is attributed to the reduction of rainfall
over India. Interestingly, the upper level velocity potential
in the model response presented in Fig. 12e shows a similar
structure with an upper level divergence over the Atlantic
and a convergence over India. In addition, the quadrupole
response in lower level stream function can also be seen
(Fig. 12e). Consistent with this, a reduced precipitation over
India and the BoB due to the collocated upper level conver-
gence can be also noticed (Fig. 12b). Hence, the model also
simulates the dynamics-based teleconnection between the
AZM and ISM proposed by Kucharski et al. (2009).

From the above discussion of results from the sensitivity
experiment, we may conclude with more confidence that
the observed teleconnection between the AZM and ISM is
adequately captured by the model, although it misses some
finer details due to mean state biases in the tropical Atlantic.
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Fig. 12 The response (CFSv2¢¢r—CFSv2;pr) and analyses of differ-
ent fields covering the tropical Atlantic and Indian Oceans in August:
a low level wind vectors at 850 hPa (m s~'), b precipitation (mm
day™!), ¢ SST (°C; multiplied by 0.25), d mid-tropospheric tempera-
ture averaged between 600 and 200 hPa (0.1 K), and e upper level
velocity potential at 200 hPa (shading; 10® m?™") and low level

4 Summary and conclusion

Earlier studies have shown the existence of a relation
between AZM and ISM (e.g., Kucharski et al. 2008,
2009; Wang et al. 2009; Pottapinjara et al. 2014, 2016).
Importantly, in a recent study Pottapinjara et al. (2014),
we have proposed a thermodynamic mechanism by which
the AZM influences the ISM. In this study, we examine
how well the CFSv2, a state-of-the-art ocean—atmosphere
coupled model used for ISM forecasts in India, simu-
lates the AZM-monsoon teleconnection and the physical
mechanism proposed by our earlier study Pottapinjara et al
(2014). The analysis of the model free-run (CFSv2ggp)
suggests that variability of the AZM, AZM-monsoon rela-
tion (a warm AZM suppressing the rainfall over India),

60°E

120°E 180°

stream function at 850 hPa (contours; 10° m?s™"). The specified fields
are scaled to have a common color scale. In ¢, the SST response in
the tropical Atlantic is masked because that is where we impose the
warm AZM SST anomaly shown in orange contours. In d, the posi-
tive (negative) contours of stream function are shown in blue (red)
colors to highlight the quadrupole structure of Kucharski et al. (2009)

and AZM-ISM teleconnection via the mid-tropospheric
temperature response affecting the land-sea thermal gradi-
ent in the Indian Ocean region are all reasonably captured
in the model but are subject to the biases linked to the
mean state.

We also conduct a complementary sensitivity experi-
ment to delineate the influence of AZM on ISM. In the
experiment, a warm AZM SST anomaly is imposed
(added at the coupler level) in the tropical Atlantic during
June—September and the response (difference between the
sensitivity and reference run) of the ISM is studied. The
analyses of the sensitivity experiment are analyzed in the
context of the mean state biases to advance the process
understanding of the AZM-monsoon interactions. Because
of the delayed seasonal cycle in the tropical Atlantic
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Fig. 13 Vertical cross sections of the response (CFSv2¢4—CFSv2;gr)
in mid-tropospheric temperature (TT; K) in August, a after averaging
over the latitudinal band of 5° S—-5° N to show the TT teleconnection
between the Atlantic and Indian Oceans and b after averaging over
the longitudinal band of 60° E-120° E to show the gradient in TT
between over the Indian subcontinent and Indian Ocean

during boreal spring to early summer in the model, the
response in the precipitation and low level winds in the
Indian Ocean is not consistent throughout summer. How-
ever, in the month of August, the response of ISM to
imposed warm AZM SST anomaly is consistent across pre-
cipitation, low level winds, mid-tropospheric temperature,
vorticity and shear; all simulating the physical mechanism
suggested in Pottapinjara et al. (2014). We argue that the
reason why ISM response is consistent with observations
in August is because of the close-to-the-right background
conditions in the tropical Atlantic in August in the model,
which is reflected in the more accurate meridional posi-
tion of the Atlantic ITCZ (the Atlantic ITCZ position is
biased in the months prior to August). In addition, the
right background conditions also exist in the Indian Ocean
in August with resepct to active ISM (ISM starts to with-
draw in September already). However, this attribution of
the simulation of observed AZM-ISM relationship only
in August to the mean state biases in the tropical Atlantic
needs more support and will be explored in a future study.
Examining the impact of imposed warm AZM anomaly
on ISM in the model (CFSv24t—CFSv2;zp), we note that
the reduction in rainfall along the Western Ghats is promi-
nent as it is directly affected by the changes in the mean
flow (Fig. 12b). However, the precipitation response over
central India is not clearly seen owing to limitations of
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the model. This sensitivity experiment also shows that
the model simulates the dynamics-based physical mecha-
nism proposed by Kucharski et al. (2009) wherein a warm
AZM SST anomaly generates a Matsuno-Gill-type quad-
rupole response and induces an upper level convergence
over India leading to a reduction in ISM rainfall. The two
mechanisms of Kucharski et al. (2009 and Pottapinjara
et al. (2014) may not be totally independent of each other
but are different manifestations of the total coupled non-
linear system.

As shown in this study, the CFSv2 model has some seri-
ous biases in simulating the seasonal cycle in the tropical
Atlantic, but this problem is also seen in many coupled
models participating in the CMIP5 (Richter et al. 2014;
Richter 2015; Cabos et al. 2019). In this context, our study
highlights the need for improving the mean state of tropi-
cal Atlantic in CFSv2 in order to account for a realistic
AZM-ISM link, which will potentially lead to better fore-
casts of the ISM.

Although we have shown that the CFSv2 simulates the
different manifestations of the response of ISM to AZM
(Kucharski et al. 2009; Pottapinjara et al. 2014), we have not
investigated the relative importance of these mechanisms.
The responses of winds and precipitation in the Indian
Ocean (Fig. 12a, b) seem a bit stronger for the imposed SST
anomaly. The strong response could be due to local posi-
tive feedbacks in the Indian Ocean or a stronger dynamic
response in addition to the thermodynamic response. The
cooling of TT in the BoB and western Pacific (Fig. 12d) is
not seen in the observations or in the CFSv2,p (Fig. 6). It
is likely that this cooling is induced by the sinking motion
over those regions as a secondary response. The enhance-
ment of precipitation in the southeastern Indian Ocean, and
reduction of precipitation over the BoB (Fig. 12b) are likely
linked by the local Hadley cell in the Indian Ocean. A slight
cooling of TT in the central equatorial Atlantic in Fig. 12d
is due to the cooling between the levels of 400 and 350 hPa
(Fig. 13a) but we do not yet understand why this occurs.
In this study, while examining the simulation of the results
reported in Pottapinjara et al. (2014), we did not actually
track the monsoon depressions in the model as the coarse
resolution of the model does not capture them. Rather, we
have only shown the response in the vorticity and wind
shear that are crucial for the formation of monsoon depres-
sions in the BoB. It should be noted that in the sensitivity
experiment, we have studied only the response to warm SST
anomaly in the tropical Atlantic. A subsequent experiment
imposing the cold SST anomaly can offer us more insights
into possible non-linearity in the teleconnection between
AZM and ISM with respect to the phase of AZM, which is
the subject of a further study.
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