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ABSTRACT

This paper describes a novel simulation of active and break spells of the Indian summer monsoon (ISM)

using a relatively high-resolution regional coupled ocean–atmosphere climate model (RCM) run at 10-km grid

spacing. Similar to what is seen in observations, the RCM-simulated active (break) spells are characterized by

stronger (weaker) rainfall over central India and anomalous low-level atmospheric flow that enhances (weakens)

the climatological flow pattern. Highlights of this study include the improved spatiotemporal structure, propa-

gation characteristics, and amplitude of the intraseasonal variations of the ISMrainfall in theRCMsimulation as

compared with some of themore recent simulations conducted with global models at coarser spatial resolutions.

This study’s RCM simulation also displays associated variations in the upper ocean, with active (break) spells of

the ISM coinciding with colder (warmer) sea surface temperatures (SSTs) in both the Arabian Sea and the Bay

of Bengal. These SST anomalies are mainly sustained by corresponding net heat flux anomalies on the ocean

surface. The active (break) spells are further associated with shoaling (deepening) of the mixed layer depth,

which is critical for the SST response to heat flux. All of these simulated features of intraseasonal variations of

the ISM have been seen in earlier observational studies, which further confirms the fidelity of the model sim-

ulation and the importance of coupled air–sea interactions and upper-ocean stratification.

1. Introduction

Intraseasonal variations (ISVs) are a dominant fea-

ture of the Indian summer monsoon (ISM); they are

characterized by a higher amplitude of variation than

what is typically seen in interannual variations (Webster

et al. 1998; Krishnamurthy and Kinter 2003; Waliser

2006). ISVs of the ISM occur over a wide time span (from

20 to 90 days) that overlaps with the time period of the

Madden–Julian oscillation of the boreal winter season

(Yasunari 1979; Raghavan et al. 1975; Krishnamurti and

Subrahmanyam 1982; Wang and Rui 1990). The ISVs of

the ISM are characterized by active and break phases of

rainfall, wherein the former is above the seasonal mean

and the latter is below the seasonal mean (Krishnamurthy

and Shukla 2000). Sikka and Gadgil (1980) found these

contrasting phases typically include a northward propa-

gation of cloud bands beginning at the equatorial Indian

Ocean and ending near to the foothills of the Himalayas

in northern India. In addition to this northward propa-

gation, Lawrence and Webster (2002) noted an eastward

propagation of convection in the equatorial IndianOcean.

And through composite analysis, they found that when

the eastward propagation of convection was weak, the

northward translation of an ISVwas also correspondingly

weak. Further, the authors asserted that this was consis-

tent with the propagation of equatorial waves that elicit

surface frictional convergence into the low pressureCorresponding author: Vasubandhu Misra, vmisra@fsu.edu
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center of theRossby wavemode and that the propagation

consequently forced the northward movement of ISVs

(Wang and Xie 1997; Lawrence and Webster 2002).

Despite our increased understanding of ISVs over the

years, their simulations by general circulation models

continue to display significant bias, albeit with modest

improvements over the years (Sperber and Annamalai

2008; Lin et al. 2008; Jiang et al. 2011; Abhik et al. 2016;

Krishnamurthy 2016). For example, Lin et al. (2008) in-

dicated that models from phase 3 of the Coupled Model

Intercomparison Project (CMIP) overestimated the

equatorial Indian convection and underestimated the

northward propagation of ISVs. When comparing these

results with CMIP5 models, Sperber et al. (2013) con-

cluded that the northward propagation of ISVs was sig-

nificantly improved. However, CMIP5 models continued

to display significant bias in the observed northwest–

southeast-tilted rainband associated with ISVs. Similarly,

Krishnamurthy (2016) showed a clear improvement in ISV

simulations in the more recent version of the operational

seasonal climate forecast model of the National Centers

for Environmental Prediction as compared to the center’s

previous version. Furthermore, several studies have shown

that models with an interactive ocean simulate the north-

ward propagation of ISVs, which are otherwise generated

as a standing mode in the atmosphere-only (with pre-

scribed SST) integrations (Wang et al. 2009; Sharmila et al.

2013). And thus, there is growing consensus that air–sea

interaction improves simulation with higher fidelity and

extends prediction skill of ISVs (Waliser et al. 2001; Wang

et al. 2009; Sharmila et al. 2013; Roxy et al. 2013).

In addition to global general circulation models, there

has been expanded use of regional climate models to

simulate the ISM (Dash et al. 2006; Raju et al. 2015;

Umakanth et al. 2016; Misra et al. 2017). In general, these

studies claim that regional climate models offer higher

resolution relative to general circulation models, which

enables better representation of the land–sea coastlines,

orography, and land cover, all of which lead to some

modest improvements of the spatial and temporal varia-

tions of simulated ISMs. More recently, Ham et al. (2016)

suggested that air–sea interaction resolved in a regional

coupled ocean–atmosphere model improved the simula-

tion of the East Asian summer monsoon. In this study,

we utilize a regional coupled ocean–atmosphere model

(RCM) that is forced at the lateral boundaries by global

reanalysis datasets. This model setup run at 10-km grid

resolution provides uswith the unique ability to understand

upper-ocean responses to ISVs. Unlike some of the ob-

servational studies conducted with limited field observa-

tions or disparate observational datasets that include

potentially independent errors (e.g., Sengupta et al. 2001;

Bhat 2002; Parampil et al. 2010), the simulation discussed in

this paper provides a dynamically consistent dataset of the

atmospheric and oceanic variables. Some recent observa-

tional studies have indicated the existence of prominent

intraseasonal variations of the upper-ocean heat content in

theBayofBengal (BoB; Sengupta andRavichandran 2001;

Vecchi andHarrison 2002;Krishnamurti et al. 2017). These

studies have given us a broader understanding of ISVs. For

example, Sengupta et al. (2001) andBhat (2002) indicated a

basinwide warming of the BoB SST (nearly 18C) prior to
onset of the active phase of the ISM. Similarly, Li et al.

(2017) suggested that when either the barrier layer thick-

ness (BLT) or mixed layer depth (MLD) is large, intra-

seasonal SST anomalies tend to be weak in the BoB.

The purpose of this study is to present the ISV results

froma climate simulation conducted at an unprecedented

grid resolution of 10km for both the atmosphere and

ocean component of a regional climate model. In the

following section, we briefly describe the model and the

experimental setup. This is followed by a description of

the model diagnostics conducted. The results are dis-

cussed in section 4, followed by our conclusions, which

are discussed in section 5.

2. Model description and experiment design

Weuse theRegional SpectralModel (RSM; atmospheric

component)–Regional Ocean Modeling System (ROMS;

oceanic component) as our RCM (Li and Misra 2014;

Misra et al. 2017). This RCMwas recently used to simulate

the ISM byMisra et al. (2017). A brief outline of the RSM

and ROMS is provided in Table 1. No flux correction is

applied to the RCM simulation. For this study, the RSM

and ROMS are situated on identical grids (at 10-km grid

resolution) so that there is direct exchange of atmospheric

fluxes to ROMS and SST to RSM without any in-

terpolation. The coupling interval for the exchange be-

tweenRSMandROMS is three hours. The domain used in

this study for theRCM integration is depicted in Fig. 1. The

RCM is laterally forced by the National Centers for Envi-

ronmental Prediction–Department of Energy global at-

mospheric reanalysis (Kanamitsu et al. 2002) at a 6-h

interval and the Simple Ocean Data Assimilation, version

2.2.4 (SODA), global oceanic analysis (Carton and Giese

2008) at amonthly interval for the atmospheric (RSM) and

oceanic (ROMS) components, respectively. The RCM in-

tegration is for a period of 10 years (1986–95).

3. Methodology for model diagnostics

To isolate the ISV from observations and model

simulation, we use the fourth-order, bandpass, recursive

Butterworth time filter (Guillemin 1957), which has been

widely used for extracting intraseasonal signals of the
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ISM (Krishnamurti and Subrahmanyam 1982; Goswami

et al. 1998; Misra et al. 2012). The time filtering is con-

ducted at individual grid points for the entire model do-

main, with a bandpass of 20–90 days. We also make

composites of active (dry) spells of the ISM over the

RCM simulation period by isolating periods of five suc-

cessive days of 20–90-day filtered positive (negative)

precipitation anomalies over central India (158–258N and

758–858E), following Goswami and Xavier (2003). The

observational datasets used in the verification are out-

lined in Table 2. It should be noted that the observational

period does not overlapwith themodel simulation period

(e.g., precipitation, SST) for some of the datasets. This is

not expected to hinder our analysis as we are examining

the ISV phenomenology with a focus on the upper-ocean

features in the RCM and not on the interannual or other

lower-frequency variations.

4. Results

a. Seasonal climatology

Figures 1a and 1b show the observed mean June–

September (JJAS) climatology of rainfall and 850-hPa

winds from observations and the RCM simulation, re-

spectively. Rainfall climatology is calculated using the

Tropical Rainfall Measuring Mission, version 3B43

(TRMM-3B43; Huffman et al. 2010), data, while the

source of the 850-hPa wind analysis is the Modern-Era

Retrospective Analysis for Research and Applications,

version 2 (MERRA-2) (Molod et al. 2015; Gelaro et al.

2017). Overall, the large-scale pattern of rainfall in the

RCM simulation is reasonably well captured. The ob-

served rainfall maximum along the Western Ghats,

northeast India, and the Indo-Chinese peninsula con-

trasted with semiarid regions of the Indian Deccan

Plateau and the northwest regions are simulated in the

RCM. Similarly, the observed 850-hPa southwesterlies

over the Arabian Sea (AS) gradually leading to the

monsoon trough residing over central India and the

northern BoB is also apparent in the RCM simulation.

However, it should be noted that the observational

analysis of rainfall and winds are approximately 2.5 and

5 times coarser in spatial resolution than in the RCM

simulation. As a result, we observe sharper rainfall

gradients in the RCM simulation near steep orography

(e.g., Western Ghats, Himalayas, and the Purvanchal

Mountains in northeast India) and between the semiarid

and moist regions of the domain. Furthermore, Shige

et al. (2017) indicate that infrared-based rainfall esti-

mates tend to show erroneous smearing of rainfall in the

coastal oceans upstream of the Western Ghats and

Arakan Yoma region of Myanmar due to detection of

cold brightness temperatures associated with extensive

cirrus anvils. However, the TRMM Precipitation Radar

shows that rainfall maxima occur over the upslope of the

WesternGhats and theArakanYoma (Shige et al. 2017)

as simulated in the RCM (Fig. 1b). The bias of the RCM

simulation is also apparent in Fig. 1, with the un-

derestimation (overestimation) of rainfall over BoB

(central India) and an overestimation of the rainfall

along the southern and eastern boundaries of the

regional domain.

Similarly, Fig. 2 shows the temperature stratification

of the upper ocean from reanalysis and the RCM sim-

ulation. As noted in some of the earlier observational

studies, the thermal stratification of the northern Indian

Ocean plays an important role in the manifestation of

the intraseasonal SST anomalies (Waliser et al. 2004; Li

et al. 2016, 2017). The shallowerMLD in the BoBmakes

the SST in the region more responsive to changes in the

TABLE 1. A brief outline of the RCM.

Reference

Atmospheric model (RSM)

Twenty-eight (28) vertical-terrain-following sigma levels with double

sine–cosine series with wall boundary conditions as basis functions

for horizontal discretization

Juang and Kanamitsu (1994)

Deep convection Moorthi and Suarez (1992)

Shallow convection Tiedtke (1983)

Clouds Zhao and Carr (1997)

Boundary layer Hong and Pan (1996)

Land model Ek et al. (2003)

Gravity wave drag Alpert et al. (1988)

Longwave radiation Chou et al. (1999)

Shortwave radiation Chou and Suarez (1994)

Ocean model (ROMS)

Thirty (30) vertical sigma levels on horizontal staggered Arakawa C

grid

Haidvogel et al. (2000); Shchepetkin and McWilliams (2005)

Mixing scheme Mellor and Yamada (1982); Umlauf and Burchard (2003)

Boundary layer formulation K profile (Large et al. 1994)
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atmospheric fluxes compared to the AS (Rao et al. 2011;

Roxy et al. 2013). Therefore, the intraseasonal varia-

tions are more significant in the BoB during the ISM

season (Sengupta and Ravichandran 2001; Rao et al.

2011; Krishnamurti et al. 2017). The intraseasonal

anomalies in the AS are found to be strongest in the

early (May–June) and decaying (September–October)

stage of the ISM season (Li et al. 2016). The observed

large-scale features of relatively shallow MLD in the

BoB and the northern AS (Fig. 2a) are well captured in

the RCM simulation (Fig. 2b). Similarly, the relatively

larger MLD over the southwestern AS is also simulated

in the RCM simulation, albeit with a bias of a shallower

depth. It should be noted that MLD bias in the RCM,

both over the BoB and the AS, differs from many other

recent global models that tend to simulate with a bias

FIG. 1. JJAS climatology of 850-hPa winds (vectors; m s21) and rainfall (colors;

RRate; mmday21) from (a) observations and (b) RCM.
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of a thicker MLD (Roxy et al. 2013; Akhil et al. 2014;

Li et al. 2016). Roxy et al. (2013) suggested that such

seasonal bias in the MLD is a potential source of errors

in the forecasting of ISVs. The depth of the 268C iso-

therm (Fig. 2c), which represents the tropical cyclone

heat potential (Shay et al. 2000), and the depth of the

208C isotherm (Fig. 2e), which is a proxy for upper-

ocean heat content of the tropical oceans, show com-

paratively deeper depths in the AS as compared to the

BoB. This feature is also represented in the RCM sim-

ulation but with a bias of shallower depths in both basins

(Figs. 2d,f).

b. Intraseasonal variations of precipitation

The intraseasonal variance of precipitation and

850-hPa winds from observations and RCM are shown

in Figs. 3a and 3b. The model-simulated intraseasonal

variance seems reasonable, showing the highlighted re-

gions of precipitation variance along the western coast

of India and the Myanmar coast. Likewise, the wind

variance is much stronger in the central and eastern

parts of India (Indo-Gangetic and Brahmaputra Plains)

in both the observations and themodel analysis. Figure 3a

also reveals a dominance of zonal wind variations in the

Indo-Gangetic Plains, while in central India and the BoB

the variance of the meridional component of the winds

becomes equally significant. These features of the ISVare

reasonably well simulated in the RCM simulation

(Fig. 3b). Furthermore, the low intraseasonal variance

region in the oceanic regions around Sri Lanka are also

very well captured by the model simulation. That said,

there are apparent discrepancies in the RCM simulation

that include an underestimation of the precipitation

variance over the BoB and an overestimation of pre-

cipitation variance over central and northern India.

A composite analysis of the dry and wet spells of the

ISM is shown in Fig. 4. Both in the observations and in

the RCM simulation, the dry and wet spells of the ISM

are characterized by corresponding precipitation anoma-

lies across central India and the BoB with anomalous

anticyclonic and cyclonic circulations at 850hPa, re-

spectively. Furthermore, in comparing the wind anoma-

lies of the intraseasonal time scales in Fig. 4 with the

corresponding wind climatology in Fig. 1, it is apparent

that the dry (wet) spells imply strengthening (weakening)

of the prevalent westerlies over the northern BoB.

This has been widely observed in earlier studies (e.g.,

Krishnamurti et al. 1992; Krishnamurthy and Shukla

2007). The precipitation anomalies are more widespread

across the BoB than in the AS, in both the observations

and the simulation (Fig. 4). However, the RCM in com-

parison to the observations underestimates the anomalies

of precipitation and 850-hPa wind anomalies over the

BoB while overestimating it over the Indo-Gangetic

Plains. This RCM simulation can be considered quite

reasonable given the current state-of-the-art global model

bias at intraseasonal time scales of the ISM (Lin et al.

2008; Neena et al. 2017).

The composite power spectrum of central India rain-

fall for the 18 and 10 seasons of the Tropical Rainfall

Measuring Mission dataset and the RCM simulation is

shown in Figs. 5a and 5b, respectively. The bump in the

observed spectral density between 20 and 90 days

(Fig. 5a) is also seen in the RCM simulation (Fig. 5b),

with a slightly larger amplitude but also within the un-

certainty range of the observed spectral estimates. The

peak intraseasonal power is around 40 days (Figs. 5a,b),

which is consistent with the findings of Krishnamurthy

and Shukla (2000, 2007).

c. Propagation characteristics

To show the propagation characteristics of the intra-

seasonal variations, we display the lag regression of

zonally averaged (708–958E), bandpass (20–90 days)-

filtered precipitation anomalies on the corresponding

bandpass-filtered precipitation anomalies over central

India in Figs. 6a and 6b from both TRMM observations

and the RCM simulations, respectively. The meridional

northward propagation of the precipitation anomalies

from the equatorial latitudes to northern India is quite

TABLE 2. Verification datasets used in the study.

Variable Source Reference Remarks

1 Daily precipitation TRMM-3B43 Huffman et al. (1995, 1997);

Adler et al. (2000)

Available for 1998–2015 at

0.258 3 0.258 grid
2 Daily 850-hPa winds and atmospheric

fluxes

MERRA-2 Molod et al. (2015);

Gelaro et al. (2017)

Available for 1979–present

at 0.58 3 0.6258 grid
3 Daily SST OSTIA Donlon et al. (2012) Available for 2006–present

at 5 km 3 5 km

4 Monthly depth of the 268C isotherm (proxy

for ocean heat content)

SODA Carton and Giese (2008) Available for 1958–2001

at 0.258 3 0.48
5 Monthly upper-ocean currents and

temperature
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apparent in both the observations and the model simu-

lation. The stronger amplitude of the regression co-

efficients in the RCM simulation (Fig. 6b) is striking.

However, the RCM (Fig. 6b) represents slightly faster

propagation with a broader temporal variation than the

observations (Fig. 6a). This feature of faster propagation

of the ISV in the RCM is contrary to many of the global

models, which simulate a much slower-propagating ISV

than observed meridional propagation (Wang et al.

2009; Sharmila et al. 2013). Additionally, the model

tends to propagate the anomalies farther north, beyond

278N, while the observations seem to halt just beyond

248N. Some of these differences between the RCM

simulation and the observations shown in Fig. 6 become

far more apparent and clear in Fig. 7. Similar to Fig. 6, in

Fig. 7 we show the regression of the filtered precipitation

anomalies on the corresponding filtered precipitation

anomalies over central India at different leads and lags.

The weaker precipitation anomalies of the RCM simu-

lation over the BoB relative to the observations are

FIG. 2. JJAS climatology of depth (m) of (a),(b) MLD and the (b),(c) 268C and (d),(e) 208C isotherms from (left)

observations and (right) RCM.

3172 JOURNAL OF CL IMATE VOLUME 31



FIG. 3. Intraseasonal (20–90 days) variance of precipitation (color shaded; mm2 day22) and

850-hPa winds (vectors; m2 s22) from (a) observations and (b) RCM. The vectors represent

the variance of the zonal and meridional wind components.
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quite apparent at all lags (Fig. 7). But over land,

especially along the western Ghats and central

India, they are very comparable. Furthermore, the

northwest–southeast tilt of the precipitation anoma-

lies from northwest India to the BoB is also compa-

rable in both observations and the RCM simulation.

The successful tilted feature of the ISV simulated by

the RCM is a feature that has been found to be diffi-

cult to simulate in many of the global models (Sperber

et al. 2013). It may be noted that in all Fig. 7 panels the

central India rainfall anomaly is flanked in both

the southern and northern directions with rainfall

FIG. 4. The composite intraseasonal (20–90-day bandpass filtered) 850-hPa winds (vectors; m s21) and rainfall (color shaded; mmday21)

from (a),(c) observations and (b),(d) RCM.
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anomalies of the opposite sign, suggestive of its me-

ridional propagating feature.

d. Intraseasonal anomalies of the ocean surface

Having verified some of the rainfall and lower-

tropospheric circulation characteristics of the ISV in

the RCM simulation, we now analyze the associated

surface and subsurface ocean variations in the simula-

tion. The RCM simulation at 10 km in a coupled ocean–

atmosphere framework gives us a unique perspective on

the evolution of the ISV in the surrounding oceans. In

Figs. 8a and 8b we show the standard deviation of the

intraseasonal (20–90-day filtered) SST anomalies from

the operational sea surface temperature and sea ice

analysis (OSTIA; see Table 2) and the RCM simulation,

respectively. The strong variations along the western

edge of the regional domain, across the Gulf of Oman,

and along the peninsular coast of India with a minimum

in the equatorial latitudes of the northern Indian Ocean

are well captured in the RCM. The RCM simulation’s

comparatively weaker anomalies in the northern BoB

and the AS are also noted (Fig. 8b).

In Fig. 9, we show the wet and dry intraseasonal

composites based on central India rainfall for SST and

all of the heat flux terms. This figure reveals a broad

picture, whereby that during active (inactive) periods of

the ISM, SST anomalies appear slightly colder (moder-

ately warmer) in the BoB and over the AS (Figs. 9a,b).

This type of ISV of the SST during active and nonactive

spells of the ISM over BoB has been noted in other

observational studies (Sengupta and Ravichandran

2001; Bhat 2002).

In Fig. 9, the SST anomalies are asymmetrical with dry

spells showing a larger anomaly than the wet spells. This

was also observed during the BoBMonsoon Experiment

(BOBMEX; Bhat 2002). We argue later in this paper

that this feature is a result of a corresponding asymmetry

in the ocean subsurface. Nonetheless, corresponding net

heat flux anomalies broadly show more heat flux leaving

the ocean surface during wet spells (Fig. 9c) compared to

the dry spells (Fig. 9d) [i.e., negative (positive) values of

net heat flux over regions of cold (warm) SST anomaly

regions]. In the observational analysis of Parampil et al.

(2010) it was suggested that intraseasonal variations of

the BoB SST is largely a response to net heat flux.

Interestingly and contrary to observational studies

(Bhat 2002), there are fewer latent heat flux anomalies

coming off the surface of the ocean during the wet spell

(Fig. 9e) than during the dry spell (Fig. 9f). This is

likely a manifestation of the dry bias of the RCM

FIG. 5. The sample spectrum (thick lines) of central Indian (158–258Nand 758–858E) rainfall
from (a) TRMMobservations and (b) the RCM simulation. The thin lines represent the 95%

confidence interval according to a chi-squared test for 20 degrees of freedom.
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simulation over the BoB on the intraseasonal time scales

(Fig. 4). It should be noted, however, that some of these

observational studies have been conducted with very

limited sample sizes. For example, in Bhat (2002) the

analysis was over one active and one inactive period

within a month of the ISM. Similarly, Parampil et al.

(2010) conducted their observational study over the

BoB from three Argo floats. In Fig. 9, we are showing a

composite of far more events over a 10-yr period at a

uniform 10-km grid spacing. And, as indicated earlier,

the intraseasonal wet composite wind anomalies weaken

over the northern BoB, which will likely force a weak-

ening of the enthalpy fluxes. Although the sensible heat

flux anomalies (Figs. 9g,h) are much smaller than the

latent heat flux, their signs are similar with respect to the

active and inactive periods of ISM.

The anomalies of the shortwave flux in Figs. 9i,j fur-

ther indicate that this component of the heat flux is re-

duced in wet spells compared to dry spells of the ISM.

These anomalies of the shortwave flux are consistent

FIG. 6. The regression of zonally averaged, 20–90-day bandpass-filtered rainfall between

longitudes of 708 and 958E on the corresponding 20–90-day filtered precipitation anomalies

over central India (758–858E and 158–258N) from the (a) observations (TRMM) and (b) RCM

simulation. The abscissa is the lag in days with negative (positive) lags suggesting that central

Indian rainfall anomalies lead (lag) the zonally averaged rainfall anomaly. Only values sig-

nificant at the 95% confidence interval according to a t test are plotted.
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FIG. 7. The regression of daily bandpass (20–90 days)-filtered precipitation anomalies with corresponding central

Indian bandpass-filtered precipitation anomalies from (left) observations (TRMM) and (right) the RCM simula-

tion. The negative (positive) lags suggest that central Indian rainfall anomalies lead (lag) the rainfall anomaly. Only

values significant at the 5% significance level according to a t test are plotted.
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with a corresponding increase (reduction) in low cloud

cover over the BoB and the AS during active (inactive)

periods of the ISM (not shown). The anomalies of the

longwave flux (Figs. 9k,l) are much smaller, with a ten-

dency to warm (cool) the ocean surface during wet (dry)

spells of the ISM.

e. Intraseasonal anomalies of the subsurface ocean

In Fig. 10 we show the composites of the MLD, BLT,

and depth of the 268 and 208C isotherms for the wet and

dry spells of the ISM. The SST changes on intraseasonal

time scales in the BoB have been associated with

changes to the MLD (Waliser et al. 2004; Keerthi et al.

2016; Li et al. 2016, 2017). In Figs. 10a,b we observed

that the MLD over the BoB in the RCM tends to shoal

during wet spells and deepen during dry spells of the

ISM. Li et al. (2017) also found from observations that

the freshwater flux of the ISM gives rise to a shallow

MLD and a thick barrier layer. This is consistent with

the increase in buoyancy flux during a dry spell resulting

from an increased net heat flux (Fig. 9b) despite the

decrease in the freshwater flux. However, in the AS the

wind stirring influence and the Ekman pumping varia-

tions of the southern flank of the Findlater jet are the

primary mechanisms for MLD variations (Murtugudde

et al. 2007; Keerthi et al. 2016). In the RCM simulation

we find that the southwesterlies over theAS are stronger

during the wet spell (Fig. 4b), which increases the wind

FIG. 8. The standard deviation of the intraseasonal (20–90-day filtered) SST anomalies (8C)
from (a) observations (OSTIA; see Table 2) and (b) the RCM simulation.
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FIG. 9. The composite (left)wet and (right) dry intraseasonal ISManomalies (color shaded) of (a),(b) SST (3 0.18C);
(c),(d) net heat flux; (e),(f) latent heat flux; (g),(h) sensible heat flux (3 0.1); (i),(j) net shortwave flux; and (k),(l) net

longwave flux at the surface (all fluxes have units of W m22). Positive (negative) flux values (of either anomaly or

climatology) denote the downward (upward) direction (away from) the ocean surface. The seasonal JJAS clima-

tological mean values of the respective variables are contoured. The corresponding intraseasonal terrestrial pre-

cipitation anomalies over central India (mmday21) are also plotted.
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FIG. 10. The composite anomalies (m) of the (a),(b) MLD (3 0.2); (c),(d) BLT (3 0.2); (e),(f) depth of the 268C
isotherm (H26C); and (g),(h) depth of the 208C isotherm (H20C) for (left) wet and (right) dry spells of the ISM. The

corresponding seasonal JJAS climatological mean values of the respective variables are contoured in each panel

with the corresponding terrestrial intraseasonal precipitation anomalies over central India (mmday21).
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stirring effect represented by the friction velocity (Niiler

and Kraus 1977). This results in the increased MLD

during wet spells relative to dry spells over the AS de-

spite the comparative reduction in surface heat flux.

Keerthi et al. (2016) observed the Ekman pumping ef-

fect to be rather localized to the core of the Findlater jet

region in the AS.

The relative asymmetry in the intraseasonal anoma-

lies of SST, with larger positive anomalies during dry

spells of the ISM and smaller negative anomalies in the

wet spells, is consistent with the corresponding anoma-

lies of the MLD. With a thicker MLD during dry spells,

the SST anomalies have a tendency to grow with sus-

tained surface heat flux forcing under relatively clear

skies. But during wet spells with a smallerMLD, the SST

anomalies have less time to grow before the surface flux

anomalies change their sign as a result of themodulation

of the atmospheric convection.

Changes in the BLT (Figs. 10c,d) aremuch smaller but

still show a tendency toward thickening (thinning) dur-

ing wet (dry) spells of the ISM. This is also a result of the

model simulation lacking the input of river discharge,

which is significant in the BoB (Vinayachandran et al.

2002). The effect of the BLT is subtle but important, as

noted by Li et al. (2017), who observed that the input of

freshwater flux at times of shallow MLD increases the

mixed layer response to surface flux forcing from sup-

pression of ocean entrainment from thicker BLT. This

enhances the intraseasonal SST variations. Conse-

quently, we find in the RCM simulation that the fre-

quency of longer dry spells (those lasting longer than

one pentad) is higher than corresponding wet spells

because of the comparatively deeper MLD. This ten-

dency of longer dry spells was also noted in the obser-

vational study of Pai et al. (2016).

The depth of the 268C isotherm represents the trop-

ical cyclone heat potential (Shay et al. 2000), and in

the tropical Indian Ocean it also represents major sea-

sonal variability (Jana et al. 2015) and intraseasonal

variations (Krishnamurti et al. 2017). Figures 10e,f es-

sentially show the same trend as the MLD, with deeper

(shallower) anomalies during dry spells in the BoB

(AS). Similarly, the depth of the 208C isotherm that is

usually used as a proxy for ocean heat content in the

tropics shows similar positive (negative) anomalies in

the BoB (AS).

f. Temporal coupling of the atmosphere, ocean
surface, and subsurface ocean

The air–sea coupling is also understood from the di-

agnosis of the lead–lag correlation between atmospheric

and oceanic variables (Cayan 1992;Wu et al. 2006;Misra

2008). In Figs. 11a and 11b we show the lead–lag

correlation of intraseasonal precipitation anomalies

with corresponding intraseasonal anomalies of SST

from observations and the RCM simulation averaged

over the BoB (858–958E and 58–208N) and the AS (638–
738E and 58–208N), respectively. The positive (negative)

correlations when precipitation lags (leads) SST suggest

that the latter is driving the atmosphere (Wu et al. 2006;

Misra 2008). In both regions, the SST is clearly seen

leading (lagging) precipitation with maximum (mini-

mum) correlation in both the BoB and the AS with

around 10 and 5 days lead time in the observations in

Figs. 11a and 11b, respectively. This temporal phase

locking of precipitation and SST is well captured in the

RCM simulation (Figs. 11a,b). In fact, Roxy et al. (2013)

noted the faster interaction time scales of the SST

and precipitation in the AS relative to the BoB and at-

tributed it primarily to the presence of strong zonal

gradients of SST in the AS that promote stronger con-

vergence and vertical acceleration of moist air.

Similarly, the lead–lag correlations of SST with the

subsurface ocean reveal a robust coupling in the RCM

simulation. For example, the maximum negative corre-

lation of SSTwith theMLD at a lag of around three days

in both ocean basins suggest that thinning (thickening)

of the MLD leads to warm (cold) SST anomalies

(Figs. 11a,b). This is consistent with previous observa-

tional studies (Parampil et al. 2010; Li et al. 2016). On

the other hand, the BLT in the RCM simulation in both

ocean basins thins (thickens) after warm (cold) SST

anomalies appear with a lag of around three days. This is

consistent with the lead–lag relationship between pre-

cipitation and SST that allows for rainfall to freshen the

ocean surface after warm SST anomalies appear. The

correlations of the SST anomalies with depth of the 268
and 208C isotherms are insignificant in the BoB but are

significant in the AS with SST variations leading the

relationship. Finally, the RCM simulation also shows

that the net atmospheric heat flux leads the SST varia-

tion by about five days, which follows the observed re-

lationship (Sengupta et al. 2001).

5. Conclusions

In this study, we conduct an analysis of the ISV from a

coupled ocean–atmosphere RCM run at 10-km grid

resolution for a period of 10 years (1986–95). This RCM

integration is unprecedented in its spatial resolution and

period of integration for the ISM. Hence, it allows us to

better understand the coupled ISV. While there is a

growing number of observational studies examining

the intraseasonal variability of the ISM, they are lim-

ited by the sample size of specialized field observations

(e.g., BOBMEX; Bhat 2002), by the coverage of the
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observations (e.g., limited ARGO floats with a five-

day repeat cycle; Parampil et al. 2010), and by the

analysis of observations conducted with uncoupled

data assimilation models.

The RCM simulation in this study demonstrates rea-

sonable fidelity in simulating the ISV precipitation.

The wet and dry spells of the ISM are isolated by the

20–90-day bandpass-filtered precipitation anomalies

over central India. The spatial features of the simulated

intraseasonal rainfall anomalies, its temporal spectrum,

and propagating characteristics show good fidelity.

There are, however, some apparent biases of the RCM

simulation including a dry bias of rainfall over the BoB

during the wet spells.

Our analysis of the RCM simulation reveals that wet

(dry) spells of the ISM are coincident with cooling

(warming) anomalies across the AS and the BoB. This is

consistent with some of the previous observational

studies (Sengupta and Ravichandran 2001; Bhat 2002).

These warm (cold) SST anomalies are compatible with

the forcing of positive (negative) heat flux anomalies on

the ocean surface, especially over the BoB, as has been

FIG. 11. Lead–lag correlation of precipitation (P) with SST (from observations and RCM)

and SST with MLD, net atmospheric heat flux (NHFLX), depth of the 268C isotherm (26C

depth), depth of the 208C isotherm (20C depth), and BLT from the RCM simulation for

(a) Bay of Bengal (858–958E and 58–208N) and (b) Arabian Sea (638–738E and 58–208N).

Positive (negative) lead time in days along the x axis indicates that the first variable is lagging

(leading) the second variable shown in the legend. The bold dashed horizontal lines signify

the 95% confidence interval according to a t test.
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suggested by other observational studies (Bhat 2002;

Parampil et al. 2010; Li et al. 2017). We also find robust

intraseasonal variations of the MLD and the depths of

the 268 and 208C isotherms in the RCM simulation. The

simulation shows shoaling (deepening) in the BoB of all

of these depths during wet (dry) spells of the ISM. This

finding is corroborated in Li et al. (2017). The success of

this RCM simulation clearly establishes the importance

of air–sea coupling for the simulation of the ISV, espe-

cially when the subsurface ocean also displays robust

variations. Also, a reasonable stratification of the upper

ocean is critical for sustaining intraseasonal features of

the SST both in the BoB and the AS. The dry bias dis-

played by the RCM simulation during wet spells over

the BoB is likely related to the excess shoaling of the

MLD that enables the SST to respond far too rapidly to

the surface fluxes thereby modulating the overlying at-

mospheric convection. But it also simulates the ob-

served feature of having slightly longer dry spells than

wet spells for the same reason. It is important to note

that the absence of river discharge in the RCM is likely

affecting the BLT and the MLD in our simulation. The

presence of river discharge could possibly reduce the

entrainment into the mixed layer during the wet spells

and thereby sustain the SST anomalies longer and re-

duce the dry bias of the RCM. The importance of the

river discharge on upper-ocean stratification and its

feedback in the coupled system of the East Asian

monsoon system is amply demonstrated in an earlier

study (Ham et al. 2012).

The amplitude, the northwest–southeast tilt, and the

relatively faster phase speed of the northward propagation

of the ISV are seen as major improvements of the RCM

simulation in comparison to someof the recent simulations

of global coupled models at coarser spatial resolutions

(Wang et al. 2009; Sharmila et al. 2013; Roxy et al. 2013).

We believe that the spatial resolution of theRCMat 10km

may be one of the reasons for this improvement. We will

investigate the sensitivity of the ISV to resolution and

other parameters of the RCM in a future study.
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