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ABSTRACT

Motivated by observations of southward ocean heat transport (OHT) in the northern Indian Ocean during

summer, the role of the ocean in modulating monsoon circulations is explored by coupling an atmospheric

model to a slab ocean with an interactive representation of OHT and an idealized subtropical continent.

Southward OHT by the cross-equatorial cells is caused by Ekman flow driven by southwesterly monsoon

winds in the summer months, cooling sea surface temperatures (SSTs) south of the continent. This increases

the reversed meridional surface gradient of moist static energy, shifting the precipitation maximum over the

land and strengthening themonsoonal circulation, in the sense of enhancing the vertical wind shear. However,

the atmosphere’s cross-equatorial meridional overturning circulation is also weakened by the presence of

southward OHT, as the atmosphere is required to transport less energy across the equator. The sensitivity of

these effects to varying the strength of theOHT, fixing theOHTat its annual-mean value, and to removing the

land is explored. Comparisons with more realistic models suggest that the idealized model used in this study

produces a reasonable representation of the effect of OHT on SSTs equatorward of subtropical continents,

and hence can be used to study the role of OHT in shaping monsoon circulations on Earth.

1. Introduction

It is now well understood that the South Asian mon-

soon is a thermally direct circulation, driven by the

thermodynamic contrast that develops in the summer

months between the Indian subcontinent and the Indian

Ocean to the south (e.g., Plumb andHou 1992; Privé and
Plumb 2007a,b; Bordoni and Schneider 2008; Zhai and

Boos 2015; Geen et al. 2018). Intuitively, this contrast

arises because the land’s smaller heat capacity causes it

to warm up faster in the summer than the surrounding

waters, but recent work has shown that a number of

other factors are required tomaintain the gradient.Most

importantly, the Himalayas play a crucial role by in-

sulating the Indian subcontinent from cold northerly

winds blowing down from central Eurasia, keeping

surface temperatures over India high during summer

[see Boos and Kuang (2010) and Ma et al. (2014)].

The other side of the contrast—the relatively cool

waters of the northern Indian Ocean (NIO)—has been

less explored. Privé and Plumb (2007b) compared the

monsoons in simulations with their idealized atmo-

spheric model forced by uniformly warm sea surface

temperatures (SSTs) and by an SST profile that has a

meridional gradient, and found that a meridional SST

gradient promotes a cross-equatorial monsoon circula-

tion. This picture was complicated, however, because

the land in their idealized setup is cooled by zonal winds

coming from the colder waters adjacent to the land,

damping the thermal contrast and hence the monsoon

circulation (see also Chou et al. 2001). Privé and Plumb

were able to strengthen the monsoon in their model by

adding ‘‘walls’’ around the continent to insulate it from

these sea breezes.

While this provided a first indication of the relation-

ship between the NIO and the monsoon circulation, it

was highly idealized and did not consider feedbacks

between the monsoonal winds and the SSTs. Webster
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and coauthors have suggested that themonsoon acts as a

self-regulating system (Loschnigg and Webster 2000;

Webster et al. 2002; Chirokova and Webster 2006), with

strong monsoonal winds driving southward ocean heat

transport (OHT) in the NIO, cooling the waters adja-

cent to the Indian subcontinent and hence damping the

monsoon. This can be seen in observations, as the sur-

face winds are southwesterly over the NIO in the sum-

mer and southeasterly south of the equator (arrows in

Fig. 1). This circulation pattern drives southwardEkman

flow in the NIO’s mixed layer, transporting heat into the

Southern Hemisphere and potentially cooling the SSTs

of the NIO. The heat transport can be inferred from the

contours in Fig. 1, which show the flux of heat from the

atmosphere into the ocean. Developing a better un-

derstanding of the connection between OHT and mon-

soon circulations is the primary aim of this study.

The role of the Indian Ocean in cross-equatorial heat

transport has been appreciated as far back as at least

Levitus (1987) (see also Lee and Marotzke 1998). Lev-

itus hypothesized that the Ekman response to near

surface equatorial winds in the Indian Ocean results in

southward cross-equatorial heat transport in the boreal

summer, which reverses in winter. Ideas that describe

the dynamical process involved (those of the cross-

equatorial cell) are developed in McCreary et al.

(1993), whose model was adapted by Loschnigg and

Webster (2000) and Chirokova and Webster (2006).

Separate from the question of monsoons, the re-

lationship between the zonal-mean atmospheric circu-

lation and OHT has been investigated in a number of

recent studies. It has been shown that including in-

teractive OHT in idealized models substantially damps

the Hadley circulation (Clement 2006; Levine and

Schneider 2011; Singh et al. 2017; Hilgenbrink and

Hartmann 2018), as well as meridional shifts of the in-

tertropical convergence zone [ITCZ; Green and

Marshall 2017; Schneider 2017; however, note that

Clement (2006) found that OHT increases the ampli-

tude of the seasonal migration of the ITCZ]. The reason

for this is that, because of its small gross moist stability,

the tropical atmosphere is an inefficient transporter of

energy (Held 2001). By contrast, the wind-driven sub-

tropical cells in the ocean efficiently transport energy

away from the equator because of the large surface

temperature difference between the tropics and sub-

tropics, which is mapped onto the vertical via subduction

(Klinger and Marotzke 2000; Held 2001; Czaja and

Marshall 2006; Green and Marshall 2017). Hence in-

cluding interactive OHT means that much less energy

needs to be transported to high latitudes by the atmo-

sphere. These studies have focused on the zonal-mean

perspective, but similar considerations would be ex-

pected to apply to zonally asymmetric perturbations,

such as monsoons, with the caveat that we do not yet

have a good understanding of what controls the parti-

tioning between zonal andmeridional energy transports.

Putting these results together, coupling to the ocean

has a number of competing effects on monsoonal cir-

culations, potentially strengthening them by enhancing

land–sea temperature gradients and potentially weak-

ening them by cooling the waters adjacent to landmasses

and by reducing the energetic requirements on the cross-

equatorial atmospheric circulation. Motivated by the

geographic setting of the South Asian monsoon, in this

study we take a first step toward untangling the effects

of ocean dynamics on monsoon circulations by investi-

gating how the monsoon in a moist, gray radiation at-

mospheric general circulation model (GCM) is affected

by coupling the GCM to a slab ocean with an interactive

representation of OHT. The parameterization includes

an ocean stratification parameter that can be varied to

directly control the strength of the OHT, allowing us to

systematically investigate the influence of OHT on the

monsoon. We have also performed sensitivity experi-

ments without land and with the OHT fixed at its

annual-mean value to separate zonally asymmetric ef-

fects from zonal-mean effects and to cut the coupling

between OHT and the monsoonal circulation.

We note that our focus is primarily on the seasonal-

mean monsoon and not on monsoonal variability. Work

with observations and with comprehensive models has

demonstrated a strong link betweenmonsoon variability

and SSTs; for instance, colder SSTs in the Bay of Bengal

precede ‘‘breaks’’ in the South Asian monsoon, periods

when the rains are muted, by about a week (e.g., Vecchi

FIG. 1. Climatological June–August (JJA) downward energy flux

at the ocean surface (contours) and surface winds (arrows) from

the NCEP reanalysis for the period 1979–2011.
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and Harrison 2002; Schott et al. 2009). However, this

kind of variability is unlikely to be well represented in our

model, and our focus is instead on the seasonal-mean state

of the monsoon, which the model can be expected to

represent, at least in an idealized sense, and on the more

general question of the relationship between zonally

asymmetric atmospheric circulations and OHT.

The model and the simulations we have performed are

described in more detail in the next section. In section 3

we investigate how the monsoon in our model is affected

by coupling with the OHT parameterization, including

how it is affected by varying the strength of the OHT and

by fixing the OHT at its annual-mean value. In section 4

we compare the model with more realistic coupled

models to assess how relevant our results may be for the

South Asian monsoon and in section 5 we present the

results of experiments without land. We end with con-

clusions in section 6.

2. Model description and simulations

The model consists of the idealized moist GCM first

described by Frierson et al. (2006), coupled to a slab

ocean with an idealized representation of OHT by the

subtropical cells.

a. The moist GCM

The GCM solves the primitive equations on the

sphere and uses gray radiative transfer. The longwave

optical depth t is specified to approximate the effects of

atmospheric water vapor (Frierson et al. 2006):
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where p is pressure, f is latitude, ps is the surface pres-

sure and the linear term is included to reduce strato-

spheric relaxation times ( f1 is set to 0.1). Here, t0 is the

optical depth at the surface, and takes the form
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with t0e being the surface value at the equator and t0p
the surface value at the pole. These are set to 7.2 and 1.8,

respectively, following O’Gorman and Schneider (2008).

The solar insolation has an annual cycle, but no diurnal

cycle, and is calculated as [see chapter 2 of Hartmann

(2016)]
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where the solar constant Sc is set to 1360Wm22; h0 is the

longitude of the subsolar point at sunrise and sunset

relative to its position at noon; and d is the declination,

calculated using an obliquity of 23.458 and a 360-day

year and assuming that Earth’s orbit is perfectly circular.

The albedo is fixed at 0.38 and absorption of solar ra-

diation by the atmosphere is modeled by calculating the

downward shortwave flux at a given pressure level as

S5 S0exp[2ts(p/ps)
2], with ts fixed at 0.22, also fol-

lowing O’Gorman and Schneider (2008).

The model includes the simplified Betts–Miller (SBM)

convection scheme of Frierson (2007), with a convective

relaxation time scale tSBM of 2h and a reference relative

humidity RHSBM5 0.7, and the boundary layer scheme is

the one used byO’Gorman and Schneider (2008). In each

experiment the model was integrated for 8 years at T85

truncation (corresponding to a resolution of roughly

1.48 3 1.48 on a Gaussian grid) with 30 vertical levels

extending up to 16hPa.Averageswere taken over the last

7 years of each simulation.

b. Interactive OHT parameterization

OHT can be represented as the product of a meridi-

onal overturning circulation and an energy contrast

(Held 2001; Czaja and Marshall 2006)

q
O
5 c

p,o
FDT , (4)

where cp,o is the heat capacity of seawater, F is the

overturning mass transport streamfunction, and DT is the

temperature difference across the upper and lower

branches of the overturning circulation (i.e., between the

top and base of the subtropical cells). This can also be

thought of as the surface temperature difference between

the deep tropics and the latitude of subduction, with

typical values of 5–10K (Klinger and Marotzke 2000).

In the tropics, oceanic mass transport is mostly set by

Ekman mass transport, allowing us to approximate the

OHT as

q
O
(f, l)’ ac

p,o
cosf

t(f,l)

f (f)
DT , (5)

where l is longitude, a is the radius of Earth, t is the wind

stress, and f is theCoriolis parameter.Our interactiveOHT

parameterization assumes that heat is only transported via

Eq. (5), and only calculates theOHT for latitudes between

f1, the latitude at which the surface winds change from

westerly to easterly in the Southern Hemisphere, and

f2, the latitude at which the surface winds change from

easterly to westerly in the Northern Hemisphere. Here,

cp,o is set to 3900 J kg21K21 and, importantly, DT is left

as a free parameter to be specified.

This parameterization is similar to the scheme used by

Klinger and Marotzke (2000) and Levine and Schneider
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(2011), except that their scheme uses surface quantities,

so that the OHT is calculated from the surface wind and

temperature fields, with no free parameters. Here we

specify DT directly in order to systematically investigate

how the strength of the OHT impacts the monsoon, as

larger DT values result in more heat being transported

southward in the summer.

As inLevine and Schneider (2011), we apply aGaussian

smoothing filter when calculating the divergence of the

heat flux to avoid issues with f going to zero at the

equator:

(= � q
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a cosf
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withZ chosen such that the integral of P from f1 to f2 is

equal to one and s a half-width, which is set to 78.
Two drawbacks of this scheme are that the effective

stability, DT, is the same at all locations and that the

depth of the thermocline is fixed. For example, surface

temperatures will warm where there is convergent Ek-

man mass flux, but in a more realistic model this would

also cause the thermocline to deepen, with little warm-

ing of the surface waters. As such, we compare our re-

sults with a simulation which uses the ‘‘1.5-layer’’

parameterization of Ekman heat transport by Codron

(2012), although we have excluded diffusive heat trans-

port and again only focus on heat transport in the tropics.

In this scheme the temperature of the return flow, Td is

diagnosed from the surface temperature as

T
d
5aT

s
1 (12a)T

0
, (8)

where Ts is the surface temperature, T0 is a reference

temperature, here taken to be 273.15K, and DT is now

equal toTs2Td. Also,a varies linearly from 1/3 for purely

divergent flow to 1 for purely convergent flow. This results

in an effective stability that is large (up to about 15K)

where there is divergence and small (;0K) where there is

convergence. Codron showed that, with these parameter

values, the 1.5-layer scheme produces a reasonable rep-

resentation of the climatology and seasonal cycle of SSTs

when coupled to a comprehensive atmospheric GCM.

Another issue with our parameterization, and also

that of Codron, is that the upper and lower branches of

the circulation respond quickly to changes in wind stress.

In the real ocean, the lower branch responds more

slowly to changing wind stress, affecting the net heat

transport, which is proportional to the difference in the

mass transport in the upper and lower branches. This lag

is difficult to capture in simple models, and we leave it

for future work to see how it affects our results.

The depth of the ocean slab is fixed at 24m in all

simulations. Donohoe et al. (2014) found that coupling

the AM2.1 GCM to a 24-m slab ocean produces a cli-

mate with a reasonable seasonal migration of the ITCZ

compared with observations, and also a reasonable

annual-mean Hadley circulation and meridional distri-

bution of precipitation.

‘‘Land’’ is added to the model by reducing the mixed

layer depth to 0.5m and setting the ocean heat flux di-

vergence to zero within 1008–2358E and 158–408N. This

provides an infinite supply of moisture for the mon-

soonal circulation and also means that the global in-

tegral of qO is not always zero. So there may be net OHT

from the Northern Hemisphere into the Southern

Hemisphere, even for conditions that are otherwise

hemispherically symmetric; however, we find that in the

annual mean the ITCZ is very close to the equator in all

of our simulations (not shown). The geometry of our

setup is illustrated in Fig. 2.

c. Simulations

We have performed three sets of simulations with the

model, motivated by our aim of untangling the com-

peting effects of OHT on the monsoon. The main set

includes both land and the interactive OHT, with DT
varied from 0K (i.e., no OHT) to 15K. In a second set of

simulations the OHT at each grid point is fixed at its

annual-mean value from the first set of simulations,

eliminating the coupling between OHT and the mon-

soonal circulation but maintaining the annual-mean ef-

fects of OHT. The third set includes the interactive

OHT but not the land, with DT again varied from 0 to

15K. Comparing these simulations with the first set of

FIG. 2. Schematic of the model configuration used in the exper-

iments. Note that the boundaries of the interactive ocean move

seasonally.
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simulations allows the impacts of the OHT on the zonal-

mean circulation to be separated out.

3. The relationship between OHT and the model’s
monsoon

a. Comparing simulations with and without OHT

We begin by comparing the monsoons in a simulation

without OHT and a simulation with DT5 10K, which is

one of our more realistic simulations (see sections 3b

and 4). Figure 3 shows the summertime1 precipitation

and surface winds (top panels), the summertime surface

moist static energy (middle panels), and the summer-

time ocean heat flux divergence for the interactive case

(bottom right panel). The surface moist static energy is

calculated as cpT1Lyqy, where cp is the specific heat

capacity of dry air, T is the temperature at the lowest

model level, Ly is the latent heat of vaporization of liq-

uid water, and qy is the specific humidity at the lowest

model level.

Without OHT, the ITCZ is slightly north of the equa-

tor, at about 58N in the zonal mean, and there is also a

weak precipitation maximum just south of the continent

(Fig. 3a). The surface MSE is relatively uniform through-

out the tropics, with the largest values on the southern

edge of the continent. The winds resemble the observa-

tions (Fig. 1), being southeasterly up to about 58N and

then swinging around to be southwesterly between 58 and
208N, although the winds north of 58N are weak.

In the simulation with DT5 10K there is much clearer

evidence of amonsoon, with the highest precipitation over

the southern edge of the continent, at about 178N (Fig. 3b).

The winds again resemble the observations, and are

stronger between 58 and 208N than in the no OHT case.

The surface MSE is generally smaller than in the simula-

tion without OHT, because the OHT parameterization

redistributes heat to the subtropics (see also Clement

2006), and there is a sharper maximum in MSE over

the continent, resulting in a larger land–ocean contrast in

FIG. 3. Summer precipitation (blue contours) and winds at the lowest model level (arrows; same scale in all three panels) for (a) the

experiment with no OHT, (b) the experiment with interactive OHT and DT 5 10K, and (c) the experiment with the 1.5-layer parame-

terization. (d)–(f) MSE at the lowest model level from the same experiments. Gray regions have MSE values outside the color bar scale.

(g),(h) OHT divergence from the experiments with interactive OHT.

1 ‘‘Summer’’ is defined as the 90 days with the highest insolation

over the land and ‘‘winter’’ as the 90 days with the least insolation

over the land.
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low-level MSE. Figure 3e shows that the ocean transports

heat southward across the equator, as well as from the

tropics into the subtropics of the Northern Hemisphere.

Figure 4 compares the seasonal cycles in precipitation

(top panels) and surfaceMSE (bottom panels) in the land

sectors of these simulations (1008–2358E), with values

averaged over the land sector. Without OHT the maxi-

mum precipitation varies smoothly over the course of the

year, following the maximum insolation, although there is

increased precipitation just south of the land in the late

spring and summer months. The MSE shows a similar

progression, and the largest MSE is in the summer and

early fall because of the larger warming of the land.

The seasonal cycle of precipitation is less regular

when OHT is included, and the maximum precipitation

is weaker than in the simulation without OHT (Fig. 4b).

Both the precipitation and the maximum MSE jump to

the warmer hemisphere during the transition seasons so

that, as in Clement (2006), the seasonal migration of the

ITCZ is larger with OHT. The amplitude of the seasonal

cycle in MSE is larger in the Northern Hemisphere than

in the Southern Hemisphere, as the highest MSE values

are found over the land in the summermonths, while the

MSE is lower over the land in the winter months than

over the equivalent latitudes in the Southern Hemi-

sphere during austral winter. This is discussed further in

section 5.

b. Varying DT

The effects of varying the strength of the OHT on the

surface climate of the model are summarized in Fig. 5.

As DT is increased the tropical surface temperatures in

the land sector cool and the meridional surface tem-

perature gradient is reduced (Fig. 5a). However, the

land–ocean surface temperature contrast increases

dramatically, going from about 0.2 to 1.5K as DT is in-

creased from 0 to 15K. The MSE has a similar pro-

gression (Fig. 5b), although the profile is smoother,

without such a sharp jump across the land–ocean

boundary (Fig. 5d). A secondary MSE maximum de-

velops in the southern hemispheres of the experiments

with large DT. The smoothness of the MSE reflects

smoother profiles of near-surface air temperature and

specific humidity. We hypothesize that the near-surface

air temperature and specific humidity do not track the

surface temperature more closely because the air–sea

temperature difference must vary in order for the tur-

bulent fluxes of sensible and latent heat to balance the

convergence/divergence of OHT. Near-surface advec-

tion likely also smooths the MSE profile relative to the

sharper land–sea temperature contrast. We also note

that, because we set the OHT divergence to zero over

the land, the OHT divergence is discontinuous across

the land–sea border, potentially exaggerating the land–

sea surface temperature contrast.

The ITCZ is close to 58N in the 0- and 2.5-K simula-

tions, before jumping over the land in the 5-K simula-

tion. This appears to be an intermediate case, as the

ITCZs in the 10- and 15-K cases are very similar to each

other. The OHT is also similar in these two simulations

(Fig. 5e), suggesting that it may saturate for large

enough DT. Privé and Plumb (2007a) showed that pre-

cipitation maxima will occur slightly equatorward of

maxima in the surface MSE, where the meridional

FIG. 4. Seasonal cycles of (a) precipitation and (c) surfaceMSE, averaged over the land sector (1008–2358E) of the
simulation with land but no OHT, calculated from the last seven years of the simulation. (b),(d) As in (a) and (c),

respectively, but for the land simulation with interactive OHT and DT5 10K. The horizontal black lines mark the

southern edge of the continent.
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gradient in surface MSE (to which the vertical wind

shear is proportional) is largest. Although the maximum

MSE in the 0- and 2.5-K cases is over the land, there are

also MSE maxima near 58N in these simulations.

Figure 6 plots the zonal winds in these simulations in

black contours and the mean meridional circulation

(MMC) in the red contours. The MMC is calculated as

(1/g)
Ð ​ p

ps
y(p0, f)dp0, where an overbar denotes an aver-

age over the land sector. (Note that because the average

is taken over a limited sector, this circulation does not

necessarily conserve mass.) The overturning circulation

expands and weakens as DT is increased, while the

vertical shear in the zonal wind, which is often taken as a

proxy for the strength of the monsoonal circulation

(Webster andYang 1992), increases. This is primarily due

to a strengthening of the easterlies near the tropopause.

For larger DT a jump in the near-surface meridional cir-

culation develops just north of the equator because it is

difficult for the low-level return flow of the Hadley cir-

culation to cross the equator when the equatorial surface

temperature gradient is weak (Pauluis 2004).

The round markers in Fig. 7 quantify these changes

by showing the maximum vertical zonal wind shear

[u(850hPa) 2 u(250 hPa)] between the equator and

208N as a function of DT in Fig. 7a and the minimum

(i.e., the most negative) values of theMMC as a function

of DT in Fig. 7b. The zonal wind shear increases slightly

when going from 0 to 2.5K, then jumps at 5K and in-

creases roughly linearly as DT is increased further.

Comparing with Fig. 7c shows that this progression

closely tracks the changes in the near-surface MSE gra-

dient. In an angular momentum (AM)-conserving flow

the zonal wind shear is proportional to the subcloudMSE

gradient (Emanuel 1995); although the flow in these

simulations is far from the AM-conserving limit (see be-

low), we believe that this argument is still relevant here.

Conversely, the strength of the MMC decreases

roughly linearly from 0 to 10K and then increases slightly

for DT 5 15K. The decrease over the first four simula-

tions is expected from the discussion in the introduction:

as DT is increased the atmosphere has to transport less

energy across the equator and so the circulation slows

down. A quantitative theory for the compensation be-

tween energy transport by the Hadley circulation and

OHT is still lacking, however, and in particular requires a

better understanding of how the gross moist stability of

the tropical atmosphere is controlled (Singh et al. 2017).

Figure 7d shows the minimum absolute vorticity

(f 1 z, where f is the Coriolis parameter and z is the rel-

ative vorticity) poleward of 78 during the summer of these

simulations. The absolute vorticity vanishes in the upper

troposphere of an AM-conserving flow and, although

none of the simulations are close to this regime, there is a

substantial decrease in the minimum absolute vorticity,

FIG. 5. (a) Summer surface temperatures, averaged from 1008 to 2358E, in the simulations with land and with DT varied from 0 to 15K.

The vertical line marks the southern boundary of the continent. (b) Average summer surface MSE in these simulations. (c) Average

summer precipitation in these simulations. (d) Average summer specific humidity in these simulations. (e) Average summerOHT in these

simulations.
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from about 0.55 3 1025 to 0.41 3 1025 s21 when going

from DT5 10K to DT5 15K. This step toward an AM-

conserving flow is caused by the increased vertical wind

shear, as the stronger upper-level easterlies shield the

tropical circulation from baroclinic eddies originating at

midlatitudes (Bordoni and Schneider 2008). Since these

eddies act as a drag on the mean flow, increased shielding

may explain why the MMC strengthens in the DT5 15K

case (Walker and Schneider 2006).

In summary, increasing DT both strengthens the

monsoonal circulation by increasing the land–sea con-

trast and damps the monsoon because less heat needs to

be carried across the equator by the atmosphere.

c. Specifying the OHT

The effects of the OHT on the monsoon come partly

from the seasonal variations in theOHT and partly from

the effects of the annual-mean OHT. Our second set of

simulations separate these out, as theOHT is fixed at the

annual-mean profiles from the interactive experiments.

The crosses in the top panels of Fig. 7 show that this

increases the maximum zonal-wind shear and also the

MMC. The MSE gradient also increases (Fig. 7c), while

the minimum absolute vorticity decreases rapidly, so

that the flow is approximately AM-conserving for DT5
10K and above (Fig. 7d). While this transition to an

AM-conserving regime will strengthen the flow some-

what, Fig. 7e shows that in fact the MMC scales linearly

with the OHT at the equator, so that the energetic re-

quirements on the Hadley circulation are the dominant

control on its strength.

More insight into the effects of specifying theOHT on

the monsoon comes from the left panels of Fig. 8, which

show the summer climate in the case with theOHT from

the DT5 10K case. The monsoon is stronger than in the

corresponding case with interactive OHT, with stronger

winds and precipitation, as well as a larger land–sea

MSE contrast. The shape of the winds means in par-

ticular that the monsoon is strongest in the southeast

corner of the continent. The reason for this stronger

monsoon can be seen by comparing Fig. 8e, which shows

the OHT divergence in this simulation, with Fig. 3e. The

annual-mean OHT is still southward in the land sector,

but the ocean now converges heat at the latitudes of the

FIG. 6. (a) Summertime MMC (red contours) and zonal winds (black contours) averaged over the land sector

(1008–2358E) in the land simulation with DT 5 0K. The contour intervals are 2 3 109 kg s21 for the MMC and

2m s21 for the zonal wind. Dashed red contours denote counterclockwise circulation, and dashed black contours

denote negative zonal wind speeds. (b) As in (a), but for the simulation with DT 5 2.5 K. (c) As in (a), but for the

simulation with DT5 5K. (d) As in (a), but for the simulation with DT5 10K. (e) As in (a), but for the simulation

with DT 5 15K.
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south coast of the continent (158–208), rather than di-

verging heat as it was in the interactive case. This warms

the waters on either side of the continent, so that the

continent is not cooled as much by zonal breezes as it

was in the interactive case. This is reminiscent of how

Privé and Plumb (2007b) found that adding walls to their

continent strengthened the monsoon by insulating it

from zonal sea breezes (see the introduction).

4. Comparison with more realistic models

The above results give an indication of how OHT

might affect monsoon circulations; however, the ideal-

ized nature of our model puts into question the

relevance of our results for the real atmosphere. As a

first way of assessing this, the dashed red lines in Fig. 7

show values from the simulation with the 1.5-layer pa-

rameterization. These generally lie between the DT 5
5K and DT 5 10K simulations, with the vertical wind

shear closer to the 5-K case and the MMC closer to the

10-K case. Comparing the middle column with the right

column of Fig. 3 also demonstrates the similarities be-

tween the 1.5-layer simulation and the DT 5 10K case.

So even with DT allowed to vary with latitude in a re-

alistic manner, OHT has amajor impact on themonsoon

circulation in this model.

Next, we investigate the seasonal cycles of SSTs

equatorward of the land and of the ocean heat budget

FIG. 7. (a) Maximum of [u(850 hPa) 2 u(250 hPa)], averaged over the land sector (1008–2358E), between the

equator and 208N during the summer months for the simulations with land and interactive OHT (circles), the

simulations with interactive OHT and no land (crosses) and with land and OHT fixed at its annual-mean values

(triangles). (b) Minimum of the summertime MMC for the same simulations. (c) Difference between maximum

summer MSE and equatorial MSE at the equator for the same simulations. (d) Minimum absolute vorticity

poleward of 78N during the summer of the same simulations. (e) Minimum of the summertime MMC for the same

simulations as a function of the equatorial OHT in the land sector. The line shows a linear least squares fit. In (a)–(d)

the dashed red lines show the results from the experiment with the Codron (2012) 1.5-layer parameterization, and the

red diamond in (e) shows the minimum summertime MMC and the equatorial OHT for the experiment with the

Codron parameterization.
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in our simulations. As stated in section 2b, a drawback

of the interactive OHT parameterization is that the

mixed layer depth (MLD) is kept fixed: in the real

ocean changes in OHT do not necessarily lead to

changes in SSTs, because the MLD may also deepen

or shoal. Moreover, the circulation and temperature

in the thermocline take time to adjust to different

surface conditions, whereas this adjustment is in-

stantaneous in both our simple parameterization and

the 1.5-layer parameterization. These two deficiencies

mean that our model misses any potential phase dif-

ference between changing surface winds and OHT-

induced SST variations.

The heat budget for a volume of ocean water is

Q
S
(t)5Q

O
(t)1Q

F
(t) , (9)

where QS is the change in heat stored in the volume:

Q
S
(t)5 a2rc

p,0

ð
​
0

MLD

ð
​
f2

f1

ð
​
l2

l1

dT

dt
cosf dl df dz, (10)

where r is the density of seawater and T is the depth-

averaged temperature of the mixed layer. Here, QO is

the OHT (qO) integrated around the lateral boundaries

of the volume, as well as heat fluxed through the bottom

of the mixed layer (which we ignore), and QF is the

surface heat flux into the water:

Q
F
(t)5 a2

ð
​
f2

f1

ð
​
l2

l1

(Q
SW

1Q
LW

1Q
LH

1Q
SH
) cosf dldf,

(11)

whereQSW is the incoming solar radiation at the surface,

QLW is the outgoing longwave radiation at the surface,

QLH is the surface latent heat flux and QSH is the sur-

face sensible heat flux. Note that if QF is fixed then

FIG. 8. (a) Summer precipitation (contours) and

near-surface winds [arrows; same scale as in (b)] in

the simulation with land and OHT fixed at its

annual-mean value from the DT simulation with

land. (c) Summer near-surface MSE from the same

simulation. (b),(d) As in (a) and (c), but for winter

precipitation, winds, and near-surface MSE from

the same simulation. (e) Annual-mean OHT di-

vergence in the DT 5 10K simulation with land.

3480 JOURNAL OF CL IMATE VOLUME 32



changes inQO can be compensated either by changes in

T or by changes in the MLD and so, since the MLD is

fixed in our model, changes in QO can only be com-

pensated by changes in T.

Figure 9a shows the heat budget for the ocean south of

the continent (1008–2358E, 08–158N) in the simulation with

land and DT 5 10K in black, and for the 1.5-layer simu-

lation in red. In both simulations, the ocean carries heat

north across the equator in winter and south in summer,

while it is warmed by the surface fluxes in summer and

cooled in the winter. The largest surface fluxes are in the

spring and in the fall because the strong monsoon winds in

the summer lead to enhanced evaporative cooling over the

ocean. These terms produce a seasonal cycle in the SSTs of

;4K in theDT5 10K case (solid line in Fig. 9b) and;3K

in the 1.5-layer simulation (dotted red line), with the

warmest SSTs in both cases coming in the fall when the

OHT and the monsoonal winds are weaker.

These results agree qualitatively with previous studies of

the heat budget of the NIO, although there are some no-

table differences. Comparing with Fig. 3 of Chirokova and

Webster (2006), the seasonal cycles of the OHT and of the

surface fluxes in our simulations are similar to their mod-

eled NIO, except that the OHT is generally larger than the

surface fluxes in their simulationswhereas the reverse is the

case in our simulations [see also Fig. 21 of Lee and

Marotzke (1998)], although we note that because of our

idealized setup we are not averaging over the same ge-

ometries. The othermajor difference is that Chirokova and

Webster (2006) and Lee and Marotzke (1998) both find

that QF is almost zero during the summer and early fall,

because increased cloudiness reduces the solar radiation

absorbed by the surface (as a reminder, there are no clouds

in our model) and because of stronger evaporative cooling

than in our simulations, caused by stronger monsoonal

winds. The large reduction inQF in the summermeans that

thewarmest SSTs in theNIO are actually inApril andMay

(dashed black line in Fig. 9b), rather than in the fall.

Babu et al. (2004) showed that the MLD in the NIO is

shallowest in February andMarch, which contributes to the

warm SSTs in the spring, and then deepens over the course

of the summer due to mixing caused by the monsoonal

winds. Themixed layer shoals rapidly again in the fall at the

end of the monsoon season and then deepens in the winter

months. The gradual deepening of the mixed layer during

the summer will damp the cooling of the NIO SSTs by

OHT during the summer months, but on the whole we

believe that our model underestimates the cooling of SSTs

byOHT, and the amplitude of the seasonal cycle of SSTs in

the NIO is smaller than in our model (Fig. 9b). Although

there are differences between the heat budgets in our

model and in the more realistic models of Lee and

Marotzke (1998) andChirokova andWebster (2006) due to

the fixed mixed layer depth and the lack of clouds in our

model, we believe that ourmodel qualitatively captures the

impact of OHT on SSTs equatorward of subtropical con-

tinents, and that the effects of any phase lag are minor.

5. Zonal-mean effects

The behavior discussed in section 3 comes from the

monsoon generated over the land, but also from the

FIG. 9. (a) Ocean heat transport across the equator, integrated from 1008 to 2358E (thick

lines) and net surface flux integrated over the region from 1008 to 2358E and from 08 to 158N
(thin lines), from the land simulation with DT 5 10K (black lines) and with the 1.5-layer

parameterization (red lines). The heat transport is positive when it is northward. (b) SSTs

averaged over the region 1008–2358E, 08–158N from the simulation with DT 5 10K (solid

black line) and the simulation with the 1.5-layer parameterization (red line) and SSTs

averaged over the Bay of Bengal (808–958E, 08–158N) for the period 2008–16, taken from the

HadISST dataset (dotted black line).
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zonal-mean effects of the interactive OHT. We use our

third set of experiments—with interactive OHT but no

land—to investigate how the interactive OHT affects

the zonal-mean circulation of the model.

The triangles in Fig. 7a show that excluding the land

reduces the vertical zonal wind shear by roughly half,

although this still increases as DT is increased and the

MSE gradient also strengthens (Fig. 7b). So, even

without the land the southward energy transport by the

ocean still produces a monsoon-like circulation. The

MMC is very similar with and without land (Fig. 7b), as

it is mostly determined by the OHT (section 3c).

These experiments, together with the fixed OHT ex-

periments, can also be used to understand the seasonal

cycles in Fig. 4. In the simulation without land and with

DT 5 10K there are actually three maxima in the pre-

cipitation (Fig. 10a), one close to the equator and one

farther poleward in each hemisphere, with all three

shifting gradually over the course of the year. A double-

ITCZ structure is expected because the OHT and the

heat transport by the atmosphere result in the net energy

input to the deep tropics being negative (Clement 2006;

Bischoff and Schneider 2016), while the peak at the

equator is caused by rising motion as the meridional

circulation jumps over the equator (not shown).

The seasonal cycle in the fixed OHT experiment re-

sembles the seasonal cycle in the simulation with in-

teractive OHT, but with the features exaggerated

(Figs. 10c,f). In the winter there is very little pre-

cipitation in the Northern Hemisphere and a strong

maximum in precipitation at about 158S. A strong

maximum appears in the NorthernHemisphere over the

land in the spring, while the maximum in the Southern

Hemisphere weakens and gradually shifts to the north,

joining the strong peak over the land in the late summer.

During the fall the maximum slowly migrates south-

ward, before jumping farther south once winter sets in.

These jumps are primarily caused by strong surface

winds blowing south off the continent in the winter

(Fig. 8b). Because the continent is very cold in the

winter, these winds cool the oceans to the south of the

continent, creating a strong meridional MSE gradient

compared to the warmer waters of the Southern Hemi-

sphere (Fig. 8d; note that the MSE near the equator is

colder than in the summer). These winds die down in the

spring as the land—as well as the oceans to either side of

it—warms up, rapidly reducing the MSE gradient and

causing a strong MSE and precipitation maximum to

develop over the continent. At the same time, the pre-

cipitation maximum in the south migrates northward,

following the peak insolation, until it merges with the

maximum over the land. In the fall the land cools and

the MSE maximum gradually migrates southward until

the strong winds pick up again, rapidly cooling the ocean

and causing the jump to the strong southern pre-

cipitation maximum during winter.

We have performed an additional experiment without

land and with the OHT fixed at its annual-mean value

from the no-land DT 5 10K experiment. This is similar

to the fixed OHT with land, although the precipitation

FIG. 10. Seasonal cycle of (a) zonal-mean precipitation and (d) the meridional gradient of surfaceMSE, calculated over the last 7 years

of the simulation with no land and DT 5 10K. (b),(e) As in (a) and (d), but for the simulation without land and with OHT fixed at its

annual-mean value from the DT 5 10K simulation. (c),(f) As in (a) and (d), but for the simulation with land and with OHT fixed at its

annual-mean value from the DT 5 10K simulation.
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maxima are weaker (Fig. 10b). The MSE is smallest in

the transition months (Fig. 10e), when it has a minimum

near the equator because the atmosphere and ocean

transport heat to higher latitudes, resulting in a double

ITCZ. In the summer and winter, the atmosphere

transfers heat into the tropics, so that they gain energy in

the net (not shown) and there is a single ITCZ.

Together, these can explain the features seen in Fig. 4.

The jumps in the precipitation maximum and in the

MSE maximum come about because of the rapid

warming and cooling of the continent, but at the same

time the interactive OHT promotes a double ITCZ, as

there is net energy transport out of the deep tropics.

6. Conclusions

In this study we have investigated the monsoon in an

idealized model consisting of the widely used gray-

radiation atmospheric GCM, coupled to an idealized

parameterization of ocean heat transport by the sub-

tropical cells. The OHT parameterization includes a

parameter DT that can be used to vary the strength of

the OHT, allowing us to systematically investigate the

impact of OHT on the monsoon in this model.

Without OHT the monsoon in our model is weak,

because the land surface is not protected from cold

winds coming either from farther north or from the east

and west of the land [see also Chou et al. (2001) and

Privé and Plumb (2007b)]. However, by increasing DT
sufficiently we are able to create a reasonable monsoon

circulation because the waters south of the land cool

during the summer, creating a strong meridional MSE

gradient. This includes increases in the vertical wind

shear as DT is increased and in the precipitation over

land, though the MMC weakens. The shear strengthens

because the meridional MSE gradient increases, while

the MMC weakens because the increased OHT means

that the atmosphere is required to transport less heat

across the equator (Clement 2006; Singh et al. 2017). For

DT 5 15K the vertical shear is strong enough to start

pushing the flow toward an angular momentum–

conserving regime. Fixing the OHT at its annual-mean

value results in the OHT warming the waters zonally

adjacent to the land, rather than cooling them, as in the

case with interactive OHT, but the waters south of

the land are still cooled as there is southwardOHT in the

land sector (Fig. 8e). This increases the MSE gradient

compared to the interactive case, resulting in a stronger

monsoon circulation, which causes the flow in the sim-

ulations with DT 5 10K and above to be in an AM-

conserving regime. Comparisons with a simulation that

uses the 1.5-layer parameterization of Codron (2012)

and with the results of Chirokova and Webster (2006)

and Lee and Marotzke (1998) suggest that our most

realistic cases are the DT 5 5K and DT 5 10K simula-

tions and that, if anything, ourmodel underestimates the

effects of OHT on SSTs south of subtropical continents.

Combining the original experiments with the fixed

OHT experiments and the experiments without land

shows that the changes in the MMC are largely due to

changes in the OHT, with the MMC weakening as the

OHT increased. By contrast, the presence of land and/or

of a transition to an AM-conserving regime has minor

impacts on the MMC, except insofar as they affect the

OHT. Finally, the seasonal cycle of precipitation in the

interactive OHT simulations exhibits jumps, as strong

precipitation suddenly appears over the continent in the

summer and in the Southern Hemisphere during winter.

These jumps are even clearer in the simulations with

fixed OHT, and are caused by strong winds blowing off

the continent during the winter months, which cool the

waters south of the continent and set up a strong MSE

maximum in the Southern Hemisphere. When the land

warms up sufficiently these winds stop and the waters

north of the equator warm up quickly, while an MSE

maximum develops over the land. When the land starts

to cool in the fall the MSE maximum at first gradually

shifts southward, until the strong winds reappear and the

maximumMSE jumps southward. The jumps are clearer

in the simulations without the interactive OHT because

removing the link between OHT and the surface winds

reduces the variability of the precipitation and also

makes the model less likely to have a double ITCZ.

These results have been obtained with an idealized

model, but demonstrate the substantial impact OHT can

have on the monsoonal circulation, both through the

zonal-mean effect of the atmosphere needing to trans-

port less heat across the equator and through the local

effect of creating a stronger meridional MSE gradient.

Work with more comprehensive models, which include

clouds and realistic topography, is required to further

assess the impact these effects have on the South Asian

monsoon, which is the original motivation for our study.

Simulations with more realistic representations of ocean

dynamics will also be required to assess whether any of

the effects seen here are distorted by our highly ideal-

ized model setup. Finally, as has been noted in several

previous studies, a theory for the compensation between

the ocean and the atmosphere is required in order to

quantitatively predict how the overturning circulation is

affected by the increased OHT, particularly a theory for

how the gross moist stability of the tropical atmosphere

is affected.

The Indian subcontinent seems to be ideally situated

to develop a strong monsoon, being insulated from cold

winds blowing down from Eurasia by the Himalayas to
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the north, while to the south the northern Indian Ocean

transports heat southward, cooling the SSTs off the coast

of India and further enhancing the meridional MSE

gradient. Previous studies have mostly focused on the

effects of the Himalayas and the Tibetan Plateau on the

monsoon, and have used either prescribed SSTs (e.g.,

Boos and Kuang 2010; Ma et al. 2014) or slab oceans

with Q fluxes added to ensure the slab’s SSTs closely

match the observed climatological-mean SSTs (Park

et al. 2012). At the same time, in simulations with cou-

pled models in which Asian orography is flattened the

South Asian monsoon is weakened, but not eliminated,

and these simulations give an indication of the influence

of OHT in the northern Indian Ocean on the monsoon

(Naiman et al. 2017; Baldwin et al. 2019). Putting these

different modeling approaches together to fully char-

acterize the influences of both the Himalayas and Tibet

and of OHT in the northern Indian Ocean will be re-

quired for a complete picture of the South Asian

monsoon.
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