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ABSTRACT
A possible formation mechanism of mean subsurface upwelling along the equator in the Indian Ocean is
investigated using a series of hierarchical ocean general circulation model (OGCM) integrations and analytical considerations. In an eddy-resolving OGCM with realistic forcing, mean vertical velocity in the tropical
Indian Ocean shows rather strong upwelling, with its maximum on the equator in the subsurface layer below
the thermocline. Heat budget analysis exhibits that horizontal and vertical heat advection by deviations (i.e.,
due to deviations of velocity and temperature from the mean) balances with vertical advection caused by
mean equatorial upwelling. Horizontal heat advection is mostly associated with intraseasonal variability with
periods of 3–91 days, while contributions from longer periods (.91 days) are small. Sensitivity experiments
with a coarse-resolution OGCM further demonstrate that such mean equatorial upwelling cannot be reproduced by seasonal forcing only. Adding the intraseasonal wind forcing, especially meridional wind variability with a period of 15 days, generates significant mean subsurface upwelling on the equator. Further
experiments with idealized settings confirm the importance of intraseasonal mixed Rossby–gravity (MRG)
waves to generate mean upwelling, which appears along the energy ‘‘beam’’ of the MRG wave. An analytical
solution of the MRG waves indicates that wave-induced temperature advection caused by the MRG waves
with upward (downward) phase propagation results in warming (cooling) on the equator. This wave-induced
warming (cooling) is shown to balance with the mean equatorial upwelling (downwelling), which is consistent
with simulated characteristics in the OGCM experiments.

1. Introduction
In the equatorial Pacific and Atlantic Oceans, easterly
trade winds generate equatorial upwelling, which contributes to the upward branch of the shallow meridional
overturning circulation (SMOC). Surface winds over the
Indian Ocean (IO), however, are characterized by
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seasonally reversing monsoons, with rather strong
westerlies in the equatorial belt during monsoon transition periods resulting in a lack of persistent upwelling.
Instead, upward branches of the SMOC in the IO are
believed to be located along the Somali–Oman coast,
the thermocline ridge area centered along 88S, and
several other seasonal upwelling regions (Schott
et al. 2002).
The IO SMOC is interpreted as two cells. One consists
of upwelling in the Northern Hemisphere (around 58–
108N) and subduction in the Southern Hemisphere
(around 108–208S), called the ‘‘cross-equatorial cell.’’
Upward motion of the cross-equatorial cell is due mainly
to strong coastal upwelling off Somalia and Oman during
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boreal summer as a response to the southwesterly Findlater jet. Another branch of the IO SMOC, called the
‘‘southern cell,’’ shares the subduction region at 108–208S
with the cross-equatorial cell, but its upwelling motion
appears in the Seychelles Dome region in the latitude
band between 58 and 108S (e.g., Wacongne and
Pacanowski 1996; Lee and Marotzke 1997; Lee 2004). This
upward branch is associated with a shallow thermocline
driven by wind stress curl over the same latitude band
(Hermes and Reason 2008; Yokoi et al. 2008). These
SMOC cells are believed to contribute to meridional heat
transport in the IO (e.g., Loschnigg and Webster 2000; Hu
and Godfrey 2007).
However, detailed inspections of previous model results and recent high-resolution model outputs provide
us another view that is different from the above canonical SMOC cells. Figure 1 shows distributions of
mean meridional overturning streamfunction derived
from an eddy-resolving ocean general circulation model
(OGCM) with 1/ 108 horizontal resolution, named OFES
(OGCM for the Earth Simulator; Masumoto et al. 2004;
Masumoto 2010), and from an eddy-permitting OGCM
with 1/ 48 horizontal resolution (Miyama et al. 2003). Both
models indicate clear upwelling signatures of the two
SMOC cells, one branch near 58S for the southern cell
and another weaker upward motion in the Northern
Hemisphere, both down to around 200-m depth. However, additional upward transport can be seen on the
equator in the subsurface layer below the thermocline,
from the depth of 100 m down to at least 500 m in Fig. 1.
This suggests that a significant amount of water mass
subducted in the southeastern IO may be upwelled into
the surface layer within the equatorial region in addition
to the Somali–Oman coastal region and the shallow
thermocline region near the Seychelles. The present
study addresses this interesting subsurface mean upward
motion in the equatorial IO, whose mechanism has not
been investigated yet.
A weak annual mean westerly prevails over the
equatorial IO, with rather strong semiannual westerly
peaks in the April–May and September–October periods (e.g., Ogata and Xie 2011), which causes semiannual occurrence of eastward Yoshida–Wyrtki jets
along the equator in the upper ocean (e.g., Yoshida
1959; Wyrtki 1973; Han et al. 1999). The westerly wind,
through surface Ekman convergence onto the equator,
drives equatorial downwelling, which advects eastward
momentum from the surface down to the depth of the
thermocline and allows eastward velocity to reach the
middle of the thermocline (Nagura and McPhaden
2014). Thus, the equatorial mean subsurface upwelling
simulated by the OGCMs cannot be attributed to local
wind forcing.
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FIG. 1. Meridional overturning streamfunction in the tropical
IO (Sv; 1 Sv [ 106 m3 s21) derived from (a) OFES_NCEP and
(b) an eddy-permitting OGCM by Miyama et al. (2003). Regions
of positive (negative) values indicate anticlockwise (clockwise)
circulation.

Here we explore another possible mechanism responsible for generation of the subsurface upward motion
in the equatorial IO, particularly focusing on impacts of
intraseasonal equatorial waves onto the mean condition.
Previous studies indicate various intraseasonal oceanic
variability to occur in the equatorial IO with significant
amplitude, including ocean responses to atmospheric
intraseasonal disturbances such as the Madden–Julian
oscillation (e.g., Han et al. 2001), meridional current
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TABLE 1. Summary of experiments and model settings. Experiments with an asterisk (*) in the period column started their integration
from the state at the end of the twentieth year of EXP2_MEAN.
Experiment

Resolution, domain

Forcing

Period

OFES_CLIM
OFES_NCEP
EXP1_CLIM
EXP1_NCEP
EXP1_MEAN
EXP2_ty15d
EXP2_ty30d
EXP2_tx180d
EXP2_tx30d
EXP2_MEAN
EXP2_ty15d2x
EXP2_ty15d3x
EXP2_ty15d4x

0.18, global
0.18, global
2.58 3 0.58–28, global
2.58 3 0.58–28, global
2.58 3 0.58–28, global
18 3 0.58, idealized
18 3 0.58, idealized
18 3 0.58, idealized
18 3 0.58, idealized
18 3 0.58, idealized
18 3 0.58, idealized
18 3 0.58, idealized
18 3 0.58, idealized

NCEP climatology
NCEP daily
NCEP climatology
NCEP daily
NCEP mean
Idealized mean 1 15-day tauy
Idealized mean 1 30-day tauy
Idealized mean 1 180-day tauy
Idealized mean 1 30-day taux
Idealized mean
Idealized mean 1 15-day tauy
Idealized mean 1 15-day tauy
Idealized mean 1 15-day tauy

48 years
1948 to present
28 years
1948 to present
28 years
20 years
20 years
20 years
20 years
20 years
4 years (*)
4 years (*)
4 years (*)

variability associated with the mixed Rossby–gravity
(MRG) wave (e.g., Sengupta et al. 2001; Ogata et al.
2008), and variability generated by internal instability of
strong current systems, especially in the western basin (e.g.,
Kindle and Thompson 1989). We will see that wave-induced
meridional heat advection contributes to subsurface warming, which is rectified into buoyancy-forced mean upwelling.
The rest of the paper is organized as follows. Section 2
gives model descriptions used in this study. Section 3
shows results of heat balance in the eddy-resolving
OGCM, by which we propose the importance of the
wave-induced nonlinear heating. Section 4 presents results of sensitivity experiments with coarse-resolution
OGCMs. To confirm the importance of the waveinduced heating by the MRG, GCM results are compared to the analytical solution in section 5. Section 6 is
the summary and discussion.

2. Model description
We utilize three types of numerical models to
explore a possible mechanism responsible for the subsurface mean upwelling in the equatorial IO.

a. Eddy-resolving OGCM: The OGCM for the
Earth Simulator
Results from an eddy-resolving OGCM, named
OFES (Masumoto et al. 2004; Masumoto 2010), are
analyzed to diagnose heat balance associated with the
upwelling. OFES covers a near-global domain from 758S
to 758N, with high resolution of 0.18 in the horizontal
direction (both in longitude and latitude), and there are
54 levels in vertical. The K-profile parameterization
(KPP) scheme is adopted for the vertical mixing (Large
et al. 1994), while the biharmonic parameterization is
utilized for the horizontal mixing (Smith et al. 2000).
After a 48-yr spinup calculation with NCEP monthly

mean climatological forcing (hereinafter called OFES_
CLIM), a hindcast integration was executed from 1948
to 2009 using NCEP daily mean forcing (hereinafter
called OFES_NCEP; Table 1). Surface heat flux is calculated by the bulk formula of Rosati and Miyakoda
(1988), with surface air temperature and humidity taken
from the NCEP reanalysis datasets. For more detailed
descriptions, please refer to Masumoto et al. (2004) and
Sasaki et al. (2008). Data from the last 4 years of
OFES_CLIM and 14 years of data from 1990 to 2003
from OFES_NCEP are used for the heat balance
analysis.

b. Coarse-resolution OGCM with realistic geometry
and forcing
To identify important forcing processes for the upwelling, we also conduct sensitivity experiments with a
coarse-resolution OGCM, based on the Modular Ocean
Model, version 3 (MOM3; Pacanowski and Griffies 1999),
which also provides the basis for the high-resolution
OFES model. The coarse-resolution model covers a
quasi-global domain from 658S to 658N, with a horizontal
grid spacing of 2.58 in zonal and 0.58 in meridional within
the equatorial band to 158 latitude in both hemispheres,
with a gradual increase to 28 further poleward. There
are 25 levels in vertical, with 10-m intervals in the upper
100-m depth. The vertical mixing parameterization of
Pacanowski and Philander (1981) is adopted for this
coarse model. Surface boundary conditions are calculated
from the bulk formula of Rosati and Miyakoda (1988),
similar to OFES. This model has been used in several
previous studies on tropical ocean and climate variations,
showing realistic variability in the tropical ocean conditions (e.g., Tozuka et al. 2010; Morioka et al. 2011). The
OGCM is spun up for 16 years under the monthly or annual mean NCEP–NCAR surface climatology, depending
on the model settings. A series of sensitivity experiments
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FIG. 2. Schematic diagram of the geometry and forcing settings in
idealized experiments (EXP2). Asymmetric zonal winds with
a maximum value of 0.8 N m22 at 208N(S) are imposed for the
annual mean forcing. Red rectangular region indicates an area
where seasonal wind forcing is applied over the central IO with
zonal width of 208, from 608 to 808E. Intraseasonal wind forcing is
applied over a blue rectangular region in the western IO with zonal
width of 108, from 408 to 508E.

are executed afterward using different wind fields (hereinafter called EXP1 series; see Table 1).

c. Coarse-resolution OGCM with idealized geometry
and forcing
To isolate influences from particular equatorial waves
on the upwelling, experiments with an idealized model
geometry and surface forcing are also conducted. The
model domain is a simple rectangular basin for the
tropical IO (208S–208N, 408–1008E), with a grid spacing
of 18 and 0.58 in the zonal and meridional directions,
respectively, and there are 25 levels in the vertical (10-m
intervals in the upper 100-m depth). This model is spun
up for 16 years under an idealized annual mean forcing
field, mimicking the clockwise monsoon circulation over
the tropical IO with a meridionally antisymmetric zonal
winds as shown in Fig. 2 (cf. Miyama et al. 2003; Godfrey
et al. 2007). Several sensitivity experiments were performed with winds in some specific regions (hereinafter
called EXP2 series).
It should be noted here that the horizontal grid spacing
of the model in the sensitivity experiments (EXP1 and
EXP2 series) is not fine enough to resolve intraseasonal
variability by internal instability over the tropical IO
(e.g., Kindle and Thompson 1989; Sengupta et al. 2001;
Ogata and Masumoto 2011). Intraseasonal variability in
these experiments, therefore, is taken into account only
through intraseasonal components in the wind forcing.

3. OFES diagnostics
Horizontal and vertical distributions of subsurface
mean vertical velocity averaged over 14 years from 1990
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to 2003 in OFES_NCEP are shown in Fig. 3a and 3b,
respectively. At the depth of 150 m, an upwelling signal
appears in the equatorial IO within a few degrees in
both hemispheres, having a magnitude of about 3–4 3
1023 cm s21, as well as in the western boundary region
along the African coast. The equatorial upwelling can
also be seen in even deeper levels down to 1500-m depth
(Fig. 3b). Such deep equatorial upwelling is consistent
with the meridional overturning circulation that appears
in Fig. 1a. The horizontal distribution of the mean upwelling in deeper levels shows almost the same pattern
with that at 150-m depth (not shown).
To explore processes responsible for the mean subsurface upwelling along the equator, a long-term mean
heat balance in the temperature equation is evaluated.
The governing equation of a heat balance is written as
follows, with no explicit surface heat flux term as we are
considering the balance at subsurface,
›T
›T
›T
›T
1u
1y
1w
5 diff ,
›t
›x
›y
›z

(1)

where T is the temperature and u, y, and w are the zonal,
meridional, and vertical currents, respectively. Any
variable (X) in Eq. (1) can be decomposed into a longterm mean (X) and its deviation (X0 ), and taking a longterm average of Eq. (1) gives
w

›T
›T
›T
›T 0
›T 0
›T 0
5 2u
2y
2 u0
2 y0
2 w0
1 diff .
›z
›x
›y
›x
›y
›z
(2)

The term on the left-hand side indicates mean vertical
advection associated with the mean upwelling w, the first
and second terms of the right-hand side (RHS) denote
horizontal advection due to mean horizontal currents
and mean temperature gradients, the third to fifth terms
on the RHS show anomaly-induced nonlinear advection, while the last term includes horizontal and vertical
diffusions. Note that contributions from interannual,
seasonal, and intraseasonal variability are included in
the anomaly-induced nonlinear advection terms. In case
of mean upwelling, that is, a positive value of w, at least
one term on the RHS of Eq. (2) and a sum total of the
RHS should also be positive, since the vertical gradient
of mean temperature is positive.
Figure 4 shows the contribution of each term on
the RHS of Eq. (2) to the mean equatorial upwelling at
150-m depth in OFES_NCEP. Total horizontal advection (sum of the first to fourth terms of the RHS) shown
in Fig. 4a demonstrates strong positive value along the
equator, suggesting significant contribution to the mean
equatorial upwelling through the buoyancy. In contrast, the vertical nonlinear advection shows a cooling
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FIG. 3. (a) Horizontal distribution of mean vertical velocity (1023 cm s21) in OFES_NCEP at the depth of 150 m. (b) Longitude–depth
section of mean vertical velocity along the equator. (c),(d) As in (a) and (b), respectively, but for OFES_CLIM.

tendency on the equator (Fig. 4b). The sum of the advection terms (Figs. 4a,b) is well balanced with the mean
upwelling (Fig. 3a), and a diffusion term, obtained as a
residual, is very small along the equator (Fig. 4e).
To see contributions from the intraseasonal variability
in the horizontal nonlinear advection terms, among
variations with various temporal scales, the horizontal
and vertical advection terms are calculated again without the intraseasonal variability, by applying a running
mean filter with a time scale of 99 days to the velocity
and temperature deviations in the OFES_NCEP results
(Figs. 4c,d). In this case, the anomaly-induced nonlinear
advections are mostly suppressed, showing no significant
heating and cooling along the equator that can balance
the mean vertical advection. The similar heat balance
and the importance of the intraseasonal nonlinear advection can also be seen at the deeper level.
It is interesting to show here that the mean subsurface
upwelling along the equator in the IO can also be seen in
OFES_CLIM results, which are shown in Figs. 3c and 3d.
The equatorial upwelling with a magnitude similar to
OFES_NCEP is observed in this climatological forcing run
as well. The strong upwelling, however, is confined to the
western basin west of 728E, and the upwelling in the eastern IO is significantly weaker compared to OFES_NCEP.
Another related difference between OFES_NCEP
and OFES_CLIM is highlighted in Fig. 5, in which
horizontal distribution of eddy kinetic energy at intraseasonal time scales, shorter than a 99-day period, at
150-m depth is compared. Both results demonstrate
large eddy kinetic energy along the equator, as well as

the western boundary region, which has already been
pointed out in many previous studies (e.g., Kindle and
Thompson 1989; Sengupta et al. 2001; Miyama et al.
2006; Ogata et al. 2008). However, the eddy kinetic energy in the eastern basin is significantly suppressed in
OFES_CLIM. Similarity in the distributions of the eddy
kinetic energy and those of the mean subsurface upwelling in OFES runs (see Figs. 3a, 5a) also suggests that
the intraseasonal current variability in the equatorial
region may play a key role in generation of the mean
equatorial upwelling.

4. Sensitivity experiments with coarse-resolution
OGCMs
a. Separating internal instability and wind-forced
variability
With the results of OFES runs, we hypothesized that
the subsurface mean upwelling in the equatorial IO is
associated with the intraseasonal variability in the
equatorial region. The intraseasonal variability can be
generated through internal instability of strong equatorial currents and/or be forced by winds over the
equatorial band. Here we conduct sensitivity experiments using a coarse-resolution OGCM with realistic
model configurations and forcing (see section 2b for
detailed descriptions of the model) to identify which of
these processes is responsible for the mean subsurface
upwelling. Figure 6 shows horizontal distribution of the
mean vertical velocity at the depth of 150 m and of
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FIG. 4. Horizontal distributions of terms in the mean heat balance (divided by ›T/›z; 1023 cm s21) in OFES_NCEP: (a) total nonlinear
horizontal advection and (b) total nonlinear vertical advection. (c),(d) As in (a) and (b), respectively, but without intraseasonal variability
shorter than 99-day period. (e) Residual term at 150-m depth in OFES_NCEP.

magnitude of terms in the heat balance for EXP1_
NCEP, in which the coarse model is forced by the daily
NCEP variables. Near the western boundary, coastal
upwelling due to the Findlater jet appears (Fig. 6a). This
coastal upwelling is rather strong (about 5 3 1023 cm s21)
and reaches about 450-m depth. Also shown in Fig. 6a is
an upwelling region centered on the equator and covering
almost the whole interior ocean in the zonal direction
with the magnitude of about 1–2 3 1023 cm s21.
As in the results of OFES_NCEP, the nonlinear horizontal advection term in EXP1_NCEP has maximum
warming on the equator (Fig. 6b), showing again the
importance of horizontal heat advection. While stronger
heating, larger than 2 3 1023 cm s21, due to the horizontal advection appears between 658 and 938E along
the equator, the relatively strong upwelling occurs west
of 908E, with the magnitude of 1.5 3 1023 cm s21. This is
because mean cooling appears over the eastern equatorial IO associated with the vertical nonlinear advection term (Fig. 6c), and this cancellation between the
two components appears to be large in the eastern basin
of the IO.
In contrast, results from EXP1_CLIM (monthly climatological forcing) and EXP1_MEAN (annual mean

climatological forcing) show that the mean equatorial
upwelling and the warming along the equator due to
nonlinear temperature advections are significantly
smaller (Fig. 7). It should be noted here that, because of
the coarse resolution of the model used in EXP1, there is
no strong intraseasonal current variability unless explicit
intraseasonal wind forcing is applied. This is a clear
distinction to the results of OFES_CLIM, in which the
subsurface mean upwelling and associated nonlinear
horizontal heat advection can be observed in the western basin even with the climatological forcing, due to
internal instability in upper-layer current systems. These
sensitivity experiments, therefore, demonstrate the importance of intraseasonal wind forcing in generating the
mean equatorial upwelling associated with the nonlinear
temperature advection over the eastern equatorial IO,
and both the wind forcing and internal instability are
essential in the western basin of the IO.
Figure 8 shows area-integrated transport in OFES
runs and EXP1 experiments in the upper 150 m to
highlight impacts of the mean equatorial upwelling associated with the intraseasonal variability on the meridional overturning circulation in the IO. In the western
boundary region west of 558E, the differences between the
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FIG. 5. (a) Horizontal distribution of eddy kinetic energy (cm2 s22) for intraseasonal variability
shorter than 99 days at the 150-m depth in OFES_NCEP. (b) As in (a), but in OFES_CLIM.

climatological and realistic forcing cases are small: 1.92
and 2.04 Sv (1 Sv [ 106 m3 s21), for the OFES runs and
1.02 and 1.12 Sv for the EXP1 experiments, respectively.
A noticeable feature, on the other hand, is observed in the
difference in the interior region east of 558E. Almost a half
of the total equatorial mean upwelling occurs in the interior region in the OFES runs, with the vertical transport of 2.16 Sv in OFES_NCEP (Fig. 8a) and 1.80 Sv in
OFES_CLIM (Fig. 8b). In the EXP1 experiments with
the realistic forcing (EXP1_NCEP), the interior mean
upwelling has the value of 2.30 Sv (Fig. 8c), which is
comparable to upward transport in the OFES runs. In
contrast, this upward transport becomes much weaker in
the absence of intraseasonal forcing to 0.54 Sv in EXP1_
CLIM (Fig. 8d) and 0.12 Sv in EXP1_MEAN (Fig. 8e).
Further discussions will be given in section 6.
To clarify influence of such intraseasonal variability on
the mean upward transport within the equatorial region,
we conducted two additional experiments to EXP1.
When the subseasonal wind forcing is removed (i.e.,
replaced to the monthly forcing), the equatorial upwelling across 150-m depth in the area east of 558E reduces to
1.29 Sv. On the other hand, in a case of doubled subseasonal component, the upward transport increases to
3.97 Sv, confirming the importance of subseasonal variability to generate the mean equatorial upwelling. This

upwelling in the OFES and EXP1_NCEP runs amount to
about 40% of the total upwelling in the region north of
28S, which is about 5 Sv (see also Fig. 1). This suggests a
possibility of significant contribution from rectification of
the intraseasonal current variability to the mean meridional overturning circulation.

b. Role of intraseasonal equatorial waves
There are two kinds of equatorial waves typically
forced by intraseasonal wind stress on the equator: the
Kelvin waves forced by zonal wind stresses and the MRG
waves excited by meridional winds. Further sensitivity
experiments are conducted with a rectangular basin
forced by idealized wind (EXP2; see details in section 2)
to identify dominant waves that contribute to generation
of the mean subsurface upwelling. Horizontal distribution of intraseasonal wind forcing is shown in Fig. 9a.
As the first experiment, meridional wind with 15-day
period is adopted (EXP2_ty15d). This particular forcing
is chosen to examine a role of biweekly MRG waves,
whose existence is often cited in previous papers (e.g.,
Sengupta et al. 2001; Miyama et al. 2006; Ogata et al.
2008). Horizontal distribution of the mean upwelling,
warming due to nonlinear temperature advection, and
residual in the heat balance equation in EXP2_ty15d
are shown in Figs. 9b–e. Significant upwelling with a
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FIG. 6. Horizontal distributions of mean upwelling and terms in the mean heat balance
(divided by ›T/›z; 1023 cm s21) in EXP1_NCEP: (a) mean upwelling speed, (b) total nonlinear horizontal advection, (c) total nonlinear vertical advection, and (d) residual term at
150-m depth.
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FIG. 7. As in Fig. 6, but for (a)–(d) EXP1_CLIM and for (e)–(h) EXP1_MEAN.

magnitude of about 1–3 3 1023 cm s21 and associated
warming due to nonlinear horizontal temperature advection can be clearly demonstrated. The mean equatorial upwelling and warming due to advection locate on the
equator at around 508 and 808E, which is to the east of the
forcing region. The above two locations at the depth of
150 m can be explained as regions of downward energy
propagation of the MRG (cf. Miyama et al. 2006).
This vertical energy propagation associated with the
MRG is clearly seen in a longitude–depth section of
the mean vertical velocity along the equator (Fig. 10a).
The upwelling signal follows the energy ray path of the
MRG from the eastern edge of the forcing region. After
reaching to the bottom of the ocean, energy of the MRG
is reflected back into the interior region, generating mean
downwelling associated with upward energy propagation.

The MRG is further reflected at the surface and then the
bottom again, showing reduction of magnitude of the
mean upwelling/downwelling due to energy dissipation.
Note that the equatorial upwelling (downwelling) and
wave-induced warming (cooling) appear at longitudes
where group velocities are downward (upward). An
example of similar equatorial heating due to horizontal
heat advection associated with the MRG has already
been shown in Nagura et al. (2014), which is consistent
with the results of EXP2_ty15d. We will consider the
advective heating of the MRG analytically in more detail in section 5. The above results seen in Figs. 9 and 10a
are basically the same when the background mean wind
forcing is absent (not shown), confirming that the mean
upwelling is caused by wave–wave interaction by the
MRG itself.
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FIG. 8. Volume budget (Sv) in the equatorial Indian Ocean between 28S and 28N for (a) OFES_NCEP,
(b) OFES_CLIM, (c) EXP1_NCEP, (d) EXP1_CLIM, and (e) EXP1_MEAN. The equatorial area was divided into
western boundary region (west of 558E) and internal region (east of 558E), from the surface down to the depth
of 150 m.

When the period of meridional wind forcing becomes
longer to 30 days (EXP2_ty30d), the intraseasonal
MRG is still excited. However, in this case, the mean
subsurface upwelling is confined in the upper 600 m near
the forcing region between 508 and 608E (Fig. 10b),
suggesting much larger dumping due to viscosity compared to EXP2_ty15d case. This is consistent with
Miyama et al. (2006), who pointed out that MRG
propagation along the energy ray path is sensitive to its
period: the 30-day MRG is strongly damped in the

presence of vertical viscosity, while the 15-day MRG can
reach the bottom of a basin and is reflected back into the
upper layer. Horizontal viscosity could be another possibility making the differences between Figs. 10a and
10b. Simulated zonal wavelength of MRG for the period
of 30 days is 1680 km, which is much shorter than that of
8400 km for the 15-day period. The shorter the wavelength is, the stronger the dissipation becomes.
EXP2_tx180d is forced by semiannual zonal wind,
mimicking Yoshida–Wyrtki jet response. In this case,
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FIG. 9. (a) Horizontal structure of 15-day meridional wind stress forcing (dyn cm22) for EXP2_ty15d. Horizontal distributions of
(b) mean vertical velocity, (c) total nonlinear horizontal advection, (d) total nonlinear vertical advection, and (e) residual term at 150-m
depth [(b)–(d) divided by ›T/›z; 1023 cm s21].

semiannual equatorial Kelvin and Rossby waves are
generated. The mean equatorial upwelling appears in
the upper 300 m, particularly in the eastern part of the
basin (Fig. 10c), though the signal disappears quickly
below 300-m depth. In the experiment with 30-day period zonal wind forcing (EXP2_tx30d), an intraseasonal
equatorial Kelvin wave is generated, and there is no
significant signal in the mean vertical velocity field
(Fig. 10d).

5. Analytical solution
Results in sections 3 and 4 suggest that intraseasonal oceanic variability, in particular the MRG
around the biweekly period, plays an important role
in generating the mean equatorial upwelling through
the wave-induced heating. It is obvious, however,
that wind forcing used in the OGCM experiments
cannot rule out other equatorial wave modes such as
Kelvin waves and inertia gravity waves (IGW). Here,
we estimate wave-induced heat advection, associated with the ‘‘pure’’ MRG, using an analytical solution to the equatorial waves (see appendix A). The

horizontal heat advection due to equatorial waves is
written as

QH

5 2u0
5





› ›F0
› ›F0
0
2y
›x ›z
›y ›z



dF1
dF*1
1
*
*
u*kmF
1
u
,
2
imy
kmF
1
imy
1
1
1
1
1
4 1
dy
dy
(3)

where u1, y 1, k, m, and F1 denote zonal current, meridional current, zonal wavenumber, vertical wavenumber,
and geopotential, respectively. The prime (X 0 ) and asterisk (X*) indicate perturbation of and complex conjugate of any variables X, respectively For the MRG
(n 5 0), substituting Eqs. (A3)–(A5) into Eq. (3), QH is
written as
 


1
1 jmjv2
2
QH 5 mv^y 20 3
2 1 h2 1(1 2 h2 ) e2h .
2
4 bN

(4)

A meridional structure of the MRG-induced heating,
that is, Eq. (4), for the period of 15 and 30 days with a
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FIG. 10. Longitude–depth sections of mean vertical velocity (1023 cm s21) on the equator for (a) EXP2_ty15d, (b) EXP2_ty30d,
(c) EXP2_tx180d, and (d) EXP2_tx30d. In (a) and (b), ray paths of 15- and 30-day MRG are superposed with dots.

vertical wavelength of 600 m is shown in Fig. 11. The
vertical wavelength is determined from results of the
sensitivity experiments in section 4 (EXP2_ty15d and
EXP2_ty30d). The analytical solution captures important characteristics that appeared in the OGCM results.
Sharp equatorial warming centered on the equator and
weak off-equatorial cooling, with a magnitude about 1/6
of the equatorial warming, are clearly demonstrated
(see Fig. 9 for the OGCM results). Another important
aspect derived from Eq. (4) is that equatorial warming
(cooling) occurs in a condition of upward (downward)
phase propagation. Furthermore, using the dispersion
relationship (see section 4.7 of Andrews et al. 1987)
k5

jmjv b
2 ,
N
v

(5)

a vertical component of group velocity of the MRG can
be written as
czg 5 2sgn(m)v2 3
5 2sgn(m) 3

2jmjv2 2 Nb
2m2 v3 1 N 2 bk

v3
,
jmjv2 1 Nb

(6)

indicating that downward (upward) energy propagation
(czg ) occurs in association with upward (downward)
phase increase. These phase relations are clearly shown
in Fig. 10a and are also consistent with our arguments
based on the OGCM results.
Contribution from the vertical nonlinear advection,
on the other hand, is shown in the following form of

QV

52w0





› ›F0
1 m3 v
m3 v
5 2 2 F*F
2 2 F1 F*1
1 1
›z ›z
4
N
N



1
1 jmjv2 2 2h2
h e ,
52 mv^y 20 3
2
4 bN

(7)

which is very small in 15- and 30-day MRGs (Fig. 11).
It should be worth noting that wave-induced heating
caused by the vertical advection exactly cancels out
with that caused by horizontal advection in the case of
the Kelvin wave (see appendix B), consistent with the
results in the OGCM forced by idealized zonal wind
forcing (see Fig. 10d). In the case of semiannual zonal
wind forcing, equatorial upwelling appears (Fig. 10c)
despite cancellation between the horizontal and vertical advections induced by the Kelvin wave. The heat
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FIG. 11. Meridional structures of MRG-induced heating, as
a function of nondimensional latitude h, derived from the analytical solution of Eqs. (4) and (7). Red, blue, and light blue lines
indicate solutions for MRG with a period of 10, 15, and 30 days
(with the vertical wavelength of 600 m), respectively. Solid lines
show the horizontal nonlinear advection QH, while dashed lines
indicate the vertical nonlinear advection QV. Parameter ^y0 5
1 cm s21 is assumed for all the cases.

balance analysis shows, for this particular case, cooling
by the mean upwelling tends to balance with the horizontal warming by the mean flow [i.e., the first and
second terms of the RHS in Eq. (2)], suggesting importance of a different process, which is beyond the
scope of the present article.
When dissipation is taken into account, the MRGinduced heating decays in the vertical direction. Vallis
(2006) proposed the conceptual forced-dissipation
model to explain an eddy-driven jet in the midlatitude
that meridional energy transport by the Rossby wave
carries the momentum [see section 12.1 of Vallis (2006)].
A similar argument can be applied to the wave-induced
circulation associated with the MRG. He suggested that,
in the Rossby wave case, meridional wavenumber
changes by l / l 1 ig/cyg in the presence of dissipations
(g is a Newtonian damping coefficient). Similarly, in
vertically propagating MRG case, vertical wavenumber
is expected to change by m / m 1 ig/czg . According to
Vallis (2006), effect of dissipation on structure of vertical heating can be written as follows:
Q / Q exp[2(g/czg )z] .

(8)

Equation (8) suggests that energy along a beam of the
MRG decays with length scale czg /g below the base of
thermocline in the presence of dissipations. For a specific form to vertical and horizontal diffusions, g can be
written as

FIG. 12. Magnitude of the MRG-induced heating on the equator,
as a function of period of the MRG, derived from the analytical
solution of Eqs. (4) and (7). Black, red, and blue lines indicate
results for the vertical wavelength of 600, 1000, and 2000 m, respectively. Sensitivity of the magnitude, divided by N2, to the
vertical mixing is shown in (a) (cm s21). Solid lines demonstrate
results without vertical dissipation, while dashed and dotted lines
show results with a weak dissipation of AV 5 25 cm2 s21 and with
a strong dissipation of AV 5 100 cm2 s21, respectively. (b) As in (a),
but sensitivity to the horizontal mixing: solid lines for inviscid cases,
dashed lines for Laplacian mixing of AH 5 1 3 107 cm2 s21, and
dotted lines for the biharmonic mixing of AH 5 2.7 3 1018 cm4 s21.
Parameter ^y0 5 1 cm s21 is assumed for all cases.

g / AV m2 (vertical), AH k2 (horizontal laplacian),
or AH k4 (biharmonic).

(9)

To evaluate how the vertical diffusion influences the
advective heating associated with the MRG, magnitude
of the heating on the equator Q [i.e., Eq. (8), with h 5 0]
at 500 m below the base of the thermocline is plotted in
Fig. 12a, for three values of diffusion coefficients, as a
function of wave period. Qualitatively, the diffusion
coefficient becomes larger and the MRG-induced
heating decays rapidly, especially for the shorter vertical wavelength. Recall that, in the OGCM results shown
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in Fig. 10, the 15-day MRG generates large-amplitude
mean vertical velocity even below 500-m depth, while
the 30-day MRG almost decays around the depth of
500 m, which is consistent with the above argument.
However, a simple analytical solution shown in Fig. 12a
requires rather large vertical diffusion coefficient of the
order of 100 cm2 s21 to achieve such a condition as
appeared in the OGCM results. This value is an order
of magnitude larger than that for the canonical value,
which is typically on the order of 1–10 cm2 s21.
Horizontal diffusion (g 5 AHk2), therefore, must play
an important role in determining the realistic decay
structure. In a case of the harmonic diffusion scheme
with AH 5 1 3 107 cm2 s21, which corresponds to a
case similar to a coarse-resolution OGCM, the MRGinduced heating is large enough only at a period shorter
than about 20 days, while the MRGs with a period
of 20–30 days are strongly damped (dashed lines in
Fig. 12b). On the other hand, most eddy-resolving OGCMs
adopt a biharmonic diffusion operator (g 5 AHk4),
with a coefficient of AH 5 2.7 3 1018 cm4 s21, for example, in OFES on the equator. For this parameter
setting, an analytical solution demonstrates that the
advective heating in the deeper layer appears even in a
period of 20–30 days (dotted lines in Fig. 12b). This
may be attributed to differences in the horizontal
wavelength as suggested in section 4; zonal wavelength of a 30-day period MRG wave is about 1680 km,
while that for a 15-day period MRG wave is about
8400 km. The wavelength of a 30-day-period MRG is
long enough to survive in the parameter regime for
eddy-resolving OGCMs, but it is too short to survive
in coarse-resolution OGCMs with the harmonic
scheme. This is consistent with results presented in
sections 3 and 4 and is also supported by the fact that
manifestations of the equatorial mean upwelling can
be seen in previous eddy-permitting OGCMs (e.g.,
Miyama et al. 2003), in which the MRG with a period
of 20–30 days may be generated through internal
instability.
In this analytical consideration, we assumed the vertical wavelength of 600 m, based on the results from the
sensitivity experiments in section 4. However, a previous
study pointed out that the vertical wavelength of biweekly variability varies from about 1000 to 3000 m
(Sengupta et al. 2004). Therefore, two additional cases
are considered; one for the vertical wavelength of
1000 m (red lines) and the other for 2000 m (blue lines).
Magnitude of the MRG-induced heating is sensitive to
the selection of vertical wavelength (Fig. 12b). Nevertheless, it is a common feature that the wave-induced
heating by 20–30 days MRG appears only in the parameter regime of eddy-resolving OGCM.
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It should be noted here that magnitude of the mean
equatorial upwelling can be estimated using w 5 Q/N2.
It is estimated as 2–6 3 1023 cm s21 for the MRG at
a period of 10–20 days, with the velocity amplitude
of ^y 0 ; 8 cm s21. On the other hand, the upwelling
generated by the MRG with a period of 20–30 days
can be estimated as 3–9 3 1023 cm s21, with the same
magnitude of velocity amplitude, in the parameter
regime of the eddy-resolving OGCM. In OFES_NCEP,
maximum value of the mean equatorial upwelling
on the equator is about 5 3 1023 cm s21 (Fig. 3), which is
within the estimated ranges of the analytical solution.

6. Summary and discussion
Previous studies implicitly suggest the existence of
mean equatorial upwelling below the thermocline in
the Indian Ocean despite averaged surface westerly
wind, which favors equatorial downwelling at and
above the thermocline (e.g., Jayne and Marotzke 2001;
Miyama et al. 2003). This subsurface mean upwelling in
the equatorial Indian Ocean is reconfirmed in results of
an eddy-resolving OGCM (OFES), and a possible
generation mechanism of the equatorial upwelling is
investigated in this study by analyzing results from
OFES and conducting sensitivity experiments with
coarse-resolution OGCMs, together with analytical
considerations.
Mean vertical velocity in OFES shows significant upwelling on the equator widely distributed at subsurface
layers. Heat budget analysis exhibits a balance between
warming owing to nonlinear heat advection and cooling
associated with mean vertical advection. The analysis
also suggests that the nonlinear heating is mostly due to
horizontal advection occurring at intraseasonal time
scales with a period between 3 and 91 days, while a
contribution from low-frequency variability longer than
91 days is rather small. A sensitivity experiment with a
coarse-resolution OGCM demonstrates that the subsurface mean equatorial upwelling cannot be reproduced by seasonal winds only, while it is well reproduced
with intraseasonal wind forcing.
To further clarify roles of the intraseasonal oceanic
waves in generating the subsurface mean upwelling,
additional sensitivity experiments using a coarseresolution OGCM with idealized forcing are conducted. Results clearly demonstrate that surface
meridional wind forcing at a biweekly period generates significant mean upwelling along the energy beam
of the MRG waves, while zonal wind variability cannot generate the mean upwelling along the equator in
the wide area along the equator. An analytical solution for equatorial waves indicates that wave-induced
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FIG. 13. Sensitivity of the intraseasonal meridional current
variability (blue) and mean equatorial upwelling (red) at 08N,
488E, at the depth of 150 m, as a function of idealized intraseasonal wind forcing. Magnitude is nondimensionalized by
a unit strength (i.e., 1 3 tauy) experiment (EXP2_ty15d).
Dashed line indicates y2 relation, to which w should follow in the
analytical solution.

nonlinear temperature advection associated with the
MRG with upward (downward) phase propagation
accompanies warming (cooling) on the equator, which
is consistent with the heat balance derived from the
OGCM results.
The above results suggest that the mean subsurface
upwelling along the equator is generated as rectification
of influence of the intraseasonal MRG. Given the amplitude of currents at the intraseasonal time scale owing
to equatorial waves is O(«), the mean equatorial upwelling should become O(«2). Figure 13 shows their
magnitude as a function of the amplitude of wind forcing, under the EXP2 setting, with a difference only in the
amplitude of the biweekly meridional forcing. As the
wind increases, the amplitude of meridional current
variability increases linearly with O(«), while the mean
equatorial upwelling increases nonlinearly with about
O(«2). This also supports the idea of wave-induced mean
upwelling discussed above.
Results shown in Fig. 8 require some discussion
for further clarification. As indicated in the previous

sections, the OFES simulations with 0.18 horizontal
resolution are expected to have internal intraseasonal
instability even with climatological forcing. The major
area of this internal instability to occur is in the western
boundary region, but wave energy penetrates into the
interior region. Additional, albeit less energetic, instabilities can be excited within the interior region.
This explains relatively large upward transport in
OFES_CLIM (Fig. 8b). On the other hand, intraseasonal oceanic variability due to instability is significantly reduced in EXP1, with the coarse-resolution
model (Fig. 8d). In this case, the intraseasonal forcing is
necessary to excite the MRG. Therefore, Fig. 8 also
suggests that both the wind-forced waves and the internal instability influence the mean meridional overturning circulations.
We executed an additional experiment with realistic
geometry and idealized forcing (NCEP mean 1 idealized
intraseasonal forcing) as EXP3 (see Table 2). Figure 14
shows the mean equatorial upwelling generated by the
15-day intraseasonal meridional wind forcing in EXP3.
When the forcing patch is imposed in a region west of
508E (Fig. 14a), mean upwelling (downwelling) appears
over the equatorial region (within a band between 28N
and 28S) as seen in Fig. 14b, which is consistent with
Fig. 9. Note that, to highlight and separate the waveinduced upwelling from the strong coastal upwelling in
the western boundary, mean response in EXP3_MEAN
was subtracted from the results in EXP3_ty15d4x. In a
longitude–depth section on the equator, the wave-induced
mean upwelling appears along the energy pathway of
the MRG wave (Fig. 14c), as in the case of EXP2 (see
Fig. 10a).
The analytical solutions shown in section 5 suggest
that influence of mixing process cannot be neglected.
To confirm this sensitivity to the mixing process in an
OGCM setting, we conducted additional experiments
with the same configuration to EXP2, but with enhanced mixing (hereinafter referred to as ‘‘EXP2b’’;
see Table 2). The horizontal viscosity (diffusivity) coefficient in EXP2b is 20 (2) times larger than that in
EXP2, while the vertical mixing coefficients are evaluated using the PP scheme with the same magnitude of

TABLE 2. Summary of additional experiments and model settings. Experiments with an asterisk (*) in the period column started their
integration from the state at the end of the twentieth year of EXP1_MEAN, and experiments with a double asterisk (**) started their
integration from the state at the end of the twentieth year of EXP2_MEAN.
Experiment

Resolution, domain

Forcing

Period

EXP3_ty15d4x
EXP2b_MEAN
EXP2b_ty15d

2.58 3 0.58–28, global
18 3 0.58, idealized
18 3 0.58, idealized

NCEP mean 1 15-day tauy
Idealized mean
Idealized mean 1 15-day tauy

4 years (*)
4 years (**)
4 years (**)
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FIG. 14. Horizontal structure of (a) 15-day meridional wind stress forcing (dyn cm22), (b) mean vertical velocity (1023 cm s21), and
(c) longitude–depth sections of mean vertical velocity (1023 cm s21) on the equator for EXP3_ty15d4x. (d)–(f) As in (a)–(c), but for
EXP2b_ty15d.

the background mixing parameters with EXP2 (see
Table 3). When the forcing patch is imposed in a region
west of 508E (Fig. 14d), mean upwelling (downwelling)
occurs in the equatorial region (Fig. 14e), which appears
again along the energy pathway of the MRG wave
(Fig. 14f). However, as expected from the analytical
solutions, the MRG dissipates rapidly due to the larger
mixing coefficients in this case, and associated waveinduced mean flow significantly decays in the region
east of 508E.
Some recent studies have pointed that the MRG
generates meridional heat transport (or advection) and
it contributes to subsurface warming in the equatorial
IO through the eddy-induced heating (Nagura et al.
2014; Smyth et al. 2015). Ascani et al. (2010) investigated
the origin of the equatorial intermediate current system
(EICS) in the equatorial Pacific. They suggested that the
MRG-induced nonlinear potential vorticity (PV) sources generate the EICS. Further investigation of threedimensional structure and formation mechanism of the
equatorial mean flow induced by the equatorial waves
will be needed.

For the SMOC in the IO, upwelling in the eastern and
western boundary regions, off the islands of Sumatra
and Java, and off the Somali–Oman coast, as well as the
present subsurface mean upwelling along the equator,
is definitely crucial to make the three-dimensional circulation and associated heat transport over the tropical

TABLE 3. Setting of lateral and vertical mixing coefficients in
OGCM experiments: AH is horizontal viscosity, kH is horizontal
diffusivity, n0 is mixing coefficient depending on the Richardson
coefficient, nb is background viscosity, and kb is background
diffusivity. Parameters n0, nb, and kb are parameters of vertical
mixing parameterization by Pacanowski and Philander (1981).
In OFES, a biharmonic operator was applied in AH and kH and
units are cm4 s21. In other coarse OGCM experiments, units
are cm2 s21.
kH

AH
OFES
EXP1
EXP2
EXP3
EXP2b

2.7 3 10
2 3 108
1 3 107
2 3 108
2 3 108

18

0.9 3 10
2 3 107
1 3 107
2 3 107
2 3 107

18

n0

nb

kb

(KPP)
75
75
75
75

(KPP)
1.34
1.34
1.34
1.34

(KPP)
0.134
0.134
0.134
0.134
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IO (e.g., Chen et al. 2016). Relations between these
boundary upwellings and the equatorial upwelling
shown in this study and a detailed description of threedimensional pathways of the SMOC will be necessary
future works.
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APPENDIX A
An Analytical Solution of the Equatorial Waves
We start with a set of primitive equations on the
equatorial b plane:
9
›u
›u
›u
1 ›p >
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1 u 1 y 2 byy 5 2
>
›t
›x
›y
r0 ›x >
>
>
>
>
>
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›y
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1u 1y 1w 50>
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›z

(A3)
y 1 5 ^y 0 Hn (h)e2(1/2)h ,


nHn21 (h) 2(1/2)h2
1 Hn11 (h)
1
e
u1 5 i^y 0 (bjmjN)1/2
,
2 jmjv 2 Nk jmjv 1 Nk
(A4)
2

and

F1 5 i^y 0

bN 3
jmj

.

(A1)


nHn21 (h) 2(1/2)h2
1 Hn11 (h)
2
e
,
2 jmjv 2 Nk jmjv 1 Nk
(A5)

where h 5 (bjmj/N)1/2 y is the nondimensional meridional scale, Hn(h) are the Hermite polynomials [e.g.,
H0 (h) 5 1, H1 (h) 5 h, H2 (h) 5 4h2 2 2], and N is the
Brunt–Väisälä frequency.
The real part of these solutions can be written, with
their complex conjugates, as

1
u0 5 fu1 exp[i(kx 1 mz 2 vt)]
2
1 u *1 exp[2i(kx 1 mz 2 vt)]g,

(A6)

and

1
F0 5 fF1 exp[i(kx 1 mz 2 vt)]
2
1 F *1 exp[2i(kx 1 mz 2 vt)]g.

9
›u0
›F0 >
>
>
2 byy 0 5 2
>
›t
›x >
>
>
>
0 >
>
0
>
›y
›F
>
0
>
1 byu 5 2
>
>
›t
›y =
(A2)

Assuming an equatorial wave form of x 0 (x, y, z, t) 5
x1 (y) exp[i(kx 1 mz 2 vt)], where x denotes an arbitrary
variable, horizontal velocity and pressure for the nth

(A7)

(A8)

Therefore, nonlinear wave forcing due to the perturbations are written as
QH

.

1/2 

1
y0 5 fy1 exp[i(kx 1 mz 2 vt)]
2
1 y *1 exp[2i(kx 1 mz 2 vt)]g ,

With simple linearization under small perturbations
and using N 2 5 2(g/r0 )›r/›z and F0 5 p0 /r0 , Eqs. (A1)
can be rewritten as follows:

>
›F0
r0
T0
>
5 2 g 5 ag >
>
>
>
›z
r0
r0
>
>
>
>
 0
>
>
>
› ›F
>
2 0
1N w 50>
;
›t ›z

meridional mode can be obtained as follows (see section
4.7 of Andrews et al. 1987):
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›x
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5 2u0

(A9)

Suppose that magnitude of the perturbations is O(«), the
above nonlinear wave forcing has magnitude of O(«2),
and secondary circulation of the order of O(«2) can be
written as follows:
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2byy 5 2
>
>
›x
>
>
=
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›F
.
1 Fy >
byu(2) 5 2
>
>
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>
>
>
>
>
2 (2 )
N w 5 QH 1 QV ;
(2 )

(A10)

The thermodynamic equation of Eq. (A10) indicates
that the wave-induced heating, QH and QV , can be
considered as forcing for the mean equatorial
upwelling.

APPENDIX B
Heat Advection by the Equatorial Kelvin Wave
Horizontal and vertical heat advection by the equatorial Kelvin Wave (KW) can be written as follows:
1
1
2
u20 3 e2h ,
QH 5 (u*kmF
1 u1 kmF*)
(B1)
5 mv^
1
1
1
4
2




› ›F0
1
m3 v
m3 v
*
2 2 F*F
5
QV 5 2w0
2
F
F
1 1
›z ›z
4
N
N2 1 1
1
2
52 mv^
u20 3 e2h .
2

(B2)

The above indicates that QH and QV cancel each
other and therefore the net heat advection by the
KW (5QH 1 QV) is exactly zero.
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