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[11 An ocean general circulation model, the Hybrid Coordinate Ocean Model (HYCOM),
is used to examine the rectification of atmospheric intraseasonal oscillations (ISOs) on the
mean and seasonal-to-interannual sea surface temperature (SST), mixed layer thickness
(hm) and upper ocean heat content in the Indian Ocean. Existing studies have shown that
ISOs rectify on seasonal and interannual equatorial surface currents and on cross-equatorial
transport, suggesting that they may also have important impacts on upper ocean
variability. To evaluate these impacts, a hierarchy of HYCOM experiments isolates the
ocean response to forcing by atmospheric ISO events. Other experiments isolate the
ocean response to a range of intraseasonal forcing fields including shortwave radiation,
precipitation, and winds. Results indicate that rectification of ISOs onto seasonal and
interannual upper ocean variability does occur, and that it is important in some regions.
The regions displaying maximum rectification vary between SST, hm, and upper ocean
heat content, and from seasonal to interannual timescales. Strong seasonal SST
rectification occurs in the Arabian Sea and in the Bay of Bengal. Because SSTs in the
Arabian Sea are already warm (28°C), the ISO-forced seasonal cycle peak of 0.6°C in
May can affect convection there. Intraseasonal wind speed and stress have a much larger
impact on seasonal and interannual SST, hm, and upper ocean heat content than either
intraseasonal shortwave radiation or precipitation. The relative importance of entrainment

and turbulent heat flux due to intraseasonal wind speed, and of upwelling, horizontal
advection, and vertical mixing due to intraseasonal wind stress, varies with region.

Citation: Duncan, B., and W. Han (2012), Influence of atmospheric intraseasonal oscillations on seasonal and interannual
variability in the upper Indian Ocean, J. Geophys. Res., 117, C11028, doi:10.1029/2012JC008190.

1. Introduction

1.1. Atmospheric Intraseasonal Oscillations
and the Indian Ocean

[2] The tropical Indian Ocean (IO) is a region of enhanced
atmospheric intraseasonal oscillations (ISOs) with periods
ranging from 10 to 90 days [Lau and Waliser, 2005]. The
climatic importance of ISOs has received increasing attention.
This is because ISOs cannot only cause large amplitude
atmospheric and oceanic variability at intraseasonal timescales
[e.g., Harrison and Vecchi, 2001; Sengupta et al., 2001; Duvel
et al, 2004; Saji et al., 2006; Duvel and Vialard, 2007;
Vialard et al., 2008], but they can also affect the mean state
and seasonal-to-interannual variability [e.g., Waliser et al.,
2003, 2004; Han et al., 2004; Halkides et al., 2007], and
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thus impact the tropical climate across a range of time scales.
A more detailed review of ISO impacts on the IO follows in
Sections 1.2 and 1.3. It has been suggested that ISOs can affect
the onset [McPhaden, 1999] and termination [ Takayabu et al.,
1999] of the El Nino Southern Oscillation (ENSO), and the
termination of the Indian Ocean Dipole (IOD [e.g., Saji et al.,
1999; Webster et al., 1999; Murtugudde et al., 2000; Yu and
Rienecker, 2000]), as during the 1994 10D event [Rao and
Yamagata, 2004; Han et al., 2006b].

[3] On 30-90-day timescales, ISOs are dominated by the
Madden-Julian Oscillation (MJO [Madden and Julian, 1971,
1972, 1994]). On submonthly timescales, ISOs are dominated
by convectively coupled Rossby and Kelvin waves, which
peak at 10-20-day periods and are also referred to as the
Quasi-Biweekly Mode [e.g., Murakami and Frydrych, 1974;
Chen and Chen, 1993; Kiladis and Wheeler, 1995; Numaguti,
1995; Wheeler and Kiladis, 1999; Chatterjee and Goswami,
2004, and references therein]. ISOs exhibit significant inter-
annual variability and pronounced seasonality [e.g., Li and
Wang, 1994; Wang and Xie, 1997; Hendon et al., 1999;
Webster et al., 2002]. Strong ISO-scale convection and wind
occurs in regions where mean sea surface temperature (SST)
is high, typically around the 15°S—15°N equatorial region
spanning the Intertropical Convergence Zone (ITCZ) during
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the winter monsoon season (November—April) [Han et al.,
2007]. During the Asian summer monsoon (May—October),
the ITCZ shifts northward, extending from the eastern equa-
torial IO to the Bay of Bengal (BOB) and eastern Arabian Sea
[Duncan and Han, 2009]. As a result, the impacts of ISOs on
intraseasonal SSTs also have pronounced seasonality that
follows this ISO convection and wind-forcing. The largest
SST impacts occur in the Thermocline Ridge region [e.g.,
Hermes and Reason, 2008] of the southwest tropical 10 dur-
ing winter, where the ISO convection and winds are strong,
the surface mixed layer is thin, and the thermocline is shallow
[e.g., Duvel et al., 2004; Saji et al., 2006, Han et al., 2007].
During the summer monsoon season, the largest impacts of
ISOs on SSTs shift to the Arabian Sea and the BOB, where
ISO convection and winds are strong [Saji et al., 2006;
Duncan and Han, 2009].

1.2. ISO Impacts on Intraseasonal Indian Ocean
Variability

[4] During recent decades, as high-resolution global-scale
satellite wind, precipitation, SST, and other data sets have
become available, significant advancements have been made
in quantifying the impacts of ISOs on the 10. These satellite
data products can adequately resolve atmospheric ISOs and
thus provide reliable estimates for their impacts on the
ocean. Data analyses using in situ measurements and satel-
lite Tropical Rainfall Measuring Mission (TRMM) SST
suggest that the amplitude of intraseasonal SST variability
often exceeds 1°C, which is comparable to the SST seasonal
cycle [e.g., Harrison and Vecchi, 2001; Sengupta et al.,
2001; Duvel et al., 2004; Saji et al., 2006; Duvel and
Vialard, 2007; Vialard et al., 2008].

[5] Ocean model experiments have helped to provide
insight into the dynamical and thermodynamical air-sea
interaction processes that contribute to intraseasonal tropical
IO variability induced by atmospheric ISOs. For example,
many modeling studies suggest that atmospheric ISOs can
impact SSTs through oceanic processes that bring cooler
subsurface water to the mixed layer (e.g., upwelling and
entrainment), through horizontal advection, and through
surface heat fluxes like evaporative cooling [e.g., Waliser
et al., 2003, 2004; Han et al., 2006a, 2007; Vinayachandran
and Saji, 2008; Duncan and Han, 2009; Halkides and Lee,
2011; Jayakumar et al., 2011]. Another modeling study
showed that the response of the barrier layer and mixed layer in
the 10 to ISO forcing is an important factor in the intraseasonal
SST response [Schiller and Godfirey, 2003]. The air-sea inter-
action processes described above are important because they
have been associated with MJO initiation and propagation [e.g.,
Flatau et al., 1997, Wang and Xie, 1998; Waliser et al., 1999;
Kemball-Cook and Wang, 2001; Kemball-Cook et al., 2002;
Wu et al., 2002; Fu et al., 2003; Maloney and Sobel, 2004; Zhang
et al, 2006; Watterson and Syktus, 2007; Marshall et al.,
2008]. Intraseasonal winds associated with ISOs also cause
intraseasonal zonal currents in the equatorial 10 [e.g., Han
et al., 2001; Senan et al., 2003; Nagura and McPhaden,
2012].

1.3. Rectification of ISOs on the Indian Ocean Mean,
Seasonal Cycle, and Interannual Variability

[6] ISOs have been shown to be dependent upon the mean
background state [e.g., Inness and Slingo, 2003; Zhang and
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Dong, 2004]. In addition, ISOs can have upscale rectifica-
tion onto the mean state and seasonal-to-interannual vari-
ability of the upper 10, which can feed back to the
atmosphere and thus modulate MJO initiation, amplitude
and propagation. In the Pacific Ocean, existing studies
demonstrate that the MJO can rectify onto the ENSO cycle
due to the nonlinearity of the oceanic system [Kessler and
Kleeman, 2000; Waliser et al., 2003].

[7] In the IO, analysis and modeling studies suggest that
atmospheric ISOs can shape the mean state, seasonal cycle
and interannual variability of the upper ocean. By analyzing
NCEP-NCAR reanalysis data, Shinoda and Hendon [2002]
showed that the MJO could impact the mean, seasonal and
interannual wind speed and turbulent heat fluxes. Using an
ocean general circulation model (OGCM), Waliser et al.
[2003, 2004] examined the effect of a composite canonical
MJO on the IO. Results suggested that the MJO produced a
rectified SST over the intraseasonal event mean, indicating
that the MJO may affect the seasonal mean state. Using an
OGCM and an intermediate ocean model, Han et al. [2004]
demonstrated that atmospheric ISOs can impact the mean
and seasonal-to-interannual variability of zonal surface cur-
rent and zonal mass (heat) transport in the equatorial IO, due
to the nonlinear response of the ocean to intraseasonal
atmospheric forcing. Halkides et al. [2007] used OGCM
experiments to show that ISOs can reinforce the meridional
heat transport at the equator (0°N) and 14.5°S by about 30%
during some years. The two latitudes correspond to the
cross-equatorial cell (CEC) and the southern subtropical cell
(SSTC [Miyama et al., 2003; Schott et al., 2004, 2009]). The
CEC connects upwelling zones in the north IO to subduction
zones in the southeastern 10 via a southward, cross-equatorial
branch concentrated in the upper 50 m, and northward bulk-
flow of cooler thermocline water. The SSTC connects the
open ocean upwelling at the Thermocline Ridge region [e.g.,
McCreary et al., 1993; Murtugudde and Busalacchi, 1998; Xie
et al., 2002] to subduction in the southern I0. These wind-
driven, shallow meridional overturning circulations are crucial
for maintaining the IO heat balance.

1.4. Present Work

[8] To date, no studies have used realistic (non-composite)
atmospheric ISO forcing to systematically evaluate the rec-
tification of atmospheric ISOs onto the mean, seasonal
cycle, and interannual variability of SST, mixed layer
thickness (hm), and upper ocean heat content in the 10. The
present work will tackle this problem by performing a series
of OGCM experiments forced by observed atmospheric
fields from 2000 to 2008. We will evaluate the presence and
strength of the rectified effects, and the processes by which
they occur. Because the MJO and the Quasi-Biweekly Mode
are both important ISOs in the 10, we will examine ISOs as a
whole without separately assessing these two timescales of
intraseasonal variability.

2. Model and Experiments

2.1. The HYbrid Coordinate Ocean Model (HYCOM)
[v] HYCOM is an OGCM that uses pressure, density,
and sigma vertical coordinates to optimize the model’s

representation of oceanic processes in a variety of condi-
tions [Bleck, 2002; Halliwell, 2004; Wallcraft et al., 2009].
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Figure 1. HYCOM model domain. Continents are shaded
in solid black and regions removed with a land-sea mask
are shaded with black lines. Gray lines indicate regions
where model temperature and salinity are relaxed to
Levitus and Boyer [1994] and to Levitus et al. [1994]
climatology.

HYCOM has been used in modeling studies of a wide
range of regions and ocean basins including the Black Sea,
the tropical Pacific Ocean, the Gulf of Mexico, the tropical
Atlantic Ocean, and the 1O [e.g., Han et al., 2005; Han et al.,
2006a, 2006b, 2008; Kara et al., 2005a, 2005b; Shaji et al.,
2005; Prasad and Hogan, 2007].

[10] Here, HYCOM is configured to the IO basin from
30°S—25°N and 30°E—119°E with horizontal grid spacing of
0.5° x 0.5° and 18 vertical layers. The K-Profile Parame-
terization [Large et al., 1994, 1997; Large and Gent, 1999]
is chosen as the vertical mixing scheme and no-slip condi-
tions are applied along continental boundaries. Because this
research is focused on the upper ocean response to atmo-
spheric variability, the vertical layers are more closely
spaced in the upper ocean than they are in the deep ocean.
The Persian Gulf and Red Sea are masked out of the model
domain (Figure 1). The effects of the Indonesian Through-
flow and BOB rivers are considered by relaxing the tem-
perature and salinity fields in the corresponding regions to
Levitus and Boyer [1994] and to Levitus et al. [1994] cli-
matology. A sponge layer is applied to relax the model
solutions to Levitus climatology near the model’s southern
boundary from 25°S-30°S (Figure 1).

2.2. Forcing Fields

[11] The up-to-date 3-day mean QuickSCAT 10 m neutral
winds (www.ssmi.com [Tang and Liu, 1996]), National
Center for Environmental Prediction (NCEP) surface air
temperature and specific humidity, shortwave and longwave
fluxes from International Satellite Cloud Climatology Proj-
ect Flux Data (ISCCP-FD) [Zhang et al., 2004], and Climate
Prediction Center Merged Analysis of Precipitation (CMAP)
pentad precipitation [Xie and Arkin, 1996] are used to force
HYCOM from 2000 to 2008. The CMAP pentad precipitation
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is interpolated to a 3-day interval to match other forcing
fields. Note that ISCCP fluxes are available from 2000 to
2006. They are extended to 2008 by regressing NOAA OLR
data onto ISCCP fluxes, as in Duncan and Han [2009]. In
addition, the flux data is tuned by —25 W/m? to improve the
HYCOM SST simulation (see Section 3.1). This tuning is
based on the fact that the mean of the ISCCP fluxes is
approximately 25 W/m> higher than that of in situ Triangle
Trans-Ocean Buoy Network (TRITON) observations
(Figure 2a, red dashed line and blue dotted line) [see also
Duncan and Han, 2009]. QuickSCAT wind stress is calcu-
lated from the QuickSCAT 10 m wind vector using the
standard bulk formula

V. )

where p, is the density of air (1.175 kg/m?), ¢, is a drag

coefficient (0.0013), and V" is the wind vector. Surface latent
and sensible heat fluxes are calculated using the forcing
wind, air temperature, and specific humidity data described
above, together with HYCOM SST output, in the flux para-
meterizations of Kara et al. [2000].

2.3. Experiments

[12] First, HYCOM is spun up for 30 years using monthly
mean climatologies calculated from the forcing fields
described above. Then, a series of model experiments is
performed from 1 January 2000-31 December 2008
(Table 1). The first experiment, a ‘main’ run (MR) contains
the complete 3-day model forcing fields. In Experiment 1
(EXP1), all of the forcing fields are low-pass filtered to
105 days using a Lanczos filter [Duchon, 1979]. Low-pass
filtering removes variability shorter than a chosen period,
so EXP1 is forced by seasonal and longer timescale atmo-
spheric variability that excludes ISOs. Because the forcing
fields are at a 3-day interval, synoptic-scale variability with
periods of few days cannot be properly resolved. Therefore,
the difference solution MR-EXP1 (Table 2) primarily iso-
lates the ocean’s response to atmospheric ISOs.

[13] All of the atmospheric forcing fields are left unfiltered
for Experiment 2 (EXP2) with the exception of QuickSCAT
wind stress, which is low-pass filtered to 105 days. Simi-
larly, only QuickSCAT wind speed and stress are low-pass
filtered to 105 days in Experiment 3 (EXP3). The difference
solution MR-EXP2 isolates the ocean’s response to intra-
seasonal wind stress forcing. In HYCOM, wind stress can
impact the ocean via Ekman convergence and divergence
and horizontal advection. It can also impact mixing because
it causes vertical shear in the modeled ocean currents and
thus may affect the gradient and bulk Richardson numbers
and cause shear instabilities. Difference solutions MR-
EXP3 and EXP2-EXP3 isolate the ocean’s response to
intraseasonal wind in general (wind speed and stress) and
wind speed, respectively. HYCOM offers the choice to cal-
culate entrainment through either wind speed or wind stress.
We choose the ‘wind speed’ option, and thus in these
HYCOM experiments, wind speed can impact the upper
ocean SST via turbulent heat fluxes (THF) and entrainment
cooling. Note that THF includes both sensible and latent
heat fluxes as calculated by HYCOM using the flux para-
meterizations of Kara et al. [2000]. Entrainment cooling is
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Figure 2. (a) Time series of TRITON (blue dotted line) and ISCCP tuned (black solid line) and untuned
(red dashed line) net SW radiation from 21 October 2001 to 4 June 2004 at 90°E, 1.5°S. Horizontal lines
show the mean SW radiation from each time series. Because albedo effects are not originally included in
the TRITON data, Earth’s surface albedo of 3% is applied to it. The tuned ISCCP data is reduced by
25 Wm 2. Standard deviations (STD) and mean values of both ISCCP and TRITON SW radiation are dis-

played, along with the correlation coefficient (r) between the two. Units are Wm

~2, (b) Time series of sea

surface temperature (SST) from HYCOM Tuned MR (black solid curve), HYCOM untuned MR (blue
dashed curve), and TRMMv4 0.25° x 0.25° (red dotted curve) data, averaged over the whole 10, from
2000 to 2008. Horizontal lines show the mean SST from each time series. The correlation coefficient
(r) between HYCOM MR and TRMM SSTs is displayed. Units are °C.

generally calculated from the vertical temperature gradient
over a layer and from an entrainment velocity, which is in
turn dependent on the vertical velocity at a depth h and on
the total time derivative of h [Stevenson and Niiler, 1983].
For the surface mixed layer, the total time derivative of
h (which includes the effects of horizontal advection on h) is
dependent on the upwelling velocity at a depth h and on the
entrainment rate [Stevenson and Niiler, 1983]. In difference
solution EXP2-EXP3, the model response to any forcing
fields except for wind speed are removed. Because the
upwelling velocity and currents associated with horizontal
advection are functions of wind stress, they are approxi-
mately the same in both EXP2 and EXP3, and the difference
solution removes these effects. Then, entrainment is pri-
marily determined by the local time derivative of h. In this

Table 1. Hybrid Coordinate Ocean Model Experiments and
Forcings Used”

Experiment Number Forcings Used

MR All 3-day mean fields: winds, air temperature,
humidity, fluxes, precipitation

EXP1 Low-passed (removed less than) 105 days

EXP2 Low-passed wind stress

EXP3 Low-passed wind stress and speed

EXP4 Low-passed shortwave flux

EXP5 Low-passed precipitation

HYCOM _InternalEXP ERA-Interim monthly climatology

“Low-pass frequency is 105 days.

work, the term ‘entrainment’ is meant to describe the effects
of the turbulent frictional velocity (u*; calculated from wind
speed) and stratification changes due to THF on the tem-
perature of the mixed layer. Experiments 4 and 5 (EXP4 and
EXPS5) are forced with low-pass 105 day filtered shortwave
(SW) radiation and precipitation, respectively. The differ-
ence solutions MR-EXP4 and MR-EXPS5 isolate the ocean’s
response to intraseasonal SW radiation and precipitation.
[14] Note that this approach assumes that the ocean’s
responses to different forcing fields do not interact. In real-
ity, they may interact due to nonlinearities in the system,
thus the sum of oceanic responses to individual forcing
fields may not exactly match the response to the total forcing
fields. These nonlinear effects are generally small except in
some specific regions of the IO where their effects can be
significant [e.g., Han et al., 2007; Duncan and Han, 2009]
(see also Section 3.4). This indicates that the approach of
separating the forcing (and thus the associated processes) is

Table 2. Model Experiment Difference Solutions

Difference Solution Isolates Ocean Response to

MR-EXP1 Atmospheric Intraseasonal
Oscillations (ISOs)
MR-EXP2 ISO wind stress
MR-EXP3 ISO wind stress and speed
EXP2-EXP3 ISO wind speed
MR-EXP4 ISO shortwave flux
MR-EXP5 ISO precipitation
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generally valid except for some specific regions. Note also
that the low-pass filtered wind stress and wind speed include
the seasonal-to-interannual components directly rectified by
the intraseasonal variability of winds associated with the
ISOs [Shinoda and Hendon, 2002]. Consequently, this paper
focuses on assessing the rectified effects which are caused
by the nonlinear response of the upper 10 to ISO forcing.
THF may contain a rectified component because the bulk
formulae used in its calculation are associated with the pro-
ducts of wind speed, air temperature, SST, specific humidity
and the wind speed dependent coefficient of Kara et al.
[2000].

[15] In addition to the ISO rectification effects described
above, oceanic internal variability due to nonlinearities in
ocean circulation can also affect the modeled seasonal cycle
and interannual variability. To assess the effect of this
internal variability on the modeled seasonal and interannual
signals, an additional HYCOM experiment is performed
(HYCOM_InternalEXP; Table 1). HYCOM _InternalEXP is
a finer resolution model run, with 0.25° x 0.25° grid spacing
and 30 layers [Wang et al., 2012], and it is forced by ERA-
Interim monthly climatology [Dee et al., 2011] and run
forward in time for 59 years. The results from years 1640
are analyzed. Because interannual variability does not exist
in the model forcing fields in HYCOM_ InternalEXP, any
interannual variability in the results is due to oceanic internal
variability, not ISO rectification.

3. Results

3.1. Model-Data SST Comparison

[16] Averaged over the entire 10, SST variability from
HYCOM MR agrees with that from the Tropical Rainfall
Measuring Mission v4 (TRMM) data from 2002 to 2008
(Figure 2b), with a correlation coefficient of 0.95 between
the two data sets. The discrepancy between HYCOM MR
SST and TRMM SST in 2000 and 2001 is primarily due to
the model’s adjustment from the monthly spin-up forcing to
the 3-day mean forcing fields used in the experiments.
Consequently, only the years 2002-2008 are analyzed.
Without flux tuning, the whole-IO mean of HYCOM SST is
~0.75°C warmer than that of TRMM SST (Figure 2b, blue
dashed and red dotted horizontal lines). Reducing ISCCP
flux by 25 W/m? (Section 2.2 and Figure 2a) improves the
simulated HYCOM SST (Figure 2b, black solid and red
dotted curves), and the basin mean warm bias decreases to
0.24°C. As a result, all HYCOM experiments listed in
Table 1 use ISCCP-FD data that has been corrected by
—25 W/m’.

[17] Monthly climatologies of HYCOM MR and TRMM
SSTs, averaged over boreal summer (JJA) and winter (DJF)
monsoon months from 2002 to 2008, show that the spatial
pattern of the modeled mean seasonal cycle is also consistent
with observations (Figure 3). However, the modeled SSTs
are warmer than the observed SSTs in most regions of the
IO, except in the Thermocline Ridge region (50°E—80°E,
5°S-12°S) where the modeled SSTs are colder than
observed. These high modeled SSTs produce the warm
basin-mean bias in Figure 2b and in many regions, including
the western coasts of Figure 3. One possible reason for the
HYCOM warm bias - even after the ISCCP heat flux cor-
rection - is that HYCOM’s mixed layer is thicker than the
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mixed layer estimated from World Ocean Atlas data [Boyer
et al., 2009] in most regions, but thinner in the Thermocline
Ridge region (Figure 4) [see also Han et al., 2007; Duncan
and Han, 2009]. When the modeled hm is thicker, the
monsoon winds cannot cool the upper ocean as quickly as
observed. When the mixed layer is thinner, such as in the
Thermocline Ridge region, the upper ocean is cooled more
quickly, and thus the modeled SST is lower than observed
(Figures 3 and 4). In addition, TRMM SST represents skin
temperature, whereas HYCOM SST represents the temper-
ature of the near-surface layer with a minimum depth of 3 m.
This difference may also contribute to the stronger cooling
in TRMM data forced by monsoon winds.

[18] To further quantify the model-data SST comparison,
Figure 5 shows time series of the SST seasonal cycle and
interannual variability from TRMM, HYCOM MR and
EXP1, averaged over regions where ISO impacts are large.
See Sections 3.3 and 3.4 for a detailed discussion of the
calculation of the seasonal cycle and the selection of these
regions. The amplitude of the observed seasonal cycles
(Figures 5a and 5b, red dotted lines) is somewhat larger than
the modeled seasonal cycles (Figures 5a and 5b, solid black
lines), but the timing of the two seasonal cycles is consistent.
Removing ISOs from the forcing fields increases the dif-
ference between the observed and modeled SST seasonal
cycle in the Arabian Sea during April and May (Figure Sa,
blue dashed and red dotted curves). In the southwest 10 from
10°S-15°S, however, ISO forcing appears to worsen the
model/data SST comparison (Figure 5b). That is, ISOs
appear to improve the modeled SSTs in the Arabian Sea, and
they appear to worsen the modeled SSTs in the southwest
10. As will be discussed in Section 3.4.3, this ISO cooling
effect in the southwest 10 is likely real, even though it
worsens the model/data comparison.

[19] Similar time series of region-averaged HYCOM MR
and TRMM SST interannual variability are shown in
Figures 5c and 5d. Details about the calculation of interan-
nual variability can be found in Section 3.5. The modeled
(solid black line) and TRMM observed (dotted red line) SST
interannual variability are fairly consistent in the west
equatorial 10 and the central 10 (Figures 5c and 5d),
although the amplitude of the observed interannual vari-
ability is often larger than, and sometimes out of phase with,
the modeled variability. Correlation coefficients between
HYCOM MR and TRMM SSTs are 0.53 and 0.49 in the
west equatorial 10 and the central 10, respectively.

3.2. ISO Impact on Time Mean Upper-Ocean Variables

[20] Maps of the ISO-forced change in the mean SST, hm,
upper ocean heat content, and mixed layer heat content from
2002 to 2008, show that ISO impacts on the mean are
regionally dependent, and that these impacts are statistically
significant in a large portion of the 10 (Figure 6). Heat
content over a vertical layer is calculated using the standard
formula

H = p(2)e, T(:)2, 2)

where p(z) is the density of seawater in the layer, ¢, is the
specific heat of seawater (4.0 x 10° J/kgC), T(z) is the
temperature of the layer, and Z is the layer thickness. For
upper ocean heat content, Z is 200 m, and 7(z) and p(z) are
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Figure 3. (a) Summertime (June—August) mean SST from HYCOM MR, calculated from monthly mean
climatologies. (b) Wintertime (December—February) mean SST from HYCOM MR, calculated from
monthly mean climatologies. (c¢) Same as Figure 3a but from TRMMv4 2.5° x 2.5° SST and with sum-
mertime mean QuickSCAT wind vectors overlaid. (d) Same as Figure 3b but from TRMMv4
2.5° x 2.5° SST and with wintertime mean QuickSCAT wind vectors overlaid. Units are °C, ms™'for

wind speed, and dyn cm ™2 for wind stress.

weighted averages over the layer. For mixed layer heat
content, Z is the mixed layer thickness, and 7(z) and p(z) are
the mixed layer temperature and density, respectively.

[21] ISOs tend to reduce the mean SST in the equatorial
and south IO, but they warm the mean SST in the Arabian
Sea and the BOB by 0.1-0.2°C (Figure 6a). The strongest
ISO impact on the mean SST occurs along the Sumatran
coastline, where SSTs are reduced by 0.1-0.9°C, and along
the western coastline of Madagascar, where SSTs are
reduced by 0.1-0.5°C. In comparison with the seasonal
cycle, which can have an amplitude of over 1°C (Figure 5),
these values can be non-negligible in some specific areas.
A wide stretch of weaker cooling (0.1-0.3°C) extends
between the two regions.

[22] Along the coast of Sumatra and west of Java, the
maximum [SO-forced mean hm is 3-12 m (Figure 6b),
consistent with the cool SST there (Figure 6a). This thicker
hm, together with the cool SST, suggests that anomalous
entrainment and upwelling cooling due to ISOs contribute to
the pattern of mean cooling there. Different from SST, there
is an ISO-forced shallow mean hm anomaly just to the west

of the maximum, with hm shoaling by 3-13 m. In the
Arabian Sea, mean hm shoals by 3—10 m (deepens by 3—12 m)
in the northwest (southeast). Patchy regions of thickened
mean hm also stretch across the basin from approximately
15°S-25°S. In these regions, rectification of ISOs onto the
mean surface heat fluxes, horizontal advection, and instabil-
ities may play an important role in causing the mean SST
change (see Section 3.4.1 for an additional discussion of
processes).

[23] The most apparent impacts of atmospheric ISOs on
the mean upper ocean (above 200 m) heat content are that
they increase the heat content in most regions of the north
10, including the BOB, by up to 3 x 10° Jm ™2 (Figure 6c).
In most regions of the south IO, however, ISOs reduce upper
ocean heat content by up to 2 x 10° Jm 2. These results are
reminiscent of existing studies on the effects of tropical
cyclones, which suggest that tropical cyclones can pump
heat into the tropical ocean and affect the meridional heat
transport [e.g., Emanuel, 2001; Sriver and Huber, 2007].
Where does the pumped heat in the north IO eventually go?
ISOs cause negative mean upper ocean heat content in the
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Figure 4. (a) Mean hm from HYCOM MR, calculated from 3-day model output. (b) Mean hm,
calculated from monthly mean Levitus WOAQ9 data. Units are m.

southern 10 (Figure 6¢), indicating that this north 1O heat
could be transported to the south by the cross-equatorial cell
[Schott et al., 2009], where it is lost by the ocean to the
atmosphere. Detailed examination of these processes, how-
ever, is beyond the scope of this research.

Region Averaged Seasonal Cycles
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[24] The pattern of ISO-altered mean mixed layer heat
content closely resembles that of hm (Figures 6b and 6d).
In some regions like the Sumatra coast, the mean mixed
layer heat content increases with the thickening mean hm,
even though the mean SST cools there. This suggests that

Region Averaged Interannual Variability
¢) W—EQ 10 (55E—70E, 9S—1S)
L HYCOM MR : '

STD,x=0.706 ri=0.534

E_ _ HYCOM EXP1 STDgyp,=0.814
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STDru=0.551.,
A
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d) Central 10 (70E—80E, 9S-2S)
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Figure 5. (a) Time series of seasonal SST from 2002 to 2008, averaged over the Arabian Sea (Region 1
in Figure 8c). The black solid, blue dashed, and red dotted curves represent the SST from HYCOM MR,
HYCOM EXP1, and TRMMv4 2.5° x 2.5° data. Horizontal lines represent the mean SSTs, which are also
calculated and displayed. Differences between HYCOM MR and EXP1 represent the contributions of
atmospheric intraseasonal oscillations (ISOs) to the seasonal SST. (b) Same as Figure 5a except averaged
over the southwest 10 (Region 3 in Figure 8c). (c) Same as Figure 5a except interannual SSTs averaged
over the west equatorial IO (Region 1 in Figure 15¢). Because mean interannual SSTs are always zero,
the horizontal black line represents zero. STDs of SSTs and correlation coefficients (ri) between HY COM
MR and TRMM SSTs are calculated and displayed. (d) Same as Figure 5c except averaged over the central

10 (Region 2 in Figure 15c). Units are °C.
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Figure 6. Change in mean HYCOM (a) SST, (b) mixed layer thickness (hm), (c) upper ocean (200 m)
heat content, and (d) mixed layer heat content due to ISOs, calculated from mean values of HYCOM
MR and EXP1. Calculations of heat content are detailed in Section 3.2. Units are °C for SST, m for hm,
and 10° Jm 2 for heat content. Regions where the change in the mean does not exceed the 95% confidence

interval are shaded with diagonal lines.

hm has a much larger impact in determining the mixed layer
heat content than SST does. In general, when the ISO-forced
SST is warming, the mixed layer is shoaling, indicating
reduced entrainment. A thinner mixed layer tends to override
the impact of warmer SSTs, resulting in decreased mixed
layer heat content.

3.3. ISO Rectification on Seasonal-to-Interannual
Variability

[25] Atmospheric ISOs can impact both the mean state and
the variability of the upper 10. In order to evaluate the
effects of atmospheric ISOs on seasonal-to-interannual
ocean variability, we first calculate the monthly averages of
low-pass 105 day filtered SST and hm from the 3-day
HYCOM difference solution MR-EXP1. Monthly averaging
removes the intraseasonal ocean response while preserving
the longer timescale seasonal-to-interannual response, and

low-pass filtering the data to 105 days before the averaging
ensures that the intraseasonal response is fully removed.
[26] The standard deviation (STD) of this monthly aver-
aged ISO-forced SST, hm, upper ocean heat content, and
mixed layer heat content provides a basin-wide view of the
seasonal-to-interannual IO response to atmospheric ISOs
(Figure 7). Similar to the impacts of ISOs on the mean state,
the strongest ISO rectification onto SST variability occurs in
the south tropical 10, along the west coasts of Sumatra and
Madagascar (0.2-0.6°C), and to a lesser degree, in the Ara-
bian Sea and the BOB (0.2-0.4°C) (Figure 7a). ISO-forced
upper ocean heat content variability occurs in most regions
of the IO north of 15°S, and in a band near 23°S that stret-
ches from the western boundary to 95°E with values
ranging from 0.1 to 1.1 x 107 Jm 2 (Figure 7c). Rectified
hm and mixed layer heat content variability have maxima
extending south from the Arabian Sea to Madagascar
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Figure 7. STD of ISO-forced seasonal + interannual HYCOM (a) SST, (b) hm, (c) upper ocean heat content,
and (d) mixed layer heat content, calculated from monthly averaged difference solution (MR-EXP1). Units are
°C for SST, m for hm, and 10° Jm ™~ for heat content.

(12-31 m; 2.0-8.0 x 107 Jm~?), in the eastern equatorial
basin (12-31 m; 2.0-8.0 x 107 Jm?) and in the subtropical
south 10 (15°S-25°S; 8-31 m; 1.0-8.0 x 10’ Jm ?)
(Figures 7b and 7d).

[27] As with the rectification onto the mean, rectification
of ISOs onto the variability of hm dominates the mixed
layer heat content (Figures 7b and 7d). Consequently, the
remainder of this work will focus on the rectification of
ISOs onto SST, hm, and upper ocean heat content. As
shown above and shall be discussed below, atmospheric
ISOs rectify onto the mean, seasonal cycle, and interan-
nual variability of SST, hm, and upper ocean heat content
in a number of climatically relevant regions in the IO.
In order to further understand the impact of ISO rectifi-
cation on the IO, the seasonal cycle and the interannual
variability of the ISO-forced upper ocean response are
evaluated separately. Here, the seasonal cycle is defined as

the monthly mean climatology for the period of 2002-
2008, and the interannual variability is the deviation from
the seasonal cycle.

3.4. ISO Rectification on the Seasonal Cycle
of the Upper Ocean

[28] The seasonal cycle of HYCOM difference solution
MR-EXP1 provides a measure of the presence and magni-
tude of atmospheric ISO rectification on seasonal timescales.
As with the monthly averages in Section 3.3, all model
output variables are low-pass filtered to 105 days before
calculating the monthly mean climatologies. For example,
the impact of atmospheric ISOs on the seasonal cycle of SST
is calculated by low-pass filtering the SST from difference
solution MR-EXP1 to 105 days, and then calculating the
monthly mean climatology from 2002 to 2008. The same
procedure is followed using the other model solution
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Figure 8. STD of ISO-forced seasonal HYCOM (a) hm,
(b) upper ocean heat content, and (c) SST, calculated from
difference solution (MR-EXP1). Representative regions with
strong ISO-forced seasonal variability are boxed and num-
bered, and they are discussed in Section 3.4. Units are °C
for SST, m for hm, and 10° Jm 2 for heat content.

differences detailed in Table 2 to determine the rectification
of intraseasonal wind, SW radiation, and precipitation onto
the seasonal cycle of the upper ocean. The STDs of ISO-
forced seasonal variations in SST, hm, and upper ocean heat
content all indicate that rectification is present across the 10
(Figure 8). The magnitude of rectification onto seasonal
variability is relatively large in some areas of the IO.
Regions with strong rectification and relatively high model-
data correlations are noted by boxes in Figure 8, and they
often correspond with the areas of strong seasonal ISO
forcing described in Section 1.1. Further analysis of ISO
rectification onto seasonal variability focuses on these
regions of maximum impact.

[20] As discussed in Section 2.3, it is important to note
that the nonlinear response of the ocean to intraseasonal
forcing fields can allow the different effects of the forcing
fields to interact with each other. We evaluate the impact of
these nonlinearities and internal ocean variability on the
study results in the sections below.

3.4.1. ISO Rectification on Seasonal hm

[30] Three regions with maximum ISO-forced hm sea-

sonal variability are located in the Arabian Sea (56°E—63°E,

DUNCAN AND HAN: ISOS AND LOW FREQUENCY OCEAN VARIABILITY

C11028

11°N-15°N), the eastern equatorial IO (90°E-98°E, 5°S—
1°N), and in the western equatorial 10 (43°E-51°E, 3°S—
2°N) (Figure 8a). In general, intraseasonal wind has a much
larger impact than intraseasonal SW radiation and precipi-
tation on the seasonal cycle of hm in all three regions of
interest (Figures 9a-9c, red curves). Intraseasonal wind
speed and wind stress contribute to the hm seasonal cycle in
amounts that vary by region and timing (Figures 9d-9f, red
and blue curves).

[31] The Arabian Sea is a climatologically important
region that is strongly impacted by the seasonally changing
monsoon winds. In the Arabian Sea, the ISO-forced hm
seasonal cycle has minima in April and May (—30.44 m and
—28.36 m respectively) and a maximum in October
(16.69 m; Figure 9a, black curve). Intraseasonal wind speed,
which affects hm by changing the entrainment rate, dom-
inates the springtime minimum and contributes strongly to
the fall maximum (Figure 9d, red curve). This is because
ISO winds tend to weaken the seasonal monsoon winds
during spring when the southwest monsoon begins
(Figures 10a—10c), and thus reduce entrainment and shoal
the mixed layer. During the monsoon transition period of
October, however, mean climatological winds in the Arabian
Sea are weak (Figure 10d), and ISO winds strengthen the
mean winds (Figures 10e and 10f), causing enhanced
entrainment and a thickened mixed layer (Figure 9a). Intra-
seasonal wind stress, which can rectify onto seasonal hm
through anomalous advection and upwelling, also has sig-
nificant contributions to the deepened hm in October
(Figure 9d, blue curve). The effects of SW radiation and
precipitation further shallow hm by 5-10 m during spring
(Figure 9a, blue and green curves). It is important to note
that the sum of the change in hm due to wind, SW radiation,
and precipitation does not exactly equal the total rectified
hm (Figure 9a, black solid and purple dotted curves), sug-
gesting that the nonlinear response of the ocean to these
forcing fields allows different effects to interact. For exam-
ple, the ISO-associated precipitation can enhance stratifica-
tion in the region. This enhanced stratification can interact
with the weakened winds due to ISOs, thus reducing the
entrainment rate and further thinning the hm.

[32] The ISO-induced hm seasonal variations in the east
equatorial IO attain minima in February and March
(—14.12 m and —13.55 m respectively) and a maximum in
September (5.48 m; Figure 9b, black curve). Different from
the Arabian Sea, intraseasonal wind stress plays a somewhat
larger role in January and February, while intraseasonal
wind speed and stress both contribute to the maximum rec-
tified seasonal variations in late summer and fall (Figure 9e).

[33] In the west equatorial 10, ISO rectification onto the
hm seasonal cycle has a strong semiannual component that is
also seen in the full MR seasonal cycle of hm, which has two
maxima and two minima (Figure 9c, solid and dotted black
lines). The first maximum occurs in January (12.45 m)
during the winter monsoon, and the second occurs in August
and September (11.67 m and 11 m, respectively) during the
summer monsoon. The first minimum occurs in March
(—6.8 m), and the second occurs in November (—12.28 m)
during the monsoon transition seasons. Intraseasonal wind
stress has a much larger impact on the seasonal hm varia-
tions than wind speed during all months with strong ISO
rectification in the west equatorial IO (Figure 9f), likely
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Figure 9. (a) Time series of seasonal hm averaged over the Arabian Sea (Region 1a in Figure 8a), forced
by total ISOs (MR-EXP1, black curve), total wind (MR-EXP4, red curve), SW radiation (MR-EXPS5, blue
curve), and precipitation (MR-EXP6, green curve). The sum of seasonal hm due to each forcing is shown
(purple dotted curve). (b) Same as Figure 9a but averaged over the east equatorial IO (Region 1b in
Figure 8a). (c) Same as Figure 9a but averaged over the west equatorial IO (Region 1c in Figure 8a).
(d) Same as Figure 9a but for seasonal SST forced by total wind (MR-EXP4, black curve), wind speed
(EXP3-EXP4, red curve), and wind stress (MR-EXP3, blue curve). (e) Same as Figure 9d but averaged
over the east equatorial 10. (f) Same as Figure 9d but averaged over the west equatorial 10. Horizontal
lines represent the mean seasonal SSTs from each difference solution. STDs of hm changes due to each
intraseasonal forcing are calculated and displayed in the figures, along with the correlation coefficients
(r) between total wind hm changes and those due to wind speed and wind stress. Units are m.

because of horizontal advection and changes in mixing
associated with shear instabilities (see Section 2.3). As in the
Arabian Sea, nonlinearities in the system do allow the effects
of the individual forcing fields to interact and affect the full
ISO-induced seasonal hm signal in the west equatorial 10
(Figure 9c, purple dotted and black solid curves).
3.4.2. ISO Rectification on Seasonal Upper Ocean
Heat Content

[34] ISO rectification onto the seasonal cycle of upper
ocean heat content occurs in various regions of the IO.
Here, we choose four representative regions where the
impacts are large: the southwest equatorial 10 (42°E—48°E,
6°S—1°N), the southeast Arabian Sea (72°E-78°E, 5°N-
11°N), the southern BOB (90°E-95°E, 4°N-9°N), and the
southwest Arabian Sea (51°E-63°E, 2°N-7°N) (Figure 8b).
In all four regions, ISOs pump heat into the upper ocean on

the annual mean, producing positive mean heat content in
the upper 200 m (Figures 11a—11c, horizontal black dashed
lines; see also Figure 6¢). There are, however, significant
regionally dependent seasonal variations. As with the
impact of hurricanes on the basin [e.g., Emanuel, 2001;
Sriver and Huber, 2007] and the impact of ISOs on the
mean state (Section 3.2), atmospheric ISOs appear to act as
a heat pump for the tropical north 10. This heat pump effect
is dominated by winds associated with ISOs (Figure 11,
black and red solid curves). Intraseasonal wind has a much
larger impact on the seasonal cycle of upper ocean heat
content than intraseasonal SW radiation and precipitation in
all regions, especially in the BOB (Figure 11c). Intrasea-
sonal SW radiation does contribute to the seasonal maxi-
mum in the southeast Arabian Sea during September
(Figure 11b, blue curve). In some regions during some
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Figure 10. (a) QuickSCAT mean wind speed (shading) and stress (arrows) excluding ISOs, calculated
for May (2002-2008) from data that has been low-pass filtered to 105 days. Details about the filter are
in Section 2.3. (b) Same as Figure 10a except data is unfiltered and includes ISOs. (¢) Same as Figure 10a
except only ISO winds are shown. ISO winds are calculated as the difference between full (Figure 10b)
and low-passed (Figure 10a) winds. (d) Same as Figure 10a except averaged over October. (¢) Same as
Figure 10b except averaged over October. (f) Same as Figure 10c except averaged over October. Units
are ms_ ' for wind speed and dyn cm ™2 for wind stress.

seasons, such as in the western equatorial 10 during
January—March and in the southeastern Arabian Sea during
July—October, the effects of SW radiation and precipitation
are non-negligible. Intraseasonal wind stress consistently
plays a more important role than wind speed on the seasonal
cycle of upper ocean heat content in all regions (Figures 11d—
11f, red and blue curves; southwest Arabian Sea not shown).
This might be because intraseasonal wind stress increases
current shear in the upper ocean and thus enhances shear
instabilities and increases mixing. A detailed investigation of
the processes that cause this heat pump effect is beyond the
scope of this study, but it is an essential component of our
future research.
3.4.3. ISO Rectification on Seasonal SST

[35] Atmospheric ISOs have a strong impact on the sea-
sonal variability of SST in a range of climatically important
regions of the 10 (Figure 8c), including the Arabian Sea
(55°E—-64°E, 9°N—14°N), the western equatorial 10 (50°E—
60°E, 3°S—1°N), the southwest 10 (55°E-75°E, 15°S-10°S),
and the BOB (85°E-92°E, 10°N-14°N). To ensure that this
modeled rectification of ISOs onto the SST seasonal cycle
is robust, we use HYCOM _InternalEXP to assess the potential

impact of oceanic internal variability on our results. Recall
from Section 2.3 that interannual variability does not exist in
the HYCOM _InternalEXP forcing fields, so any interannual
variability in the modeled SST is caused by oceanic internal
variability. If the interannual variability of SST from
HYCOM _InternalEXP is small in a region, then the modeled
seasonal cycle is consistent from year-to-year there, and
oceanic internal variability does not play a large role. Anal-
ysis of the monthly mean climatology (i.e., the seasonality) of
interannual SST wvariability from HYCOM InternalEXP
shows that oceanic internal variability has little effect on the
modeled seasonal cycle of SST in regions where ISO impacts
are large, except in the southeast corner of the Arabian Sea
during May—October, in the far northeast corner of the west
equatorial IO during May—November, and in the southern
portion of the southwest 10 during July—December (not
shown). In all of these small portions of the regions of
interest (Figure 8c), the STD of the seasonality of interan-
nual SST variability ranges from 0.2 to 0.5°C. Oceanic
internal variability does affect the seasonality of interannual
SST variability south of 20°S and along the west coasts of
the Arabian Sea and the BOB, with STD ranging from 0.2 to
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Figure 11. (a) Same as Figure 9a, except for upper ocean heat content averaged over the southwest equa-
torial IO (Region 2a in Figure 8b). The mean +/— the standard deviation is shown (black thin horizontal
lines). (b) Same as Figure 11b except averaged over the southeast Arabian Sea (AS) (Region 2b in
Figure 8b). (¢) Same as Figure 11a except averaged over the south Bay of Bengal (BOB) (Region 2¢ in
Figure 8b). (d) Same as Figure 9d, except for upper ocean heat content averaged over the southwest equa-
torial IO. (e) Same as Figure 11d except averaéged over the southeast AS. (f) Same as Figure 11d except

averaged over the southern BOB. Units are 10

0.5°C (not shown). Taken together, the modeled ISO-forced
seasonal cycle of SST is robust in the regions of interest
identified in Figure 8c.

[36] Intraseasonal wind consistently has a much larger
impact on the total SST seasonal cycle than either intrasea-
sonal SW radiation or precipitation in all four regions
(Figures 12a—12c, solid curves; BOB not shown), though the
relative importance of intraseasonal wind speed and wind
stress varies between the regions (Figures 12d—12f, blue and
red solid curves). The consistent dominance of intraseasonal
wind speed and stress in causing ISO rectification onto the
seasonal cycle of SST suggests that further study is needed
to determine how this rectification occurs.

[37] Recall from Section 2.3 that in HYCOM, wind can
affect the SST via processes associated with wind stress
forcing (upwelling, horizontal advection, and mixing due to
shear instabilities) and processes associated with wind speed
forcing (THF and entrainment). In HYCOM, all of these
processes are represented by nonlinear terms. Because rec-
tification occurs via nonlinear terms in the model equations,
all of these ‘wind processes’ can contribute to the cross-

timescale SST rectification observed in Figures 8 and 12. As
discussed in Section 1, ISOs are more active in the equatorial
region from 15°S—15°N during boreal winter, and farther
north in the eastern equatorial 10, the BOB, and the eastern
Arabian Sea during boreal summer. The strongest rectifica-
tion of ISOs onto the seasonal cycle of SST often occurs in
these regions with the strongest ISO forcing (Figure 8c). The
oscillating wind and convection that are associated with the
ISOs alter the total wind speed and stress, convection, and
precipitation. Impacts of these changes on SST can cross
timescales because of the nonlinear processes described in
Section 2.3. Each of the wind processes is estimated as
directly as possible to further evaluate its relative importance
in the rectification of atmospheric ISOs onto longer-timescale
SST variability. The complexity of HYCOM’s model equa-
tions makes it difficult to exactly isolate the impact of an
individual process on SST, hm and upper ocean heat content.
Despite these limitations, the diagnostics described below
provide a more in-depth understanding of the processes by
which intraseasonal wind can impact seasonal-to-interannual
SST variability.
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Figure 12. (a) Same as Figure 9a except for SST averaged over the AS (Region 3a in Figure 8c).
(b) Same as Figure 12a except averaged over the west equatorial IO (Region 3b in Figure 8c). (¢) Same
as Figure 12a except averaged over the southwest 10 (Region 3c in Figure 8c). (d) Same as Figure 9d,
except for SST averaged over the AS. (e) Same as Figure 12d except averaged over the west equatorial
IO. (f) Same as Figure 12d except averaged over the southwest 10. Units are °C.

[38] Entrainment and THF are the two processes by which
intraseasonal wind speed can affect the seasonal SST cycle,
and we evaluate the relative strength of each. Recall from
Section 2.3 that in this work, entrainment cooling is pri-
marily determined by the local time derivative of a depth h,
which in turn is dependent on the turbulent frictional
velocity (u*) calculated using only wind speed. Hm due only
to wind speed is therefore used to diagnose the presence of
entrainment in the model output — increased (decreased)
entrainment cooling causes a thickening (thinning) of the
mixed layer as increasing (decreasing) amounts of cool
subsurface water are entrained into the surface mixed layer.
The impact of the seasonal rectification of intraseasonal
wind speed on entrainment is estimated by calculating the
seasonal cycle of hm due only to intraseasonal wind speed
(model difference solution EXP3-EXP2; Table 2).

[39] The impacts of intraseasonal wind speed on THF are
calculated with the formula

THF = HFgxpy — HF Exp3,

3)
where HF is the net heat flux from EXP2 (low-pass wind
stress) and EXP3 (low-pass wind stress and speed).
In HYCOM, the model output net heat flux is the sum of

THF and net radiative flux, where net radiative flux is an
ISCCP-FD model forcing field. The net radiative flux por-
tion of HF is the same for EXP2 and EXP3; only the tur-
bulent heat fluxes can vary between the two experiments.
Taking the difference between the two HF quantities isolates
the changes in THF due only to intraseasonal wind speed.
Increasingly negative THF indicates that more energy is
leaving the ocean due primarily to increased evaporation.
Because THF takes time to warm or cool the ocean, a one
month lag is applied in the following analysis. For example,
the THF in April is used to evaluate the contribution of THF
to an SST anomaly in May. Various lags are tested, and the
one month lag provides the most reasonable result.

[40] Changes in SST due to intraseasonal wind stress-
induced upwelling are estimated using the formula

i(T - T)dt,

e “4)

dTupsq = WEiso

where dTups; is the change in SST over 3 days due to

upwelling; wg ;50 is the Ekman pumping velocity due to
d _
intraseasonal wind stress; e (T — T) is the change in tem-
zZ

perature over the depth of the mixed layer; and df is the time
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Figure 13. (a—c) Selected months of the seasonal cycle of hm due only to intraseasonal wind speed
(HYCOM difference solution EXP3-EXP4). Changes in hm indicate the presence of entrainment. Boxed
regions correspond to the SST representative regions of interest in Figure 8c. See Section 3.4.3 for more
details about this calculation. Units are m. (d—f) Same as Figures 13a—13c but for turbulent heat flux

(THF). Units are Wm 2.

step (3 days). The Ekman pumping velocity associated with
intraseasonal wind stress curl is calculated with the equation

_d (Tyuso d (Tuso
-t 4, o

where x is longitude, y is latitude, f'is the Coriolis parameter
at a given latitude, and 7,50 and 7,50 are intraseasonal
zonal and meridional wind stress, respectively.

[41] Intraseasonal wind stress can also change SST via
horizontal advection. This is assessed with the equation

dTadvsy; = — u[S()%(T — T) + V]SO(T — T) dt, (6)
where u;50 and vigo are intraseasonal wind stress-forced
currents, x and y are longitude and latitude, dt is the time step
(3 days), and dTadvs, is the change in SST over 3 days due
to horizontal advection.

[42] In the Arabian Sea and the BOB, the ISO-forced
seasonal SST variations have a maximum in April and May
(Figure 12a, black curve; BOB not shown), indicating that
rectification is generally large each April and May from

2002 to 2008. The similar timing in the Arabian Sea and the
BOB is likely due to the strong influence of summer ISOs in
the two regions. Because SSTs in the Arabian Sea already
exceed 28°C, the ISO-forced seasonal cycle peak of 0.6°C in
May can have an important effect on convection there.
Consistent with the rectified hm, the large amplitude of the
rectified SST seasonal cycle during April and May in the
Arabian Sea and the BOB is mostly caused by intraseasonal
wind speed (Figure 12d, red curve), which suggests that
anomalous THF and entrainment cooling are the major
causes of the modeled seasonal warming, shortly before the
onset of the Indian summer monsoon.

[43] The seasonal variations of intraseasonal wind speed-
forced hm indicate that reduced entrainment causes the
mixed layer in the Arabian Sea (BOB) to shoal by up to 63 m
(<5 m) in May (Figure 13b). At the same time, the ISO-forced
THF in the Arabian Sea and the BOB is 0—10 W/m? in April
(Figure 13e). The seasonal cycles of upwelling and horizontal
advection (Tup and Tadv) are negligible in the Arabian Sea
and in the BOB in April and May (Figures 14b and 14e),
which is expected because intraseasonal wind stress does not
play a large role in these seasonal cycle peaks. Note that the
magnitude of the seasonal SST peak is greater in the Arabian
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Figure 14. (a—c) Selected months of the seasonal cycle of the change in SST (dT) due only to upwelling
forced by intraseasonal wind stress. Boxed regions correspond to the SST representative regions of interest
in Figure 8c. See Section 3.4.3 for more details about this calculation. (d—f) Same as 14a—14c¢ but due only
to horizontal advection forced by intraseasonal wind stress. Units are °C.

Sea than in the BOB, which explains the larger magnitudes of
hm and THF in the Arabian Sea. Put together, the seasonal
cycle of SST in the Arabian Sea and the BOB peaks during
the April and May inter-monsoon period. ISOs weaken the
seasonal winds, causing reduced entrainment (shoaling hm)
and reduced evaporation (positive THF), and resulting in
consistently warmer SSTs (Figures 9, 10, 12, 13, and 14).
[44] In the west equatorial IO, the ISO-forced SST sea-
sonal cycle has a minimum in January (—0.47°C) and
February (—0.51°C), and a maximum in November
(0.17°C) (Figure 12b, black curves). Different from the
Arabian Sea, intraseasonal wind stress consistently causes
the majority of the rectified seasonal cycle, though intra-
seasonal wind speed does contribute to the November SST
peak (Figure 12e, red and blue curves). Nonlinearities of
the oceanic system do have some impact on the seasonal
cycle of SST induced by ISOs in the west equatorial 10
during November (Figure 12b, purple dotted and black
solid curves). The ISO wind speed-forced THF and
entrainment play a negligible role in the cooling during
January and February (Figures 13a and 13d), while
entrainment is somewhat reduced during the November
warming (Figure 13c). The ISO wind stress-induced hm
thickens by ~9 m in January and thins by ~4 m in

November (not shown), indicating that entrainment due to
shear instability associated with ISO wind stress forcing
contributes to the cooling as well. The rectified seasonal
dT due to horizontal advection ranges from —0.1°C to
—0.25°C during January and February, and it is mixed
during November (Figures 14d and 14f). Horizontal
advection and shear instability due to intraseasonal wind
stress both contribute to the rectified seasonal SST mini-
mum (maximum) in January and February (November),
with entrainment due to intraseasonal wind speed con-
tributing slightly during November.

[45] In the southwest 10, the ISO-forced SST seasonal
variability has a minimum from January—March, with peak
cooling of 0.56°C in February (Figure 12c, black curve). As
in the Arabian Sea, ISO-forced wind speed has a much larger
impact than wind stress during each month (Figure 12f, red
and blue curves). Consistent with the dominance of intra-
seasonal wind speed, intraseasonal wind stress-induced
upwelling and horizontal advection are weak (Figures 14a
and 14d). The increased intraseasonal wind speed in Janu-
ary and February causes increased entrainment cooling
(thickened hm) and negative THF (Figures 13a and 13d),
which cause rectified seasonal SST cooling. Given that the
wintertime MJOs have large amplitudes in this region, these
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Figure 15. Same as Figure § but for interannual (a) hm,
(b) upper ocean heat content, and (c) SST. Units are °C
for SST, m for hm, and 10° Jm~? for heat content.

rectified processes are physically reasonable and thus likely
to be real, even though the impacts of ISOs worsen the
model/data comparison (Section 3.1 and Figure 5b). ISOs
worsen the simulated SST because of the mean bias of
HYCOM in this region, where the HYCOM hm is thinner
and the SST is cooler than observed (Figures 3 and 4).
Consequently, further cooling by ISOs will increase the
model/data discrepancy.

3.5. ISO Rectification on Interannual Upper Ocean
Variability

[46] It is clear from Figure 7 that atmospheric ISOs rectify
onto both the seasonal and the interannual variability of
SST, hm, and upper ocean heat content. In order to better
understand the rectification of ISOs onto the interannual
variability of the upper 10, the interannual variability is
calculated with the equation

Tiann = Tmonavg - Tmonc/im7 (7)

where Tonavg and Tyonciim are the monthly average and
monthly climatology time series, respectively, of 3-day
model output data that has been low-pass filtered to
105 days. Monthly averaging the data (i.e., average of Jan
2002, average of Feb 2002, ... average of December 2008)
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isolates the seasonal and interannual ocean response.
Because the monthly mean climatology (i.e., average Janu-
ary 2002-2008) isolates the seasonal cycle of the ocean
response, removing it from the low-pass 105 day filtered,
monthly averaged data isolates the interannual ocean
response. If data from difference solution MR-EXP1 is used
in the equation above, then the atmospheric ISO-forced
interannual variability of the ocean is isolated.

[47] As with the seasonal cycle analysis in Section 3.4, the
standard deviations of ISO-forced interannual hm, upper
ocean heat content, and SST are used to identify regions
with the strongest rectified interannual variability, which
are noted with boxes in Figure 15. Time series of region-
averaged ISO-forced interannual SST, hm, and upper ocean
heat content are used to determine the timing of strong rec-
tification (Figures 16—18). Months with strong rectification
are those in which the signal change is greater than one
standard deviation, and they are evaluated to better under-
stand the processes controlling the rectification of atmo-
spheric ISOs onto interannual upper ocean variability.
3.5.1. ISO Rectification on Interannual hm

[48] Atmospheric ISOs exhibit strong rectification onto
interannual hm in many regions of the 10. Here, we choose
three regions of interest: the Arabian Sea (56°E-66°E, 6°N—
14°N), the east equatorial IO (93°E-99°E, 4°S—1°N), and
the west equatorial 10 (44°E-50°E, 5°S—3°N) (Figure 15a).
These regions are similar to those with strong seasonal hm
rectification (Figure 8a). The consistent rectification across
timescales in these regions suggests that the interannual hm
variability exists as changes in the amplitude of consistent
hm shoaling or deepening from year to year. As with the
rectification of atmospheric ISOs onto the seasonal cycle,
the rectified interannual hm is dominated by intraseasonal
wind, rather than by intraseasonal SW radiation or precipi-
tation (Figures 16a—16¢, solid curves). However, there are
exceptions in some regions and during some months. For
example, during January 2006 in the west equatorial IO,
intraseasonal precipitation contributes to the interannual hm
signal (Figure 16c). The relative importance of ISO-forced
wind speed and wind stress varies from region to region and
from month to month, but it is generally consistent with the
results from the seasonal rectification analysis (Section 3.4.1
and Figures 9d-9f and Figures 16d—16f). ISO rectification
onto interannual hm also exhibits strong seasonality: strong
rectification tends to occur during boreal fall and winter
months in the Arabian Sea and the east equatorial 10, while
it occurs during boreal spring and summer in the west
equatorial 10 (Figures 16a—16¢, black curves).

[49] In the Arabian Sea, strong ISO-forced hm rectifica-
tion occurs in October 2004 when hm deepens by 17.77 m,
and in November 2007 when hm shoals by 12.37 m
(Figure 16a, black curve). Nonlinearities in the process
interactions do have some impact on the October 2004 sig-
nal (Figure 16a, purple dotted and black solid curves).
As with the rectified seasonal cycle in the Arabian Sea
(Section 3.4.1), changes in the entrainment rate due to
intraseasonal wind speed play a much larger role in the
rectified interannual hm signal during both months than
upwelling, horizontal advection, and shear-induced mixing
due to wind stress (Figure 16d, red and blue curves). Both
intraseasonal wind stress and wind speed contribute
approximately equally to the deepened hm in October 2004.
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Figure 16. Same as Figure 9 except for interannual hm from 2002 to 2008 averaged over (a and d) the
AS (Region 4a in Figure 15a), (b and e) the east equatorial IO (Region 4b in Figure 15a), and (¢ and f) the
west equatorial IO (Region 4¢ in Figure 15a). Horizontal lines in Figures 16a—16¢ represent 1 STD for
ISO-forced interannual hm, while those in Figures 16d—16f represent zero. Details about calculating inter-

annual variability are in Section 3.5. Units are m.

[s0] Strong ISO-forced interannual hm variability occurs
in the east equatorial IO during November 2003 (hm thick-
ens by 27.86 m) and December 2007 (hm shoals by 20 m)
(Figure 16b, black curve). As in the Arabian Sea, non-
linearities do have some impact on the rectified signal in
December 2007 (Figure 16b, purple dotted and black solid
curves). Consistent with the rectified hm seasonal cycle in
the east equatorial IO, intraseasonal wind stress has a
slightly larger impact during both months than changing
entrainment due to intraseasonal wind speed (Figure 16e, red
and blue curves).

[51] The strongest ISO-forced interannual hm signal in the
west equatorial 10 occurs during April 2003 (hm thickens
28.23 m) and August 2007 (hm shoals 32 m) (Figure 16¢,
black curve). The effect of ISO precipitation is weak during
the August 2007 shoaling, but it plays a more significant role
during early and mid 2006 (Figure 16c, green curve). Dif-
ferent from the processes controlling seasonal hm rectifica-
tion, ISO-forced wind stress and speed both contribute
equally to the April 2003 thickening. However, intraseasonal
wind stress plays a much larger role than wind speed during
August 2007, which is consistent with the dominant pro-
cesses that controlled seasonal hm rectification in the region
(Figures 9c, 91, 16c, and 16f).

3.5.2. ISO Rectification on Interannual Upper Ocean
Heat Content

[52] Strong ISO-forced interannual upper ocean heat con-
tent variability occurs in the IO within 15°S—15°N. Here, we
choose three regions with maximum interannual variability:
the west equatorial 10 (48°E-52°E, 1°N-7°N), the southeast
Arabian Sea (71°E-76°E, 5°N—12°N), and near Sri Lanka in
the southwest BOB (79°E—89°E, 3°N—8°N) (Figure 15b).
ISO rectification onto seasonal upper ocean heat content is
also large in the southeast Arabian Sea (Figure 8b), indi-
cating that the interannual variability there represents chan-
ges in the amplitude of the rectified seasonal signal from
year to year. In general, strong interannual upper ocean heat
content rectification occurs during boreal fall and winter
when wintertime MJOs are strong, and this rectification is
dominated by wind stress in all three regions (Figure 17).
The deterministic role played by wind stress is consistent
with the rectified seasonal variability of upper ocean heat
content discussed in Section 3.4.2. However, intraseasonal
SW radiation and precipitation do contribute significantly
during some months, as in the western equatorial 10 during
boreal fall in 2003 and 2006 (Figures 17a—17c, blue and
green curves).
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Figure 17. Same as Figure 16 except for interannual upper ocean heat content averaged over (a and d)

the west equatorial 10 (Region 5a in Figure 15b),

(b and e) the southeast AS (Re%lon 5b in

Figure 15b), and (c and f) the southwest BOB (Region 5c¢ in Figure 15b). Units are 10° Jm

3.5.3. ISO Rectification on Interannual SST

[53] The largest ISO impacts on interannual SST are
confined to 10°S—10°N. Representative regions where ISO-
forced interannual SST anomalies obtain their maxima
include the west equatorial 10 (55°E-70°E, 9°S—1°S), the
central 10 (70°E-80°E, 9°S-2°S), the east equatorial 10
(94°E-99°E, 3°S-3°N), and the Sri Lanka Dome region
(81°E—-85°E, 3°N-9°N) (Figure 15¢). As in Section 3.4.3,
we use HYCOM InternalEXP to evaluate the impacts of
internal ocean variability on the modeled rectified signal.
Analysis of HYCOM InternalEXP shows that oceanic
internal variability has little effect on the modeled interannual
variability of SST in the regions listed above, although it does
play a role in the southern 10 (70°E-115°E, 25°S—-20°S) and
along the far western Arabian Sea and BOB (not shown).
That is, the modeled rectification of ISOs onto interannual
SST variability is robust in the regions of interest shown in
Figure 15c. Nonlinearities in the interactions of ISO pro-
cesses do occasionally contribute to the modeled signal
(Figures 18a—18c, purple dotted and black solid curves).

[54] The strongest rectification tends to occur in all of the
regions of interest during the boreal late winter, spring, and
summer months, with the exception of rectified cooling in the
Sri Lanka Dome region during October 2004 (Figures 18a—
18c, black curves; Sri Lanka Dome not shown). Generally,
entrainment and THF due to intraseasonal wind speed, and

upwelling, horizontal advection and shear-induced mixing
due to intraseasonal wind stress, have much larger impacts
on the rectified interannual SST signal than either intra-
seasonal SW radiation or precipitation (Figures 18a—18c,
solid curves). Intraseasonal SW radiation and precipitation do
sometimes affect the interannual SST variability. For example,
intraseasonal SW radiation contributes to the modeled inter-
annual warming in the central IO during February 2008
(Figure 18b, black curve). The relative importance of intra-
seasonal wind speed and stress varies between regions and
months (Figures 18d—18f, red dotted and blue dashed curves).
As with the rectified seasonal SST analysis (Section 3.4.3), the
apparent dominance of wind-forcing lends itself to further
study. The impacts of intraseasonal wind processes (entrain-
ment and THF associated with wind speed; and upwelling,
horizontal advection, and shear instability induced mixing
associated with wind stress) on interannual SST variability are
estimated with the same equations used in the regional SST
seasonal cycle analysis (Section 3.4.3). Instead of isolating the
seasonal impacts with monthly climatologies, the interannual
impacts are isolated using equation (7).

[55] During June 2003, strong cooling of ~0.33°C occurs
in both the west and east equatorial 10 regions (Figures 18a
and 18c, black curves), due approximately equally to
increased intraseasonal wind speed and wind stress
(Figures 18d and 18f, color curves). In the west equatorial
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Figure 18. Same as Figure 16 except for SST averaged over (a and d) the west equatorial 10 (Region 6a
in Figure 15¢), (b and e) the central IO (Region 6b in Figure 15¢), and (c and f) the east equatorial 10

(Region 6¢ in Figure 15¢). Units are °C.

IO, negative THF and upwelling cooling play much larger
roles than entrainment cooling and horizontal advection,
while entrainment, THF, upwelling, and horizontal advec-
tion all contribute in the east equatorial 1O (Figures 19a, 19d,
20a, and 20d). During other months in all of the regions of
interest, intraseasonal wind speed has a larger impact than
wind stress (and vice versa) on the interannual SST rectifi-
cation. The dominance of processes like entrainment and
upwelling vary from month-to-month. For example, strong
rectified cooling (0.6°C) occurs during January 2004 in the
central equatorial IO (Figure 18b, black curve). The reduced
SSTs are most strongly forced by THF due to intraseasonal
wind speed, and to a lesser extent by horizontal advection
and upwelling due to intraseasonal wind stress (Figures 19b,
19e, 20b, and 20e). In contrast, horizontal advection does not
contribute significantly to the rectified warming (~0.63°C)
found in the west and central equatorial IO during January
2008 (Figures 18a, 18b, and 20f). These increased SSTs are
most strongly forced by entrainment and THF due to intra-
seasonal wind speed, and by upwelling due to intraseasonal
wind stress (Figures 19¢, 191, and 20c).

4. Discussion and Conclusions

[56] In the present study, the impacts of atmospheric ISOs
on the seasonal cycle and interannual variability of the upper
layers of the IO are examined by performing a hierarchy of

experiments using HYCOM (Table 1). Differences between
experiment solutions (Table 2) allow us to isolate the ocean
response to full ISOs and to a range of individual intrasea-
sonal forcing fields, which are associated with specific oce-
anic processes in HYCOM. In general, the model indicates
that atmospheric ISOs do rectify onto the mean and seasonal-
to-interannual variability of SST, hm, and upper ocean heat
content, and the impacts of this rectification vary regionally
but generally follow regions with the strongest ISO forcing
(Figures 6 and 7). Regions with the maximum ISO impact on
the mean state and standard deviation of hm and mixed layer
heat content are almost identical (Figures 6b, 6d, 7b, and 7d),
indicating that hm is the dominant factor in determining
mixed layer heat content.

[57] Atmospheric ISOs have a large impact on the modeled
seasonal cycle and interannual variability of SST, hm, and
upper ocean heat content in a number of climatically relevant
regions of the IO (Figures 8 and 15). Regions with the stron-
gest ISO rectification are identified and boxed in Figures 8 and
15. Analysis of experiment HYCOM_InternalEXP, which is
forced only with monthly climatology, demonstrates that the
modeled rectification is robust and not greatly influenced by
model internal variability in these regions of interest. Further
study focuses on the strength of rectification in these regions,
and on the processes that cause it.

[58] In general, entrainment and THF due to intraseasonal
wind speed, and upwelling, horizontal advection, and
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vertical current shear due to intraseasonal wind stress play a
much larger role than intraseasonal SW radiation and pre-
cipitation in causing seasonal-to-interannual rectification of
atmospheric ISOs on SST, hm, and upper ocean heat content
(Figures 9, 11, 12, 16, 17, and 18). However, the relative
importance of wind speed and wind stress generally varies
between signals, regions, and months. Exceptions to this are
the rectified seasonal cycle of upper ocean heat content in all
regions of interest (Figure 11), and the seasonal cycle of hm
in the west equatorial IO (Figure 9f), all of which are con-
sistently dominated by intraseasonal wind stress. In general,
however, all five “wind” processes contribute in varying
amounts to seasonal and interannual SST rectification from
month to month, and from region to region.

[59] There is consistently strong atmospheric ISO rectifi-
cation onto the seasonal cycle of SST in the Arabian Sea, the
west equatorial 10, the southwest 10, and the BOB. The
strongest rectification occurs in the AS and the BOB in April
and May (Figure 12a). During these inter-monsoon months,
the intraseasonally forced seasonal SST warms by 0.6°C,
which can impact convection over the already warm Arabian
Sea. The rectified SST signal is most strongly forced by

intraseasonal wind speed (Figure 12d). Intraseasonal wind
stress, precipitation, and SW radiation all play a reduced role
(Figure 12a). During April and May in the Arabian Sea and
the BOB, ISOs reduce the mean winds (Figures 10a—10c),
causing reduced entrainment and increased THF due to
reduced evaporation (Figure 13b and 13c), and resulting in
consistently warmer SSTs (Figure 12a).

[60] The strongest ISO impacts on modeled interannual
SST are found in the west, central, and east equatorial 10
(Figure 15c). Generally, intraseasonal wind dominates
intraseasonal SW radiation and precipitation, although the
latter two processes contribute to interannual SST rectifica-
tion during some months in some regions (Figure 18).
Entrainment and THF due to intraseasonal wind speed and
upwelling, horizontal advection, and mixing due to intra-
seasonal wind stress contribute in varying amounts to ISO
rectification onto interannual SST.

[61] The regions with strong atmospheric ISO rectification
onto the seasonal cycle and interannual variability of hm and
upper ocean heat content are very similar (Figures 8a, 8b,
15a, and 15b). These similarities across timescales indicate
that interannual hm and upper ocean heat content variability
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Figure 20. (a—c) Same as Figure 14, but for the interannual variability of Figures 20a—20c the change in
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in these regions represents changes in the amplitude of the
seasonal cycle of hm and upper ocean heat content from year
to year.

[62] Our model results show that atmospheric ISOs can
have an important impact on seasonal-to-interannual vari-
ability of the upper layers of the I0. This work presents a
clean experimental design that can easily be reproduced
using a range of models and forcing fields. Future work
using coupled atmosphere-ocean models and a range of
different forcing products could be used to confirm the
robustness of our results. It would also be valuable to use
similarly designed experiments to evaluate the impact of
ISOs on known specific seasonal-to-interannual features like
the Wyrtki Jet, the IO thermocline ridge, and the IOD.
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