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ABSTRACT

Previous studies indicate that equatorial zonal winds in the Indian Ocean can significantly influence the In-

donesian Throughflow (ITF). During the Cooperative Indian Ocean Experiment on Intraseasonal Variability

(CINDY)/Dynamics of the Madden–Julian Oscillation (DYNAMO) field campaign, two strong MJO events

were observed within a month without a clear suppressed phase between them, and these events generated

exceptionally strong ocean responses. Strong eastward currents along the equator in the Indian Ocean lasted

more than one month from late November 2011 to early January 2012. The influence of these unique MJO

events during the field campaign on ITF variability is investigated using a high-resolution (1/258) global ocean
general circulation model, the Hybrid Coordinate Ocean Model (HYCOM). The strong westerlies associated

with these MJO events, which exceed 10m s21, generate strong equatorial eastward jets and downwelling near

the eastern boundary. The equatorial jets are realistically simulated by the global HYCOM based on the

comparison with the data collected during the field campaign. The analysis demonstrates that sea surface height

(SSH) and alongshore velocity anomalies at the eastern boundary propagate along the coast of Sumatra and Java

as coastal Kelvin waves, significantly reducing the ITF transport at the Makassar Strait during January–early

February. The alongshore velocity anomalies associatedwith theKelvinwave significantly leads SSHanomalies.

The magnitude of the anomalous currents at the Makassar Strait is exceptionally large because of the unique

feature of theMJOevents, and thus the typical seasonal cycle of ITF could be significantly alteredby strongMJO

events such as those observed during the CINDY/DYNAMO field campaign.

1. Introduction

The Madden–Julian oscillation (MJO) produces sig-

nificant ocean responses in the tropical Indian and Pacific

Oceans, including upper-ocean currents, thermocline

depth, and their propagation as equatorial waves (e.g.,

Kessler et al. 1995; Ralph et al. 1997; Waliser et al. 2003;

Shinoda et al. 2008, 2013a). Previous studies suggest that

these ocean variations in response to the MJO vary sub-

stantially from event to event (e.g., Shinoda and Hendon

2001; Cravatte et al. 2003; Roundy and Kiladis 2006).

During the Cooperative Indian Ocean Experiment on

Intraseasonal Variability (CINDY)/Dynamics of the

Madden–Julian Oscillation (DYNAMO) field campaign

(Yoneyama et al. 2013; Zhang et al. 2013), exceptionally

strong ocean responses, especially near the equator, were

observed in the tropical Indian Ocean (e.g., Shinoda et al.

2013b; Gottschalck et al. 2013; Moum et al. 2013; Jensen

et al. 2015).During the field campaign in fall 2011 andwinter

2011/12, strong surface westerlies associated with largeMJO

events in lateNovember andmid-Decemberwere observed.

These events were unique in that the large-scale strong
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convection events in the IndianOcean occurredwithin one

month without a clear suppressed phase between them

(Yoneyama et al. 2013). Consequently, relatively strong

equatorial westerlies were observed most of the time in

late November–December, and these wind anomalies

generated strong eastward oceanic jets on the equator,

which lasted more than one month. Such long-lasting

strong equatorial jet can influence other parts of the

ocean through oceanic wave propagation. For example,

Shinoda et al. (2013b) demonstrated that these MJO

events significantly influence remote areas of the Indian

Ocean, including the center of Seychelles–Chagos ther-

mocline ridge region (38–108S, ;608E) through the prop-

agation of reflected Rossby waves.

Previous studies indicate that anomalous equatorial

zonal currents in the Indian Ocean could significantly

influence the upper-ocean structure and circulation

in the Indonesian seas (e.g., Clarke and Liu 1993;

Masumoto and Yamagata 1993; Sprintall et al. 2000;

Durland and Qiu 2003; Zhou and Murtugudde 2010;

Schiller et al. 2010; Shinoda et al. 2012; Pujiana et al.

2013). These include the transport of Indonesian

Throughflow (ITF), which is an important part of

global thermohaline (‘‘conveyor belt’’) and wind-

driven circulations, carrying upper-ocean waters from

the Pacific to the Indian Ocean and contributing to

maintaining upper-ocean circulations in the Indo-

Pacific regions (e.g., Tilburg et al. 2001; Lee et al.

2002). For example, Shinoda et al. (2012) investigated

the dynamical processes that control the seasonal var-

iation of the ITF based on the analysis of the 1/128 grid
global ocean general circulation model simulation.

Shinoda et al. (2012) demonstrated that the reduction

of ITF in May and October–November is primarily

caused by the propagation of coastal Kelvin waves

from the Indian Ocean, while rapid recovery of the

transport during December–March is controlled

mostly by the annual Rossby waves in the Pacific

Ocean. During May and October, the eastward oceanic

jet is generated on the equator in the Indian Ocean

because of the reversal of zonal equatorial winds as-

sociated with the monsoon transition (Wyrtki 1973;

referred to as ‘‘Wyrtki jet’’ hereafter). Previous studies

also indicate that the intraseasonal variability of

equatorial winds in the Indian Ocean significantly in-

fluence the ITF transport (Qiu et al. 1999; Schiller et al.

2010; Zhou and Murtugudde 2010; Pujiana et al. 2013).

For example, Pujiana et al. (2013) suggested that the

ITF transport at the Makassar Strait, which generally

accounts for about 80% of the total ITF transport

(Gordon 2005), is reduced up to 2 Sv (1 Sv[ 106m3 s21)

by the intraseasonal wind event over the equatorial

Indian Ocean and by Kelvin wave propagation.

In this study, the remote ocean response in the Indo-

nesian seas to the unique MJO events observed during

the CINDY/DYNAMO field campaign is investigated

based on an analysis of high-resolution global ocean

general circulation model (OGCM) simulations. These

MJO events generated exceptionally strong local ocean

response that lasted more than one month.

The simulation of the ITF is still a major challenge for

ocean and climate models because it is a part of the

global ocean circulation, and the complex bathymetry

and topography in the Indonesian seas must be ade-

quately resolved. Such studies with high-resolution

global OGCMs have been reported in recent years

(e.g., Metzger et al. 2010; Shinoda et al. 2012). For ex-

ample, Metzger et al. (2010) used a 1/128 grid global

ocean model, the Hybrid Coordinate Ocean Model

(HYCOM), and demonstrated that the model is able to

reasonably simulate the ITF transport in major straits in

the Indonesian seas and its seasonal variations. In this

study, we will use the same global model in which the

horizontal resolution is further increased to 1/258 to

study the impacts of the unique convection events

associated with the strong MJO during CINDY/

DYNAMO field campaign on ITF. The finer model grid

significantly improves the realism of the complex to-

pography in the Indonesian seas over earlier HYCOM

runs (Hurlburt et al. 2011).

Since most previous studies that discuss the Kelvin

wave influence on the ITF focus on sea surface height

(SSH) fields, particular emphasis in this study is given to

the large-scale upper-ocean velocity variability associ-

ated with Kelvin wave propagation that influences the

ITF transport.

2. Model and experiments

The model used in this study is the global HYCOM.

Since details of the model physics and numerical

schemes are reported in other papers (e.g., Bleck 2002;

Chassignet et al. 2003), here, we describe only the as-

pects that are relevant to our study. HYCOM is a

community ocean model with a generalized vertical

coordinate (Bleck 2002). The K-profile parameteriza-

tion (KPP; Large et al. 1994) is used for vertical mixing

in the model. The model domain is global, and it has a

very high horizontal resolution (1/258, 4.4 km at the

equator), which can adequately resolve the small islands

and narrow straits in the Indonesian seas. It includes 41

layers in the vertical with enhanced resolution in the

upper 100m. The model topography datasets were de-

rived from 30-arc-s General Bathymetric Chart of the

Oceans (GEBCO) with substantial hand editing based

on a combination of navigational charts and scientific
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literature, similar to what was described inMetzger et al.

(2010). The model topography around the Indonesian

seas is shown in Fig. 1.

The global HYCOM simulation was spun up for 10

years with daily climatological atmospheric forcing fields

derived from ERA-40 (Kållberg et al. 2004) after ini-

tializing from the Generalized Digital Environmental

Model, version 4 (GDEM4), hydrographic climatology

(Carnes et al. 2010). The model was then integrated for

the period 2008–12 with archived operational forcing

from the Navy Operational Global Atmospheric Pre-

diction System (NOGAPS;Rosmond et al. 2002) but with

the long-term annual mean replaced by the long-term

mean from ERA-40. The wind speed was corrected

using amonthly climatology fromQuikSCAT (Kara et al.

2009). Observational data are not assimilated in this

simulation. It should be noted that the 1/258 grid HYCOM

is the highest resolution so far for the global oceanmodel

study that investigates ITF variability.

3. Observational data for the model evaluation

a. DYNAMO and RAMA buoy data

In situ data collected from a surface mooring during

the DYNAMO field campaign (Chi et al. 2014), which is

located at 08, 788560E, are used to evaluate upper-ocean

variability in the model simulation. Amajor focus of the

evaluation is on upper-ocean currents near the equator

generated by strong westerly winds since these currents

cause remote ocean variability through oceanic wave

propagation, which is the primary subject of this study.

The velocity data at the DYNAMO buoy site are

collected from the measurements of an upward-looking

300-kHz acoustic Doppler current profiler (ADCP) at

100-m depth, a 1200-kHz ADCP at 19-m depth, a

Doppler volume sampler (DVS) at 8-m depth, a DVS at

3-m depth on the surface moorings, and an upward-

looking 75-kHzADCP at 600-m depth on the subsurface

moorings. The vertical resolution of the oceanic current

observation is 0.5m for the DVS and 1200-kHz ADCP,

2m for the 300-kHz ADCP, and 8m for the 75-kHz

ADCP. The velocity datasets on a 2-m vertical interval

were created using these DYNAMO buoy measure-

ments and are used to evaluate the model simulation.

Although the equatorial DYNAMO buoy measured

meteorological variables, the sensors were vandalized

on 20 November 2011 before the onset of the strong

MJO event in late November. Since near-surface winds

measured by Research Moored Array for African–

Asian–Australian Monsoon Analysis and Prediction

(RAMA; McPhaden et al. 2009) buoy located nearby

the DYNAMO buoy (08, 80.58E) are available for the

period of DYNAMO including late November and

December after the onset of the strong MJO event,

they are used to evaluate the surface wind fields that

are used to force the model. The winds at 4m above the

sea surface are measured every 10min, and the daily

mean of these data are compared with the model

forcing fields.

FIG. 1. The 1/258 grid global HYCOM topography (m) for the subregion of the Indonesian seas.
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b. Satellite observations

The SSH data obtained from Archiving, Validation, and

Interpretation of Satellite Oceanographic Data (AVISO)

are alsoused to evaluate local and remoteocean response in

the model simulations. We use the daily SSH data on

0.258 3 0.258 grid derived frommultisatellite analyses.Data

derived from multiscale ultrahigh-resolution (MUR) sea

surface temperature (SST) analysis are used to compare

with SST variability from the model simulations within the

Indonesian seas. The data are created by the combined

analysis derived from both microwave and infrared sensors

on satellites. TheSSTdata are presented in the formofdaily

average SSTfields on a 0.0118 3 0.0118 grid.Daily SST data

on a 0.258 3 0.258 grid from the blended product of satellite

and in situ observations (Reynolds et al. 2007) are also used

for the comparison. Near-surface velocity data, derived

from the Ocean Surface Currents Analyses–Real Time

(OSCAR) project (Lagerloef et al. 1999), are used to

compare the spatial pattern of surface currents of themodel

simulation. The OSCAR velocities are presented in the

form of 5-day average near-surface velocity fields on a 18 3
18 grid. In addition towinds fromNOGAPS that are used to

force the model, surface wind data from WindSat mea-

surements (Gaiser et al. 2004) are used to compare thewind

fields during DYNAMO with those in other MJO events.

We use 3-day average 10-m-height winds on a 0.258 3
0.258 grid.

4. Results

a. Comparison of the model simulations with
observations

The variability of surface and subsurface currents in

themodel simulation is first compared with the observed

data. Figure 2 shows the time series of observed and

modeled surface zonal current from mid-September

2011 to mid-January 2012 at the DYNAMO surface

mooring location. The model surface current represents

the average current in the upper 5m. Variations of zonal

currents simulated by themodel agree with observations

FIG. 2. Time series of daily mean surface zonal velocity (m s21)

from the DYNAMOmooring at 08, 798E (blue line) and from 1/258
grid global HYCOM (green line).

FIG. 3. Time–depth cross sections of zonal velocity (m s21) at 08,
798E (top) from the DYNAMO mooring and (bottom) from the
1/258 grid global HYCOM.

FIG. 4. Time series of daily mean zonal winds (m s21) at 10-m

height at 08, 80.58E from the RAMA mooring (blue line) and

NOGAPS (red line).
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reasonably well. In particular, the acceleration of

equatorial jet in late November and late December is

well simulated by the model. Additionally, the rapid

decrease of zonal current from the end of December to

mid-January in the model agrees very well with obser-

vations. However, there are some discrepancies be-

tween the model and observations. For example, the

strong equatorial jet in the model during early Decem-

ber is underestimated. While the observed jet is about

0.9–1.4m s21, the jet simulated by the model is 0.8–

1m s21. This could be partly due to the weaker eastward

current in the model before the acceleration in late

November. There are large fluctuations of the zonal

current with amagnitude of approximately 0.4m s21 and

period of around 5–7 days during early December in

observations. Similar fluctuations are evident in the

model, but their magnitude is smaller (;0.2m s21). A

relatively strong fall Wyrtki jet (Wyrtki 1973) of 0.4–

0.8m s21 is observed from October to early November.

Although theWyrtki jet is also evident in the model, it is

weaker than the observation by about 0.2–0.4m s21.

It should be noted that the DYNAMO and RAMA

moorings are located in an area of large zonal gradients

of the zonal velocity associated with the Wyrtki jet

(section 4b), and thus model–data comparisons at spe-

cific locations around this area can easily show large

discrepancies. Another possible reason for the under-

estimation of eastward zonal currents is errors in the

upper-ocean stratification of HYCOM. The main ther-

mocline in HYCOM is deeper by about 20m than ob-

servations (not shown). The locally driven zonal jet

could be weaker because of the thicker upper layer.

However, a deeper thermocline in the model is also

evident after the strong westerlies in lateNovember, and

FIG. 5. (a) Longitude–time diagram of surface zonal velocity (m s21) averaged between 18N
and 18S from the 1/258 grid global HYCOM simulation. (b) Longitude–time diagram of zonal

wind (m s21) at 10-m height averaged between 58N and 58S.
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thus discrepancies between the model and observations

are not fully explained by the upper-ocean stratification.

Figure 3 displays the vertical structure of zonal cur-

rent on the equator for the same period as in Fig. 2.

The vertical extent of the equatorial jet simulated by

HYCOM agrees well with observations. The eastward

jet extends to the depth of about 80–90m in late

November–December. There are weak westward cur-

rents below the strong eastward jet in the observations,

which is located around 100–200m and is successfully

simulated by the model, albeit with somewhat stronger

magnitude in early December. Upward propagation of

the westward current is clear in both observations

and model.

The zonal winds at 10-m height fromNOGAPS, which

are used to force the model, are compared with those

from the RAMA buoy measurement at 08, 80.58E
(Fig. 4). Zonal winds at 4m measured by the RAMA

buoy are extrapolated to 10m using air temperature,

humidity at 2m, and SST with the TOGACOARE bulk

flux algorithm (Fairall et al. 1996, 2003). The zonal winds

from NOGAPS agree very well with RAMA observa-

tions. In particular, the timing and strength of strong

westerly winds during the MJO onset in late November

are quite similar. The two peaks of westerly winds with

the strength of 9–10m s21 during this period are asso-

ciated with the convectively coupled Kelvin waves with

heavy precipitation events (e.g., Moum et al. 2013).

While the zonal winds from NOGAPS and RAMA

buoy are also similar before the strong wind event

(September–mid-November), there are some quantita-

tive differences. During this period, NOGAPS winds

often underestimate the westerlies and overestimate the

easterlies, which could be partly responsible for the

weaker Wyrtki jet simulated by the model for this pe-

riod. The discrepancies of the observed and simulated

zonal currents, however, are much more apparent than

those in forcing fields, and thus they cannot be entirely

attributed to the errors in the local forcing fields. Since

remotely forced equatorial waves and equatorial reso-

nance may contribute to the generation and mainte-

nance of Wyrtki jets (e.g., Jensen 1993; Han et al. 1999;

Qiu et al. 2009; Nagura and McPhaden 2010), the errors

in the zonal current during this period could be due to

the errors in winds in other regions as well as errors

resulting from the model deficiencies.

Although there are some notable differences of surface

and subsurface currents between the model and observa-

tions shown in Figs. 2 and 3, themodel reproduces the time

evolution of zonal current reasonably well. In particular,

the generation of the long-lasting strong equatorial jet

during late November–December and the subsequent

rapid decay during January are both well simulated by the

model. Consequently, the model can be used to examine

the relevant dynamical processes associated with remote

and local ocean responses during the period ofDYNAMO

observations.

b. Large-scale variability of the equatorial zonal jet

In this section, large-scale upper-ocean variability in

response to theMJO events in themodel is described and

comparedwith the satellite-derived data. Figure 5a shows

the longitude–time diagram of surface zonal current near

the equator from the HYCOM simulation. The rapid

acceleration of the equatorial jet in lateNovember occurs

across almost the entire Indian Ocean Basin. The large-

scale eastward currents continue to be strong until early

January. While the strong currents that exceed 1ms21

are found in both the western and eastern parts of the

basin during late November–early December, they pre-

vail only in the eastern basin around 808–908E in late

December. This distribution of zonal current is consistent

FIG. 6. (a) Average winds (m s21) at 10m (vectors) and wind

speed (shading) from NOGAPS during 23–30 November 2011.

(b) As in (a), but the period 22–31 December 2011. The reference

vector is plotted below each panel.
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with the spatial pattern of westerly winds, with strong

westerlies being confined to the eastern Indian Ocean in

late December (Figs. 5b and 6). During late November,

equatorial westerlies are found almost in the entire

equatorial basin, and they are stronger in the western

basin. The strong westerly winds in late December are

associated with the large-scale cyclonic circulation cen-

tered around 68N, 908E in the Bay of Bengal (Fig. 6).

The spatial pattern of NOGAPS surface winds during

these periods is consistent with those from satellite ob-

servations (Shinoda et al. 2013b). It should be noted that

strong zonal winds are centered near the equator,

where the ocean response is strongest, during these

events.

A significant zonal (spatial) variation in the strength

of the equatorial jet (e.g., early December) is found

in the entire basin, including the location of the

DYNAMO mooring. For example, during early De-

cember, the surface zonal current varies spatially by

about 0.2–0.4m s21 around 808E. Hence, it is not sur-

prising if the comparison between the model and ob-

servations at a single location shows notable

FIG. 7. Time series of zonal wind anomaly (m s21) at 10m averaged over the area 28N–28S, 508–1008E derived

from WindSat measurements. Black lines in all panels indicate the time series for the period 1 November 2011–

10 January 2012. The periods of time series shown by green lines are indicated in the horizontal x-axis labels when

strong MJO events were observed.
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discrepancies since the model may not be able to accu-

rately simulate details of mesoscale features.

The westward propagation of zonal surface current

during October–early November is clearly evident

(Fig. 5a), which is consistent with previous observational

studies (e.g., Molinari et al. 1990; Qiu et al. 2009; Nagura

and McPhaden 2010). During this time, the Wyrtki jet is

mostly found in the central and western basin, and it can

be clearly distinguished from the strong equatorial jets

that are generated by westerlies associated with the

MJO in lateNovember andDecember (e.g., Jensen et al.

2015). Again, it should be noted that the strong zonal

gradient of zonal velocity associatedwith theWyrtki jet is

located in the central Indian Ocean near the DYNAMO

and RAMA moorings. For example, in mid- to late Oc-

tober, eastward currents of about 0.5ms21 are found

FIG. 8. (top) Surface velocity (m s21) and SSH (cm) during 20–31 December fromHYCOM.

(bottom) Surface velocity (m s21) from OSCAR and SSH (cm) from satellite altimeter data

during 20–31December. The total range of the color bar in the two panels is 30 cm, but the SSH

values of each color are different for each panel.
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around 808E while the westward currents are evident

around 848E. Even a slight error in simulating the loca-

tion of the large zonal gradient can cause significant dis-

crepancies when comparing observation and model at a

single location during this period. Thus, the notable dif-

ference of Wyrtki jet strength between the model and

observations shown in Fig. 3 could be caused by even a

very small error of surface forcing fields. Note also that

the large zonal gradient is found in the zonal winds near

the equator during this period (Fig. 5b).

Strong jets, which are comparable to those observed

during DYNAMO, have been observed in the equato-

rial Indian Ocean in response to other MJO events (e.g.,

Shinoda et al. 2013a). However, it should be emphasized

here that the zonal jet remained strong in the entire

Indian Ocean Basin lasting more than one month during

DYNAMO,which is unlike other events. This is because

theMJO events in late November andDecember, which

are both associated with strong westerlies, occurred

within one month without a clear suppressed phase be-

tween them, and the period of weak zonal winds being

observed in mid-December was very short (Fig. 5b).

Such long duration of large-scale strong zonal jets in

response to the MJO is unusual in this region.

To further demonstrate that these surface wind fields

during this period are indeed unique, the time series of

equatorial surface winds during DYNAMO are com-

pared with those associated with other strong MJO

events in recent years (Fig. 7). Surface winds are derived

from WindSat measurements for the period 2004–15.

FIG. 9. (a) Total southward transport (Sv) at the Makassar Strait during 2004–06 from the

INSTANT moorings (solid line), Indo-Pacific basin HYCOM (dashed line), and 1/128 grid

global HYCOM (dotted line). Negative transport is southward. A 30-day running filter has

been applied to all time series. Adopted from Shinoda et al. (2012). (b) As in (a), but the linear

trends are removed and the means are subtracted.
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Strong MJO events are selected based on the index

defined byWheeler and Hendon (2004). The time series

during DYNAMO show that large-scale westerly

anomalies lasted about 40 days from late November

2011 to early January 2012. Such long duration of

westerly anomaly is not found in other MJO events, al-

though some of the events are associated with westerly

anomalies as strong as those during DYNAMO. Con-

sequently, large-scale strong eastward jets with long

duration are generated because of the occurrence of two

strong events in a short time period.

As a result of the strong equatorial jet and the conver-

gence at the eastern boundary in late November–

December, a significant increase of SSH (;20cm) is

found in the large areas (68N–88S) near the coast (Fig. 8,

top). The alongshore (northwesterly) winds south of the

equator in lateDecember (Fig. 6) could further enhance the

SSH increase. A similar SSH anomaly increase is evident in

satellite altimeter observations (Fig. 8, bottom). Also, the

spatial pattern of equatorial and off-equatorial surface

currents simulated by the model is consistent with that de-

rived from OSCAR analysis, but the equatorial jet in the

model is stronger (Fig. 8). This could be partly due to the

underestimation of the equatorial jet inOSCARduring this

period (Shinoda et al. 2013b).

c. Variation of Indonesian Throughflow

1) SEASONAL VARIATION

During the International Nusantara Stratification and

Transport (INSTANT) program (Sprintall et al. 2004,

2009; Gordon et al. 2008), a prominent seasonal variation

of the Indonesian Throughflow was observed. The solid

line in Fig. 9a shows the ITF transport estimate based on

the mooring observations at the Makassar Strait, which

is the primary passage of the ITF, carrying about 80% of

its total transport (Gordon 2005). The semiannual

variation of ITF transport is apparent. There are

significant reductions of southward currents at the Ma-

kassar Strait during April–May and October–November

FIG. 10. (a) Seasonal cycle of the transport through the Makassar Strait at the INSTANT

mooring location derived from the 28-yr simulation of the Indo-Pacific basin HYCOM

(adopted from Shinoda et al. 2012). (b) Seasonal cycle of the transport through the Makassar

Strait from the INSTANT observations.
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and subsequent rapid recovery during December–March

(Gordon et al. 2008; Susanto et al. 2012). The

semiannual cycle is evident in longer time series (2004–

09) of mooring data at the Makassar Strait (Susanto

et al. 2012) and proxy time series using satellite-derived

SSH data (Susanto and Song 2015).

Figure 9 also includes the ITF transport at the

Makassar Strait simulated by the high-resolution (1/128)
globalHYCOM(Shinoda et al. 2012), which is essentially

the same model as the one used in this study except for

the horizontal resolution. While there are significant

differences in the mean transport (Fig. 9a), the model is

able to simulate the variation well, including the semi-

annual cycle (Fig. 9b). Furthermore, the similar seasonal

cycle is found in the long-term (28yr) integration of the

Indo-Pacific basin HYCOM (Fig. 10). While the timing

and magnitude of the reduction of southward transport

during boreal spring somewhat varies each year in ob-

servations (Fig. 9), the rapid recovery during December–

March of each year is consistent with that in the seasonal

cycle from the long-term HYCOM simulation (Fig. 10).

2) VARIATION OF ITF DURING DYNAMO

The total transport through the Makassar Strait during

theperiodof theDYNAMOfield campaign from the global

HYCOM simulation is shown in Fig. 11. Note that

the INSTANT mooring data are not available during the

DYNAMO period. A large variation of transport through

the Makassar Strait is found. The variations during

September–November is consistent with the seasonal cycle

FIG. 12. (top) Meridional velocity (m s21) at the Makassar Strait, 2.888S, 118.328–118.728E.
(bottom) Average meridional velocity in the upper 300m at 2.888S, 118.328–118.728E.

FIG. 11. The total transport (Sv) through the Makassar Strait at

2.888S from the 1/258 grid global HYCOM simulation.
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in which the strong southward transport in September is

reduced by early November. After mid-December–early

January the transport continues to be small and is further

reduced bymid-January, in contrast to the seasonal cycle in

which the large southward transport starts recovering rap-

idly from mid-December. The minimum southward trans-

port during mid-January is less than 6Sv, which is

considered to be a large deviation from the seasonal cycle

(Susanto et al. 2012).

The reduction of the transport during this period is

mostly due to strong anomalous meridional currents. The

along-channel velocity at the INSTANTmooring locations

in theMakassar Strait during the period of the DYNAMO

field campaign from the global HYCOM simulation is

shown in Fig. 12 (top). A large variation of upper-ocean

currents through the Makassar Strait is found, especially

after theMJO events in November andDecember (Fig. 12,

top). In particular, relatively strong northward currents,

which exceed 0.3ms21, are found in the upper 100m in

January, and these northward currents lasted more than

one month, in contrast to the seasonal cycle in which the

rapid recovery of the southward flow occurs from

December (Fig. 10). From early to mid-January, the max-

imum northward velocity exceeds 0.5ms21, which is un-

usual during this season (e.g., Susanto et al. 2012). The

variations during September–November are consistentwith

the seasonal cycle in which the strong southward current in

September is reduced in magnitude by early November.

While the average along-channel velocity in the upper

300m is southward (Fig. 12, bottom), its variation is similar to

the currents in theupper100m,andaprominent reductionof

southward velocity is found during January. The strong

northward currents in the upper 100m largely contribute to

this reduction. The variations of upper-300-m along-channel

velocity during September–November are consistent with

the seasonal cycle in which the strong southward current in

September is reduced by early November. However, the

large reduction during January is not found in the seasonal

cycle in the long-term integration of Indo-Pacific HYCOM

and INSTANT observations (Figs. 9 and 10). These varia-

tions of the average along-channel velocity in the upper

300m are similar to the total transport, indicating that the

anomalous transport during this period is primarily

caused by variations in the upper ocean. Note that the

FIG. 13. SSH (shading; m) and upper-ocean (average over 0–150-m depths) velocity (vectors) anomalies during 22 and

27 December 2011 and 1 and 6 January 2012 relative to the mean of December 2011–January 2012 from the HYCOM

simulation. A 30-day running filter has been applied to the time series. The reference vector is shown over Kalimantan.
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differences in variation between Figs. 11 and 12 are

mostly due to differences in the velocity below 300-m

depth since significant transport variations could be

caused by small changes of velocity in the deeper layer.

These results suggest a substantial impact of MJO on the

ITF through theMakassar Strait during this period since the

seasonal cycle reveals the rapid recovery of southward

transport in December–January (Figs. 9 and 10). The

analysis in the following section will demonstrate that these

upper-ocean variations during December–February are

caused primarily by the remote ocean response to theMJO

events observed during DYNAMO, although Ekman

transport driven by local winds also contributes.

d. Propagation of Kelvin waves

Figure 13 shows maps of SSH and surface velocity

anomalies during mid-December–early January. The

anomalies are calculated as those relative to the mean of

December–January since the integration period is not long

enough to obtain the accurate annual cycle. Even though

mesoscale eddies exist off the Java coasts, the propagation

of SSH anomalies and alongshore velocity along the coasts

of Sumatra and Java is apparent. During mid-December,

eastward equatorial jets develop in the central and eastern

Indian Ocean, which are associated with the increase in

SSHnear the eastern boundary. SSHanomalies continue to

increase at the eastern boundary and propagate along the

coasts of Sumatra and Java during late December–early

January (maps of 27 December, 1 January, and 6 January).

These high SSH anomalies near the coast are associated

with an alongshore (eastward) velocity near the Lombok

Strait (88S, 1158E). A significant portion of the current and

SSH anomalies propagate northward through the Lombok

Strait in early January and generate anomalous northward

currents in theMakassar Strait, although someof the signals

propagate eastward across the Lombok Strait. It takes

approximately a fortnight for the anomalies associated with

the eastward equatorial current to propagate from the

eastern boundary near the equator to the Makassar Strait,

consistent with the phase speed of a Kelvin wave in this

region (e.g., Sprintall et al. 2000). A similar propagation of

Kelvin waves along the coast is also evident in satellite al-

timeter data (Fig. 14). The magnitude of SSH anomalies in

mesoscale eddies south of 68S in the altimeter data is

comparable to those found in themodel, suggesting that the

non-data-assimilative model is able to generate realistic

FIG. 14. As in Fig. 13, but only SSH anomalies from satellite altimeter data.
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eddies in this region duringDecember–January.While SSH

variability associated with the Kelvin wave propagation

simulated by the model agrees well with altimeter data,

there are some quantitative differences within the Indone-

sian seas. It should be noted that the accuracy of altimeter

data within the Indonesian seas is still somewhat uncertain,

and thus the error in the altimeter data might contribute

partly to these differences.

The development of a northward current anomaly near

the Makassar Strait in early January is further demon-

strated in the SSH and current anomalymap for a smaller

subregion (Fig. 15). Large positive SSH anomalies near

the Lombok Strait are found on 30 December. As the

SSH anomalies increase during this period, strong

anomalous northward currents in the Lombok Strait are

generated. Subsequently, these currents extend farther

northward and on 7 January strong anomalous currents

are evident in the Makassar Strait. Significant eddy ac-

tivity is found within the Indonesian seas, which could

disturb the signals of propagation; however, the north-

ward propagation is clearly detected in the model.

The propagation of coastal Kelvin waves and their

impact on the ITF are clearly and explicitly demon-

strated in the velocity and SSH fields along the path of

the Kelvin wave. Figure 16 shows the evolution of the

alongshore velocity and SSH along the equator in the

eastern Indian Ocean, the coasts of Sumatra and Java,

and from the Lombok Strait to the Makassar Strait (the

white solid line shown in Figs. 13 and 14). Propagation of

SSH and velocity anomalies along the coastline and

through the Lombok and Makassar Straits is evident.

The propagation speed is consistent with the phase ve-

locity of the first-baroclinic-mode free Kelvin wave over

the Indian Ocean, which is about 2.5m s21 (e.g., Moore

and McCreary 1990; Han 2005). It should be noted that

the observed propagation speed may deviate from the

free Kelvin wave speed because of local wind forcing

(e.g., Shinoda et al. 2008) and complex bathymetry and

topography, such as a shallow shelf along the coast,

which are well resolved in the model.

While the propagation of Kelvin waves is shown in both

SSH and surface currents, the phase relationship between

SSH and the alongshore velocity deviates from the first-

baroclinic-mode coastal Kelvin wave solution of the linear

shallow water equation. While SSH and alongshore ve-

locity are in phase in the linear wave solution, with the

maximum alongshore velocity corresponding to the max-

imum SSH, the SSH signal in HYCOMoften continues to

increase after the alongshore velocity reaches its maxi-

mum (Fig. 16). A possible reason of this phase lag could

be the effect of lateral friction, which acts to reduce

the alongshore velocity. At the eastern boundary near the

equator, a zonal convergence of currents occurs at the

phase of the maximum velocity because of the strong

eastward equatorial currents. At the same time, a merid-

ional divergence occurs because of poleward (alongshore)

currents that compensate the convergence of zonal equa-

torial currents. Because of the reduction of divergence due

FIG. 15. As in Fig. 13, but for a smaller domain and the periods 31 December 2011 and 3 and

7 January 2012. The reference vector is shown in the top left.
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to the lateral friction along the coast, SSH could continue

to increase after the maximum alongshore velocity. Since

lateral friction acts to reduce alongshore velocity, the SSH

and velocity fields could deviate from the freeKelvinwave

solution and thus contribute to their phase lag.

The surface forcing field also could cause the phase lag

between SSH and alongshore velocity. Figure 17 shows

the surface wind stress and associated Ekman transport

during the Kelvin wave propagation. Northwesterly

wind stress along the coast of Sumatra around 38–68S
generates large Ekman transport toward the coast dur-

ing 21–25 December when positive anomalous SSH as-

sociated with Kelvin waves is evident in this region

(Fig. 17a). This alongshore wind stress thus continuously

enhances the positive SSH anomaly. During 26–30 De-

cember when SSH anomalies extend farther to the coast

of Java, significant shoreward transport is found around

the coast of Java (Fig. 17b), suggesting that alongshore

FIG. 16. Alongshore and along-strait velocity (shading; m s21) and SSH (contour) anomalies along the white solid

line shown in Figs. 12 and 13. Both alongshore and along-strait velocities are defined as the velocity component

along the white line. Contour interval is 1.0 cm; the dashed contour lines indicate negative values and blue solid

lines indicate the phase line of 2.5m s21.
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wind stress could effectively influence SSH fields during the

Kelvinwavepropagation. In addition, alongshorewindsmay

initially drive an alongshore component of currents since it

takes significant amount of time to generate steady Ekman

currents, especially near the equator. The continuous SSH

changes and alongshore component of surface currents di-

rectly drivenby localwinds could contribute to thephase lag.

Previous studies on Kelvin wave propagation and its

impact on the ITF mostly focus on SSH variability. How-

ever, this study clearly demonstrates the phase lag between

SSH and surface velocity, in which the velocity significantly

leads the SSH, and thus the velocity fields deduced by SSH

from the Kelvin wave solution are often inaccurate. Hence,

it is important to describe both velocity and SSH associated

with theKelvin wave propagation to understand the impact

of equatorial westerlies on ITF variations.

The strong eddy activity near the coast of Java during the

boreal fall–winter season is consistent with previous studies

(e.g., Feng and Wijffels 2002; Yu and Potemra 2006;

Shinoda et al. 2012). To further demonstrate the interaction

with eddies, SSH and velocity anomalies in a smaller sub-

region near the coast of Java are shown in Fig. 18. Before

significant SSH anomalies associated with Kelvin waves

reach near the Java coast (17 December), a strong cyclonic

eddy centered around 1138E near the coast is found and an

anticyclonic eddy centered around 1108E is evident

(Fig. 18a). Westward currents associated with the anticy-

clonic eddy and eastward currents associated with cyclonic

eddy are evident near the coast (Fig. 18a). As the Kelvin

wave propagates into this region, the anticyclonic eddy

moves toward the coast and weakens while the along-

shore velocity associated with cyclonic eddy is

FIG. 17. Ekman transport (green vectors; m2 s21) and surface wind stress (black vectors;

Nm22) derived from NOGAPS winds and SSH anomaly (shading; m) from altimeter data

during (a) 21–25 December and (b) 26–30 December 2011.
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enhanced. The result suggests that the intraseasonal

variability of alongshore velocity near the coast is

partly caused by the interaction between Kelvin waves

and eddies, and these variations could possibly propa-

gate farther along the coast and may impact the circu-

lations in the Indonesian seas including the ITF.

The behavior of these eddies near the coast in themodel

is consistent with that in the satellite altimeter data. For

example, positive SSH anomalies around 108–128S, 1008E
and negative SSH anomalies around 108S, 1138Eare found

in the altimeter data (Fig. 14), and the positive anomalies

are connected to those associated with Kelvin wave

propagation. Also, positive SSH anomalies (and thus an

anticyclonic eddy) centered around 98S, 1008E are con-

nected to those along the coast of Sumatra (Fig. 14), which

is similar to the model result (Fig. 18).

Figure 19 shows the vertical section of alongshore ve-

locity associatedwith eddies andKelvinwave propagation.

A subsurface maximum of the alongshore (eastward) ve-

locity associated with the Kelvin wave is found around

40-m depth on 1 January. This could be due to the signif-

icant contribution of higher vertical modes to the velocity

fields, indicating that the SSH signal associated with

coastal Kelvin wave is not sufficient to deduce the velocity.

As indicated in previous observational studies, the maxi-

mum alongshore velocity associated with the Kelvin wave

propagation often occurs at subsurface (e.g., Drushka et al.

2010). Although locations of these observations aremostly

around or east of the Lombok Strait or within the Indo-

nesian seas (Drushka et al. 2010; Pujiana et al. 2013), the

model result is consistent with the observed structure. On

6 January, themaximum of alongshore velocity is found at

the surface. This could be due to the interaction between

active eddies and Kelvin wave propagation.

It should be noted that the Kelvin wave propagation can

be found more clearly in the coarse-resolution model be-

cause of the weak mesoscale eddy activity in the model

(e.g., Shinoda et al. 2012). However, the weaker eddy ac-

tivity in this region in the model may not be realistic, and

furthermore it is possible that the Kelvin wave propagation

could be influenced by strong eddy activity as a result of the

nonlinear interaction. Hence, the use of the high-resolution

model is crucial to examine the processes such as Kelvin

wave propagation not only by adequately resolving narrow

straits but also by generating realistic eddies. Accordingly,

processes found in coarse-resolution models must be re-

examined using eddy-resolving models, particularly during

the season of strong eddy activity.

5. Discussion

While the result shown inFig. 16 clearly demonstrates the

remote influence of equatorial winds in the Indian Ocean

FIG. 18. As in Fig. 13, but for a smaller domain and the periods

(a) 27December 2011 and (b) 1 and (c) 6 January 2012, and a 10-day

running mean filter has been applied.
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on the ITF, processes within the Indonesian seas (e.g., local

wind; Fig. 17) may affect the ITF variability during this

period. To examine the influence of local winds, variability

of surface winds in the Indonesian seas during the period of

large ITF variability is described. Figure 20 shows the time

series of zonal and meridional surface winds in the

Makassar Strait during December 2011–January 2012,

which covers the period of the rapid reduction and accel-

eration of the ITF. While a significant variation of surface

winds on the time scale of 5–8 days is evident in both zonal

FIG. 19. Vertical cross sections (upper 300m) of the alongshore velocity (m s21) along the

white line in Fig. 18 for the periods (a) 27 December 2011 and (b) 1 and (c) 6 January 2012. The

alongshore velocity is defined as a velocity component perpendicular to the white line.
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and meridional winds, any local wind changes that possi-

bly could cause the rapid acceleration and decay in the

Makassar Strait during this period are not evident in the

time series. We further examine the time series of other

locations between the Lombok Strait and the Makassar

Strait. The variation of the winds in those two locations is

similar, and again no evidence is found for any significant

contribution from surface winds that can locally drive the

rapid changes of meridional currents.

As shown in Fig. 17, strong surface winds associated with

the MJO propagation are evident within the Java Sea.

Figure 21 shows surface current anomalies within Indone-

sian seas during late December–early January when strong

zonalwinds are observed in the Java Sea. In lateDecember,

northeastward currents are evident in the western and

middle parts of Java Sea, which are associated with SSH

gradients. These SSH and surface current anomalies move

eastward, and anomalous northward currents are found

between Kalimantan and Sulawesi in early January. This

suggests that anomalous SSH and currents in the Java Sea

propagate eastward and may contribute to surface currents

along theMakassar Strait. Althoughmost areas of the Java

Sea are very shallow, the variability propagated from the

Java Sea may contribute significantly to velocity variations

in the upper 100m during this period.

While local winds in the Java Sea could generate currents

toward the south coast of Kalimantan (Fig. 17), a portion of

SSHanomalies propagate fromnorth of theKarimataStrait

(Figs. 14 and 21), and thus part of the anomalous SSH and

currents in the Java Sea could be originally generated in the

remote area in the South China Sea. The relative contri-

bution of local winds to anomalous currents in the Java Sea

during this period, however, is difficult to quantify.

Although a possible impact of currents and SSH variations

in the Java Sea on the Makassar Strait throughflow is con-

sistent with previous studies (Gordon et al. 2003; Fang et al.

2010; Susanto et al. 2013),model experiments with different

configurations (e.g., Tozuka et al. 2007) are necessary to

isolate and further quantify the impact.

Previous studies suggest that ITF variability could in-

fluence regional precipitation and atmospheric circulations

over the Maritime Continent through SST changes (e.g.,

Sprintall et al. 2014). The analysis of the model output in

this study demonstrates that the strong equatorial jets

generated by theMJO-induced surfacewinds influence the

upper-ocean variability within the Indonesian seas as a

result of wave propagation, and thus MJO events could

generate significant anomalous near-surface currents in

the ITF region. As SST in this region could strongly in-

fluence rainfall characteristics over the Maritime Conti-

nent and in turn could impact the global atmospheric

circulation (e.g., Chang and Lau 1982; Sardeshmukh and

Hoskins 1988), one of the key issues concerning ITF

variability is whether the anomalous currents remotely

produced by the MJO could generate significant SST

changes in this region. Figure 22 shows anomalous upper-

ocean currents in the Indonesian seas produced by the

MJO events during DYNAMO along with SST in the

same period from the model and two different SST ana-

lyses. In the model, there are strong north–south SST

gradients in the southern part of the Java Sea around 78S
because of the relatively coldwaters near the islands.As a

result, the anomalous northward currents cross areas of

strong SST gradients. Also, there are strong SST gradi-

ents between the shallow shelf region and the deeper

open ocean areas (see Fig. 1 for the topography). The

warmer waters in the shelf region extend near the west

coast of Sulawesi around the Makassar Strait and create

strong SST gradient areas where the anomalous north-

ward currents cross. The SST changes in these areas,

which exceed 18C within the distance of 18 longitude/

latitude, suggest that anomalous currents generate sig-

nificant heat advection in this region, which in turn affects

the SST. A similar magnitude of north–south SST

gradient along the current path is found in the high-

resolution SST analysis (Fig. 22, center), but the location

is farther north (around 3.58S). The spatial pattern of SST
from another SST analysis (Reynolds et al. 2007) is sim-

ilar to the model in which the SST contrast between the

shelf region and open ocean areas is evident, but the SST

gradient is not as sharp as in the model. Yet the magni-

tude of the SST gradient along the path of anomalous

current is still substantial.

The strong SST gradient within the Indonesian seas,

which is comparable to the one shown in Fig. 22, is

often found in the model and high-resolution SST

analysis at other times (not shown). This suggests that

current anomalies on the subseasonal time scale could

significantly influence the SST in the Indonesian seas.

During DYNAMO, the northward current at the

FIG. 20. Zonal (black line) andmeridional (green line) winds (m s21)

at 10-m height in the Makassar Strait (2.888S, 118.58E).
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Makassar Strait exceeded 0.5m s21, and thus it is

likely that it caused significant SST changes in the

Indonesian seas and possibly influenced the local at-

mospheric convection. In addition to SST changes in

the Makassar Strait, the variation of anomalous sur-

face currents in the entire Java Sea and Banda Sea

during this time is significant (not shown), and it

could influence SSTs in large areas within the Indo-

nesian seas.

Accurate SST and upper-ocean temperature data

that resolve subseasonal or shorter time scales are

necessary to quantify the impact of anomalous cur-

rents produced by the MJO on SST changes over the

Maritime Continent. For the purpose of improving

our understanding the role of the Maritime Continent

in the global weather–climate continuum, the in-

ternational field campaign the Year of the Maritime

Continent (YMC), which includes the intensive at-

mospheric and ocean observations in the Indonesian

seas region, is currently being planned. In particular, a

plan for the ocean component of the YMC will be

detailed in the next few years, and the results of ocean

modeling, such as this study, will hopefully provide the

useful information for the improvement of the current

YMC plans.

6. Summary

The CINDY/DYNAMO international field cam-

paign was conducted in boreal fall 2011 and winter

2011/12 with the goal of advancing our understanding

of key processes for the MJO initiation and improving

MJO prediction. Upper-ocean variability associated

with theMJO events during the field campaign was well

monitored by a variety of observations, including an

array of enhanced surface moorings deployed in the

central tropical Indian Ocean. During the field cam-

paign, three active episodes of large-scale atmospheric

convection and anomalous surface zonal winds associ-

ated with the MJO propagated eastward across the

tropical Indian Ocean (Yoneyama et al. 2013). The

second and third MJO events, which were initiated in

the Indian Ocean in late November and mid-

December, are unique in that two strong episodes of

atmospheric convection occurred within one month

without a clear suppressed phase between the events.

Satellite observations indicate that these MJO

events generated a strong ocean response that includes

intense equatorial oceanic jets with a large zonal extent

(;408). It is possible that such strong upper-ocean

variability could significantly influence remote

areas including the Indonesian seas and the Indone-

sian Throughflow (ITF).

FIG. 21. SSH (shading; m) and surface velocity anomalies (vec-

tors) during (top) 24 and (middle) 31December 2011 and (bottom) 7

January 2012 relative to the mean of December 2011–January 2012

from the HYCOM simulation. A 10-day running filter has been

applied to the time series.
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In this study, the influence of the unique MJO

events during the DYNAMO on ITF variability is

investigated using a high-resolution (1/258) global

ocean general circulation model (HYCOM). In par-

ticular, the large-scale upper-ocean velocity variabil-

ity associated with Kelvin wave propagation, which

was not emphasized in previous studies, is examined

based on the model simulation. The model results

are first compared with the data collected during

DYNAMO, showing that the global HYCOM is able

to realistically simulate the strong equatorial jets

generated by surface forcing fields associated with the

MJO events. Our results suggest that strong equato-

rial jets with a large zonal extent lasted more than one

month in late November 2011–early January 2012. A

large increase in SSH (and thus deepening of the

thermocline) along the eastern boundary is found in

late December. Further analysis of the model simu-

lation demonstrates that the SSH and alongshore ve-

locity anomalies at the eastern boundary propagate

along the coast of Sumatra and Java as coastal Kelvin

waves, which largely reduces the ITF transport at the

Makassar Strait during January–early February, al-

though local wind-induced Ekman transports may also

have some contributions. It is found that alongshore

velocity anomalies associated with the Kelvin wave

propagation significantly lead SSH anomalies, likely

resulting from the effects of lateral friction and Ek-

man transports driven by local winds. The magnitude

of the anomalous currents associated with the Kelvin

wave propagation is comparable to that associated

with the seasonal variation, and thus the typical sea-

sonal cycle of ITF could be largely altered by strong

MJO events such as those observed during the

CINDY/DYNAMO field campaign.
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