
Intraseasonal variability of sea level and circulation in the Gulf
of Thailand: the role of the Madden–Julian Oscillation

Eric C. J. Oliver

Received: 23 August 2012 / Accepted: 7 November 2012

� Springer-Verlag Berlin Heidelberg 2012

Abstract Intraseasonal variability of the tropical Indo-

Pacific ocean is strongly related to the Madden–Julian

Oscillation (MJO). Shallow seas in this region, such as the

Gulf of Thailand, act as amplifiers of the direct ocean

response to surface wind forcing by efficient setup of sea

level. Intraseasonal ocean variability in the Gulf of Thai-

land region is examined using statistical analysis of local

tide gauge observations and surface winds. The tide gauges

detect variability on intraseasonal time scales that is related

to the MJO through its effect on local wind. The rela-

tionship between the MJO and the surface wind is strongly

seasonal, being most vigorous during the monsoon, and

direction-dependent. The observations are then supple-

mented with simulations of sea level and circulation from a

fully nonlinear barotropic numerical ocean model

(Princeton Ocean Model). The numerical model reproduces

well the intraseasonal sea level variability in the Gulf of

Thailand and its seasonal modulations. The model is then

used to map the wind-driven response of sea level and

circulation in the entire Gulf of Thailand. Finally, the

predictability of the setup and setdown signal is discussed

by relating it to the, potentially predictable, MJO index.

Keywords Madden–Julian Oscillation � Predictability �
Wind-driven circulation � Shelf circulation

1 Introduction

The ability to predict ocean variability on intraseasonal

time scales has been an area of increased focus in recent

decades. Intraseasonal variations are of particular interest

as they provide a bridge between weather variability, which

occurs on timescales less than about two weeks, and cli-

mate variability, which occurs on much longer timescales.

These variations may provide unprecedented predictability

for long-range weather forecasts and for operational

oceanographic applications. Recently, the ability to run

high-resolution circulation models, for both the ocean and

the atmosphere, have led to a number of studies of intra-

seasonal ocean variability and its predictability.

The most well-known source of intraseasonal variations

in the ocean-atmosphere system is the Madden–Julian

Oscillation (MJO, Madden and Julian 1971, 1972). The

MJO originates over the tropical Indian Ocean as anoma-

lous precipitation, deep convection and zonal wind. These

anomalies then propagate eastward along the equator and

are strongest over the Indian Ocean and Western Pacific

Ocean before dissipating over the Eastern Pacific, the

Atlantic Ocean, or Africa. The MJO is the dominant mode

of intraseasonal variability in the tropical atmosphere and

is quasi-periodic on timescales between 30 and 90 days

with peak energy at periods around 40–50 days (e.g.,

Wheeler and Hendon 2004; Zhang 2005).

The MJO is characterized as an atmospheric phenome-

non but has been shown to have a significant influence on

ocean variability as well. Connections have been found

with sea surface temperature (e.g., Shinoda et al. 1998;

Maloney and Kiehl 2002; Maloney et al. 2008) and sea

level (e.g., Fu 2003, 2007; Oliver and Thompson 2010;

Webber et al. 2010). Oliver and Thompson (2010) showed

that sea level variability in several ocean regions, including
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the equatorial Pacific, the west coast of the American

continent, the Gulf of Carpentaria, and the northeastern

Indian Ocean, have strong connections with MJO vari-

ability. Han et al. (2001), Han (2005), Iskandar et al.

(2005), Nagura and McPhaden (2012) examined intrasea-

sonal variability in Indian Ocean circulation and Oliver and

Thompson (2010) speculated on the role of MJO-related

surface wind in exciting the observed response. Webber

et al. (2010) also noted the connections between the MJO

and sea level and sea surface temperature in the equatorial

Pacific and Indian Oceans. The Madden–Julian Oscillation

has even been shown to influence ocean temperature and

salinity at depth (Matthews et al. 2010), surface chloro-

phyll (Jin et al. 2012), and possibly ocean variability as far

from the tropics as coastal Chile (Hormazabal et al. 2002).

Classical wind setup predicts that the sea level setup at

the coast is proportional to onshore wind stress. It is

derived from a simple force balance between onshore wind

stress and the pressure gradient associated with the sea

level slope (e.g., Csanady 1982). Classical wind setup is an

approximation with many limitations (e.g., it neglects

bottom stress and horizontal fluid transport) but allows for

a simple examination of the first-order response of coastal

sea level to surface wind forcing. Sea level variations in

large shallow seas are particularly responsive to this effect

since wind setup is proportional to the fetch length and

inversely proportional to water depth. Oliver and Thomp-

son (2011) found that intraseasonal sea level variations in

the Gulf of Carpentaria were largely driven by the MJO-

related surface wind stress. The MJO-wind connection was

shown to vary seasonally with the influence of the MJO

being strongest when it modulated the monsoon-related

winds in Austral Summer. This connection was also

strongest for wind directions that were favourable for sea

level setup and setdown in the Gulf of Carpentaria. The

MJO was shown to be responsible for predictable varia-

tions in sea level up to 6 cm in amplitude.

The Gulf of Thailand is a shallow sea which, like the

Gulf of Carpentaria, lies within the tropical regions

strongly influenced by the MJO. It has been noted that wind

forcing is the dominant factor in generating the observed

circulation in the Gulf of Thailand (e.g., Aschariyaphotha

et al. 2008). In a broader study of the South China Sea,

Zhuang et al. (2010) found that the Gulf of Thailand is

sensitive to instraseasonal variability in surface winds.

They also noted that intraseasonal sea level variability

could largely be explained as barotropic adjustment to

surface forcing. They suggested that, due to seasonal

changes in stratification and the amplitude of intraseasonal

wind forcing, the intraseasonal sea level variability is lar-

gely driven by surface forcing in winter and this connection

is weaker in spring and fall and nearly nonexistent in

summer. Furthermore, an MJO-related sea level signal in

the Gulf of Thailand was noted by Oliver (2011) while

examining the influence of the MJO in the northeastern

Indian Ocean. Therefore, we expect MJO-related surface

winds to play a significant role in forcing sea level and

circulation in the Gulf of Thailand on intraseasonal time

scales.

Sea level variations, and the associated circulation pat-

tern, may be related to changes in nutrient levels or bio-

logical productivity in the Gulf, due to upwelling or

advection from neighbouring regions, and may modify the

flushing time of pollutants from the Gulf. Intraseasonal sea

level variability may also be important for coastal com-

munities when superimposed on other changes such as

storm surges or global sea level rise. Therefore, accurate

predictions of sea level variations, on all time scales, may

lead to more accurate predictions of the greater marine

system.

In this study we examine the effect of the MJO on sea

level and circulation variability in the Gulf of Thailand,

henceforth referred to as the Gulf. Earlier studies raised the

issue of seasonal stratification changes influencing the

response of sea level in the Gulf on intraseasonal time

scales. We test if the observed sea level variability can be

reproduced without such seasonal changes in stratification

and then extend the analysis to include depth-averaged

circulation variability. We accomplish this using a regional

barotropic ocean circulation model validated by compari-

son with coastal tide gauge observations. On intraseasonal

timescales, the ocean dynamics are shown to be barotropic

wind-driven setup of sea level. The wind forcing, sea level

and circulation patterns are also shown to be related to the

MJO and this relationship is shown to vary with season and

wind direction. A strong seasonality in the sea level vari-

ations is found which is related to the seasonal variation of

the MJO-wind relationship. It should be noted that this

paper shares many of the goals and methodology as Oliver

and Thompson (2011) and should be viewed as a com-

panion study to that one.

This paper is organized as follows. The observations and

reanalysis output are described in Sect. 2 and a statistical

analysis of their variability is presented in Sect. 3. The

ocean circulation model is described in Sect. 4 and is used

in Sect. 5 to examine the dynamics of sea level and cir-

culation in the Gulf of Thailand and the role of the MJO. A

discussion of the results and our conclusions are presented

in Sect. 6.

2 The MJO index and observations of sea level

and surface wind

Seven hourly sea level records were obtained from tide

gauges located around the Gulf of Thailand (Fig. 1) for
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the period 23/13/1983 to 30/12/2010. Details of individual

record length, location and completeness can be found in

Table 1. Tides were removed using the tidal analysis

package of Pawlowicz et al. (2002) with 66 tidal con-

stituents and then averaged to daily values using a

Doodson X0 filter (Doodson 1928). Daily sea level pres-

sures from the NCEP Climate Forecast System Reanalysis

(CFSR, Saha et al. 2010) defined on a 1/2� grid were used

to remove the inverse barometer effect. The annual cycle

and its first two harmonics were removed using least

squares prior to analysis. The daily mean residual is

denoted by go and sample plots of the time series are

shown in Fig. 2.

Fields of surface (10 m) winds were obtained from

CFSR (Saha et al. 2010) for the period 1/1/1979 to

31/3/2011 and the Climate Forecast System Reforecast

version 2 (CFSv2, Saha et al. 2012) for the period 1/4/2011

to 31/12/2011. The CFSR data are defined on a global T382

Gaussian grid with an approximate horizontal resolution of

38 km; the CFSv2 data are defined on a global T575

Gaussian grid with an approximate horizontal resolution of

27 km. The wind fields were mapped onto the ocean model

grid (described in Sect. 4) using a two-dimensional bicubic

interpolation and the air-sea drag coefficient of Large and

Pond (1981) was then used to calculate stresses. We define

the ‘‘Gulf-mean wind’’ as the average over the area shown

by the box in Fig. 1 (only data over ocean grid cells are

included).

The MJO is characterized using the daily bimodal index

of Wheeler and Hendon (2004) for the period from 1/1/

1979 to 31/12/2011. This index consists of two time series

which are based on the first two principal components

calculated from tropical fields of observed outgoing long

wave radiation and reanalysed zonal winds. This pair of

time series describes an oscillating phenomenon which

propagates eastward along the equator. Most of the energy

of the MJO index lies in the 30–90 day band (power

spectrum is shown in Fig. 3, shaded region; see ‘‘Appen-

dix’’ for details on the calculation of the power spectrum).

When the second component of the time series is plotted

against the first component they form ‘‘MJO phase space’’

from which we can derive the instantaneous MJO ampli-

tude and phase. If the amplitude of the MJO index is

greater then 1 one it is assigned a particular phase (an

integer between 1 and 8), corresponding to 45� divisions of

MJO phase space, otherwise it is considered null (Wheeler

and Hendon 2004).

3 Intraseasonal variability in observed sea level

and surface wind

The annual cycle of go was estimated for each tide gauge

location by regression onto sinusoidal and cosinusoidal

functions with an oscillation period of one year. Annual

maxima of 15–25 cm are found with similar phases across

all stations (peak in late December and early January, not
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Fig. 1 The model domain and bathymetry. The 25, 50, and 200 m

depth contours are indicated by black lines. The white circles show

the tide gauge locations: (1) Ko Lak, (2) Geting, (3) Cendering, (4)

Kuantan, (5) Tioman, (6) Sidili, and (7) Vung Tau. The black box
over the Gulf of Thailand encloses the area used to calculate the Gulf-

mean wind

Table 1 Details on the tide

gauge records

The data were obtained from the

Hawai‘i Sea Level Center

Tide Gauge Latitude (N) Longitude (E) Start End % Complete

Ko Lak 11�480 99�490 2/1/1985 30/12/2010 94.9

Geting 6�140 102�60 17/12/1986 30/12/2006 99.0

Cendering 5�160 103�110 2/11/1984 30/12/2006 99.0

Kuantan 3�590 103�260 23/12/1983 30/12/2006 98.6

Tioman 2�480 104�80 14/11/1985 30/12/2006 97.1

Sidili 1�560 104�70 24/12/1986 30/12/2006 98.1

Vung Tau 10�200 107�40 2/1/1986 30/12/2002 97.1
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shown), consistent with Shaw and Chau (1994). The annual

cycle (and its first two harmonics) were removed for the

remainder of the analysis.

Power spectra of sea level in the Gulf of Thailand show

peaks on intraseasonal time scales especially for Ko Lak

and Geting which are near the head of the Gulf (Fig. 3,

upper left). Variability in these time scales is also related

to the MJO: the coherence between sea level at Ko Lak

and the MJO is statistically significant and greater than

*0.5 over time scales where the MJO is most energetic

(Fig. 4). (When we refer to the coherence between a scalar

time series, such as sea level, and a bivariate time series,

such as the MJO index, we mean the multiple coherence

between the scalar time series and the two components of

the bivariate time series, see ‘‘Appendix’’ for more

details.) The coherence is lower for the other stations

(0.25–0.4) but most show a distinct local maximum on

intraseasonal time scales. This suggests that the MJO may

play an important role in intraseasonal sea level variability

in the Gulf.

In order to further examine the role of the MJO on sea

level variability we have calculated composites of sea level

with the MJO phase. These composites show that the MJO

modulates sea level in the Gulf with amplitudes of up to

4 cm at Ko Lak (Fig. 5, black lines) which are statistically

significant at the 5 % level. The statistical significance of

these composites was calculated using the Monte Carlo

technique whereby the MJO phase vector is randomly

shifted relative to the sea level series and the composites

are recomputed (see Wheeler et al. 2009). This was done
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Fig. 2 Observed and simulated sea level over a typical 2-year period

for (from top to bottom) Ko Lak, Getting, Cendering, Kuantan,

Tioman, Sidili, and Vung Tau. The solid lines show the observed sea

level (go) and the red lines show the model simulation from the

nearest wet grid cell (gm). The series have been high-pass filtered

with a cutoff period of 1/2-year
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1,000 times and the 95 % confidence interval is shown by

the error bars in Fig. 5.

The relationship between sea level and the MJO may be

a setup and setdown response to surface wind stress as

suggested by Zhuang et al. (2010) and similar to the rela-

tionship shown to exist in the Gulf of Carpentaria by Oliver

and Thompson (2011). The Gulf-mean wind is highly

coherent ([0.7) with sea level variability at the tide gauges

on time scales shorter than 1 year (Fig. 6, left panel).

Furthermore, the Gulf-mean wind is strongly related to the

MJO, particularly the zonal component (coherence 0.7–0.8

over the time scales where the MJO is most energetic, Fig.

6, right panel). This evidence strongly supports the

hypothesis that sea level variability in the Gulf is driven by

MJO-related surface wind.

The surface wind variability over the Gulf of Thailand is

also strongly linked to the local monsoon cycle. The

northeasterly trade winds (also called the northeasterly

monsoon) dominate over the November to March period.

Over the April to September period the Asian monsoon

causes a reversal of the mean flow with surface winds

predominantly southwesterly. Wind strength is particularly

weak during the pre-monsoon (March to May) and during

the transition between the two monsoon regimes (October).

The distribution of wind directions on intraseasonal time

scales was estimated using a histogram. The full circle of

angular directions was divided into 30 bins (the width of

each bin was approximately 12�) and the average wind

direction within each bin was then calculated. On intra-

seasonal time scales the wind anomalies are predominantly

in the easterly/westerly direction (see Fig. 7, histogram

bars; the tallest bar represents a total of 714 days at that

wind direction).

To examine the relationship between the MJO and Gulf-

mean wind direction we calculated the direction-dependent

intraseasonal coherence. The coherence was calculated

between the Gulf-mean wind, projected onto an axis, and

the MJO index. These coherencies were then averaged over

intraseasonal time scales (between 30 and 90 days) and

plotted as a function of 360 discrete axis directions cov-

ering a full circle (Fig. 7, solid line). The intraseasonally-

averaged coherence with the MJO is greatest for wind
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directions ranging from westerly to northwesterly (or

equivalently easterly to southeasterly since we are con-

sidering intraseasonal anomalies). The direction for peak

relationship with the MJO corresponds to the direction of

predominant wind variability on intraseasonal timescales

(Fig. 7, histogram bars). We will show in Sect. 4.2 that sea

level in the the Gulf of Thailand responds most strongly to

winds approximately in this direction as well. Therefore, it

is anticipated that the MJO will provide a strong contri-

bution to intraseasonal wind-driven sea level variability

(and associated circulation variability) in the Gulf.

Another way of exploring the relationship between the

MJO and Gulf-mean wind is by compositing based on MJO

phase. On intraseasonal time scales, anomalous easterlies

are experienced over the Gulf when the convective

anomaly associated with the MJO propagates from the

Indian ocean eastward onto the Maritime Continent (phases

1–3); anomalous westerlies are experienced over the Gulf

when this convective anomaly moves into the Western

Pacific (phases 5–6, Fig. 5h, black line). This is consistent

with the behaviour of coastal sea level which exhibits peak

setup during phases 1–2 and peak setdown during phases

5–6 across all stations (Fig. 5a–g). The meridional com-

ponent of the surface wind is not significantly different

from zero during any MJO phase (Fig. 5h, blue line).

In addition to the mean wind, the wind variability is also

strongly seasonal. The seasonal cycle of wind variability

and its relationship with the MJO was examined by cal-

culating seasonally stratified power spectra of the zonal

component of the Gulf-mean wind (see ‘‘Appendix’’ for

details on this calculation). Figure 8 shows that on intra-

seasonal time scales the zonal wind is very energetic from

June to February (left panel). This period of time also

corresponds to when the zonal wind is most coherent with
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the MJO index (0.75–0.9, right panel). The intraseasonal

variability and the MJO-wind coherence are weakest dur-

ing the pre-monsoon (March–May) when the mean wind is

weakest; the intraseasonal variability is strong in October

during the transition between the two monsoon regimes

indicating that the variance remains large despite a reduced

mean wind speed. The seasonal timing is also consistent

with the seasonal cycle of observed intraseasonal precipi-

tation variability in this region (Hsu 2012).

The seasonal cycle of observed sea level variability was

calculated in the same way as for the wind and shows a

similar cycle (Figs. 9, 10, left panels). This is especially

true at Ko Lak which is nearest to the head of the Gulf. We

will use the circulation model (described in the next sec-

tion) to reproduce these sea level variations and then use it

to map the sea level and circulation response to the MJO

over the entire Gulf of Thailand.

4 Numerical model

The numerical ocean model used to simulate the Gulf of

Thailand and immediately adjacent shallow regions was

the fully nonlinear Princeton Ocean Model (POM, e.g.

Blumberg and Mellor 1987). The model configuration is

described (Sect. 4.1) followed by process studies which to

describe potential natural resonances in the Gulf (Sect. 4.2)

4.1 Model configuration

The model configuration was similar to that used by Oliver

and Thompson (2011) but with important differences out-

lined here. The model domain is shown in Fig. 1. The

model variables are arranged on an Arakawa C-grid with a

spatial resolution of 1/6� (138 points latitudinally and 99

points longitudinally). The bathymetry (Fig. 1) was aver-

aged onto to the model grid from the high-resolution (30

arc-second) General Bathymetric Chart of the Oceans (IOC

et al. 2003). The surface wind was derived from six-hour
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CFSR and CFSv2 reanalysis surface winds, linearly inter-

polated to the model time step, and was used to force the

model. Note that the effect of atmospheric pressure varia-

tions was ignored.

The model was run in two-dimensional barotropic mode

with the density of water fixed at 1025 g kg-1. The

boundary condition at the coasts was no normal flow and

no slip; at the open boundaries radiation conditions were

applied to allow waves generated within the domain to

escape. The bottom stress was of the form cd u|u| where the

minimum and maximum values of the bottom friction

coefficient cd were 2.5 9 10-3 and 5 9 10-3, respectively,

and u is depth averaged flow. The initial condition was

zero flow and a flat sea surface. The time step for the

calculation was 12 s. The model was run for 1979–2011

(33 years) and depth-averaged sea level and current fields

were output daily.

4.2 Natural resonances

Natural resonances in the Gulf due to wind direction or

period of oscillation may confound the analysis of the

response to MJO-related forcing so they must be ruled out

before proceeding further. To test for a natural resonance

of the Gulf on intraseasonal time scales the model was

forced by periodic easterly/westerly winds with an ampli-

tude of 10 m s-1 for 700 days. Runs were performed for

forcing with oscillation periods between 5 and 150 days.

Sea level was averaged spatially over the domain bounded

by 99.1�E, 101.9�E, 8.1�N, and 14.4�N and a steady

oscillation of average sea level in this domain takes

approximately 10 days to spin up. The maximum amplitude

(gain) over the final 350 days was calculated for each run

and plotted against the oscillation period of the forcing (not

shown). Over the intraseasonal band (30–90 days) the gain

deviates by less than 4 % from a flat line; there is a peak in

the gain for oscillation periods of 8 days but this may be

due to aliasing of the daily time series. Therefore, we can

rule out the possibility of a natural resonance on intrasea-

sonal time scales.

The dependence of sea level setup on wind direction was

examined in a second set of sensitivity studies. Sixty-four

separate model simulations were performed with a wind

forcing speed of 5 m s-1 at 64 discrete wind directions.

The steady state response was averaged over the same

spatial domain defined above and days 201–365 of the

model output. The largest setup (setdown) response of sea

level was found for westerly (easterly) winds (dashed line,

Fig. 7b), consistent with the discussion in Sect. 3

5 Model simulated sea level and comparison

with observations

The sea level simulated by the ocean model for the

1/1/1979 to 31/12/2011 period was used to examine the

influence of the wind, and thus the MJO, on coastal sea

level in the Gulf of Thailand. A comparison of the model

simulations to the observed coastal sea level is performed

first (Sect. 5.1). The response of sea level and circulation in

the Gulf to the MJO is then mapped (Sect. 5.2) followed by

an exploration of its potential predictability (Sect. 5.3)
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5.1 Validation of simulated sea level

The annual cycle of the simulated sea level was estimated for

each tide gauge location as in Sect. 3. The simulated annual

cycles are generally smaller in amplitude (*5–10 cm) than

the observed annual cycles and the simulated peak amplitude

is reached 1–2 months later than for the observations (not

shown). Steric sea level changes, those due to thermal

expansion and salinity variations in the neighbouring deep

waters and which are present in the observations and not in

the model simulations, may account for this difference.

The annual cycle (and its first two harmonics) were then

removed from the model simulations of sea level at each tide

gauge location and the residuals are denoted gm. The model

captures the observed intraseasonal variability well (time

series can be seen in Fig. 2, red lines). The observed and

simulated time series, filtered to remove variability on time

scales longer than 1/2-year, are well-correlated (0.63–0.79,

see Table 2). In terms of standard deviation, the model

simulations underestimate the observed time series and the

standard deviation of the difference is generally similar to

that of the model simulations (see Table 2). The model

simulations capture the spectral peak on intraseasonal time

scales (Fig. 3, compare upper left and lower right panels).

The coherence over these time scales is high (0.7–0.9, Fig. 3,

upper right panel) with phase lags near zero (Fig. 3, lower left

panel, see ‘‘Appendix’’ for details on the phase spectrum).

The model simulations have a similar seasonal cycle of

intraseasonal variability (Figs. 9, 10). As with the annual

cycle, the model underestimates the amplitude of the

observed variability. However, the fact that go and gm are

well-correlated and exhibit the same seasonal cycle of

variability indicates that the model captures the important

aspects of the wind-driven response, particularly the tim-

ing, of the Gulf of Thailand on intraseasonal timescales.

5.2 Influence of the MJO on circulation and sea level

Composites of gm with MJO phase were calculated in

order to examine the relationship between the MJO and sea
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level and circulation in the Gulf of Thailand. Composites

of gm at the tide gauge locations agree well with obser-

vations in terms of timing and amplitude (Fig. 5a–g, red

lines). The role of the MJO on sea level and circulation in

the entire Gulf of Thailand can be examined by extending

the composite analysis to the entire model domain. These

maps show that the Gulf goes through a cycle of sea level

setup (phases 8 and 1–3) and setdown (phases 4–7) as the

Gulf-mean wind oscillates from easterlies to westerlies

(Fig. 11, coloured contours). The sea level response is

particularly strong along the western side of the Gulf and

appears to extend all along the Malay Peninsula.

The circulation anomalies are generally anticyclonic

during the setup phases (e.g., phase 3) and cyclonic during

the setdown phases (e.g., phase 7, Fig. 11, black arrows).

At peak setup and setdown there is very strong flow (up to

10 cm s-1) along both sides of the mouth of the Gulf of

Thailand (Cape of Camau to the northeast and mainland

Malaysia to the southwest). There is also strong flow

through the Malacca Strait out of (in to) the South China

Sea during setup (setdown). Therefore, the influence of the

MJO is not just at the coast, as indicated by the tide gauges,

but significant sea level and circulation variations extend

over the entire Gulf and adjacent regions.
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Table 2 Comparison of observed and simulated sea level

Name ro (cm) rm (cm) ro-m (cm) qom

Ko Lak 10.92 7.79 7.26 0.748

Geting 10.84 6.47 7.27 0.760

Cendering 8.79 5.29 5.62 0.791

Kuantan 8.06 4.62 5.32 0.779

Tioman 7.72 4.39 5.25 0.758

Sidili 8.13 4.38 5.52 0.770

Vung Tau 8.76 4.53 6.89 0.629

The columns (from left to right) are the standard deviation of the

observed (ro) and simulated (rm) sea level, the standard deviation of

their difference (ro-m), and the correlation (qom) between them (stan-

dard deviations are in cm). A highpass-filter with a cutoff period of 1/2-

year was a applied to the observed and simulated sea level series
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5.3 Potential predictability

The potential predictability of sea level setup in the Gulf,

and by extension the associated circulation pattern, is

explored by comparing time series of sea level from Ko

Lak to the MJO index over the 1996–2001 period (Fig. 12).

Intraseasonal variability of go and gm agree very well over

this time period (Fig. 12, black and red lines respectively).

The intraseasonal sea level variability also agrees well with

the MJO index which is shown projected onto the phase

1/phase 5 axis, with positive values representing phase 1

(this axis was chosen based on the composite maps shown

in Fig. 11). The good correspondence between the timing

of sea level and MJO events is particularly true during

Boreal Summer, Fall, and Winter (June to February); the

correspondence tends to break down during Boreal Spring

(March to May) which is when the intraseasonal wind

variability is weakest (Fig. 8, left panel). The correspon-

dence also tends to be weaker between June of 1998 and

February of 1999 suggesting a possible link to ENSO

activity (e.g., due to the large 1997/1998 El Niño event).

However, composites of go based on the eight phases of

the MJO did not show a statistically significant difference

in the MJO/sea level relationship during El Niño, La Niña,

and null years (defined based on the NINO3.4 index; not

shown).

The potential predictability of the MJO-related sea level

setup in the Gulf of Thailand can be quantified using a

simple statistical prediction model. We relate the observed

Ko Lak sea level series (gt) and the MJO index (first and

second components: I1,t and I2,t) using a lagged linear

regression model

gtþk ¼
XD

d¼0

b1;dI1;t�d þ b2;dI2;t�d þ �t; ð1Þ

where t is a time index, k is a future prediction time, the b
are regression coefficients and �t is an error term. The

model includes I1,t-d and I2,t-d at all lags d from 0 to

D. In practice the inclusion of so many lags provides an

overfit model and in this study we only include lags 0, 15

and 30 days which, after experimenting with many com-

binations, were found to provide consistent high correla-

tion values.

The model is trained on the first half of the time period

(2/1/1985–31/12/1997, *8 years) and validation statistics

are calculated over the second half of the period

(1/1/1998–30/12/2010, *8 years). The model is trained

over July through January only (the period where the MJO-

sea level connection is strongest) for each year in the

training period and for points in time for which the MJO

amplitude is greater than 1. Extra tests were performed

where the training period was further restricted based on an

increasing or decreasing MJO amplitude, defined as an

positive or negative difference in MJO amplitudes over a

two-day period. The record is not continuous over the

training period but is discrete due to these seasonal- and
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MJO-based restrictions. The time points were restricted

over the validation period in the same way.

The correlation of the model simulations and gt (over

the validation period) as a function of future prediction

time k is shown in Fig. 13 (solid line). The correlation is

approximately 0.32 instantaneously (k = 0 days). The

correlation at future prediction times are similar up until

k = 5 days at which point it begins to decrease reaching

zero at about k = 14 days. However, after 10 days the

correlation only drops by half indicating that in this time

period the model can still account for some (5–10 %) of

the variability. (These correlation values may seem low

but it should be kept in mind that, in order to simulate a

real-time prediction system, the sea level record was not

filtered and so retains variability on time scales outside

the intraseasonal band.) The model was also fit for peri-

ods of time when the MJO amplitude was increasing or

decreasing corresponding to a growing or diminishing

MJO event (Fig. 13, dashed and dot-dashed lines

respectively). The model provides enhanced predictability

out to about 8 days when the MJO amplitude is increasing

and decreased predictability when the MJO amplitude is

decreasing.

6 Summary and discussion

Observational records from tide gauges, reanalyzed surface

wind and a barotropic ocean circulation model were used to

show that a significant component of intraseasonal sea

level variability in the Gulf of Thailand is driven by MJO-

related wind stress. An initial statistical analysis of

observed sea level and reanalyzed wind variability indi-

cated that the sea level variability was consistent with

seasonal changes in zonal surface wind variability and that

this wind variability was strongly related to the MJO. The

ocean model, which was validated against the observed sea

level, was then used to map the MJO-related sea level

pattern in the entire Gulf of Thailand as well as the asso-

ciated depth-averaged circulation.

Sea level from seven tide gauges in the Gulf of Thailand

were shown to have a moderate relationship with the MJO,

strongest at the head of the Gulf. It was also shown that sea

level variability on time scales shorter than one year was

highly coherent with surface wind variability, i.e., on these

time scales the sea level variability is strongly linked to

wind stress variability. Additionally, the seasonal cycles of

intraseasonal sea level and zonal wind variability had the
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same structure, being strongest during the monsoon sea-

sons (June through February). Finally, the Madden–Julian

Oscillation was strongly linked to this variability except

during March to May when the surface wind makes the

transition between the trade winds and the monsoon-

dominated winds. Therefore, the observational evidence

indicated that intraseasonal sea level variability was par-

tially driven by MJO-related wind forcing.

The wind-driven sea level and circulation variability in

the Gulf was reconstructed over the 1979–2011 period

using a barotropic circulation model. The model was able

to reproduce the intraseasonal sea level variability

observed at the seven tide gauge locations with high cor-

relation coefficients and coherencies on time scales shorter

than about 1 year. The model was also able to reproduce

the seasonal cycle of intraseasonal sea level variability.

The response of the Gulf of Thailand shows a predict-

able cyclic response to the MJO. As the convective region

of the MJO propagates from the Indian Ocean eastwards to

the Maritime Continent, easterly surface wind causes a

setup of sea level of up to 5 cm and spins up an anticy-

clonic gyre in the Gulf (MJO phases 8 and 1–3); as the

convective region propagates away from the Maritime

Continent to the Western Pacific, westerly surface wind

causes a setdown of sea level and spins up a cyclonic gyre

in the Gulf (MJO phases 4–7). A simple statistical model

demonstrates that the MJO index can account for 5–10 %

of the sea level variability at the head of the Gulf of

Thailand with a lead time of up to 10 days. This simple

model uses the unfiltered sea level and MJO index time

series and so provides an upper limit on real-time pre-

dictability of the Gulf of Thailand sea level response. Such

a statistical model may lead to more accurate predictions of

intraseasonal sea level and circulation variability important

for planning in coastal communites and possibly changes in

biological productivity in the Gulf of Thailand.

A diagnostic three-dimensional model run was also

performed to test the sensitivity of the Gulf of Thailand to

seasonal stratification changes (not shown). Temperature

and salinity were held fixed at climatological values derived

from World Ocean Atlas 2009 seasonal climatologies

(Antonov et al. 2010; Locarnini et al. 2010). The differ-

ences between correlations and coherence spectra of go and

gm from both runs were negligible, e.g., O(0.05), and the

timing of the seasonal cyle of the mean and the variability

were essentially the same. Therefore, we can conclude that

the intraseasonal variability of sea level, in terms of cor-

relations and the timing of the seasonal cycle of variability,

was not sensitive to seasonal changes in stratification.

It is possible that there may be significant intraseasonal

sea level variability due to remotely-forced waves propa-

gating into the Gulf of Thailand from the Indian or Pacific

Oceans. To test this, first the average zonal and meridional

surface wind in the equatorial western Pacific (140�E–

160�E, 5�S–5�N) and the central Indian Ocean (70�E–90�E,

5�S–5�N) were calculated from daily CFSR 10 m wind

fields. Sea level at Ko Lak was coherent with zonal wind

over the Pacific Ocean on time scales of 40–65 days and

with zonal wind over the Indian Ocean on time scales of

50–57 days (not shown; statistically significant at the 5 %

significance level). Indian Ocean surface wind variability

leads sea level by 10–20 days and Pacific Ocean surface

wind variability lags sea level by 10–20 days over these

time scales. However, the local MJO-related wind over the

Gulf of Thailand should lag Indian Ocean wind variability

by 1–2 MJO phases and lead Pacific Ocean wind variability

by 1-2 MJO phases (Wheeler and Hendon 2004), consistent

with the lead/lag relationship found between sea level and

remote wind forcing. Therefore, it is not possible to deter-

mine for certain if these coherence and phase relationships

are due to (1) the propagation of MJO-related wind anom-

alies from the Indian Ocean, over the Maritime Continent,

and then the Pacific Ocean, or (2) ocean waves generated in

the open ocean then propagating into the Gulf of Thailand

region. Variability driven by remotely forced waves prop-

agating into the domain is not likely, given that the

numerical model (which includes only local forcing, i.e., no

boundary forcing) reproduces well the intraseasonal vari-

ability in sea level, including the timing relative to the MJO.

However a study covering a larger domain using a numer-

ical model that permits the appropriate wave modes would

be required to fully address this issue.

It is interesting to note that the Gulf of Thailand does not

appear as a region of strong connection between sea level

variability and the MJO in Oliver and Thompson (2010)

Fig. 13 Potential predictability of sea level variability at Ko Lak

from the MJO. The correlation between the lagged regression model

(with lags 0, 15 and 31 days) and Ko Lak sea level over the validation

period is plotted as function of future prediction time k (solid line).

The results for the model applied only for increasing MJO amplitude

and decreasing MJO amplitude are shown as dashed and dot-dashed
lines respectively
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but does exhibit large and statistically significant anomalies

in the composite maps of Webber et al. (2010). In Oliver

and Thompson (2010), the map of MJO-related standard

deviation of sea level (rp) was masked according to a

constant, globally representative 5 % significance level. In

this fashion, the sea level variability in the Gulf of Thailand

appeared not to have a statistically significant relationship

with the MJO. However, in principle the significance level

is spatially varying. A map of rp, masked according to a

5 % significance level that has been calculated indepen-

dently at each point in space, shows a statistically signifi-

cant relationship between observed (AVISO) sea level

variability in the upper part of the Gulf and the MJO (not

shown). This calculation indicates that the MJO accounts

for 30–35 % of the standard deviation (or 2–3 cm) in the

upper Gulf consistent with the results in this paper.

Further research could examine the MJO-related sea

level and circulation variability in the Indonesian Archi-

pelago as a whole. This region is very shallow, particularly

the western half adjacent to the islands of Borneo, Sumatra,

and Java, and straddles the Equator where MJO-related

wind forcing is strong. Therefore, we expect the ocean to

exhibit a strong amplification of MJO-related wind forcing.

However, patterns of MJO-related ocean variability may be

quite different from what is found in shallow semi-enclosed

seas such as the Gulf of Thailand and the Gulf of Carpen-

taria due to many points of open access to the deep ocean.

The analysis performed here only considers the Mad-

den–Julian Oscillation as quantified by Wheeler and Hen-

don (2004). This index does not distinguish between the

canonical eastward propagating Madden–Julian Oscilla-

tion, which is confined to lie approximately over the

Equator, and the northwestward propagating Boreal Sum-

mer Intraseasonal Oscillation (BSISO) which occurs pri-

marily over India, Southeast Asia, and East Asia. Recently,

the BSISO has been quantified in a similar manner as the

MJO index (i.e., Kikuchi et al. 2012; Lee et al. 2012) and it

would be interesting to explore the relative roles played by

the canonical MJO and the BSISO in driving intraseasonal

variability in the Gulf of Thailand.
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Appendix: Spectral analysis

Consider two scalar random processes {xt} and {yt} where

t ¼ 1; 2; . . . is a time index. The power spectra of {xt} and

{yt} are denoted fxx(x) and fyy(x), respectively, and their

cross-spectrum is denoted fxy(x), where x is the frequency.

The power spectra and cross-spectrum are calculated from

fxyðxÞ ¼ hIxyðxÞi ð2Þ

where Ixy(x) = dx(x)dy
*(x) is the periodogram and dx(x)

is the discrete Fourier transform of {xt} and is in general

complex valued. The complex conjugate is denoted by *

and a weighted running average, in the frequency

dimension, is denoted by hi. The weighted running

average is required because without performing such

smoothing the periodogram does not provide a consistent

estimator of the power spectra (e.g., Shumway and Stoffer

2000). An N-point Bartlett window, with N typically 10–

20 % of the length of the original time series, is used in

this study.

The squared coherence between {xt} and {yt} is defined

by Priestley (1981)

j2
xyðxÞ ¼

jfxyðxÞj2

fxxðxÞfyyðxÞ
; ð3Þ

The coherence is confined to lie between 0 and 1 and can

roughly be thought of as a ‘‘frequency-dependent

correlation coefficient’’ (Eq. 3 is similar in form to the

equation for squared correlation if the cross-spectrum is

replaced by the cross-covariance and the power spectra are

replaced by the auto-covariances). The associated phase

spectrum /xy(x) is given by

/xyðxÞ ¼ arctan
ImðfxyðxÞÞ
ReðfxyðxÞÞ

� �
ð4Þ

where Re(z) and Im(z) represent the real and imaginary

parts of z respectively. Given a statistically significant

value of jxy at some frequency x0 then /(x0) represents the

phase offset, in radians, between the coherent signals of

{xt} and {yt} at the frequency x0.

Given the bivariate random process fxtg where xt is

given by [x1 x2]t the coherence between {yt} and both

components of fxtg can be calculated using the squared

multiple coherence (Priestley 1981):

j2
xyðxÞ ¼

f xyðxÞf xx
�1f �xyðxÞ

fyyðxÞ
; ð5Þ

where

f xyðxÞ ¼ fx1yðxÞfx2yðxÞ½ �

f xxðxÞ ¼
fx1x1
ðxÞ f �x1x2

ðxÞ
fx1x2
ðxÞ fx2x2

ðxÞ

� �
ð6Þ

and * now corresponds to the conjugate transpose. Equa-

tion 5 generalises for multivariate fxtg. The equivalent

metric in the time domain is the coefficient of determina-

tion for a multiple linear regression model.
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Seasonally stratified power spectra are calculated as

follows. Consider the time series xs, defined as a 181-day

subset of {xt} centred on t = s:

xs ¼ fxtjt ¼ s� 90; . . .; s� 1; s; sþ 1; . . .; sþ 90g: ð7Þ

All points in time occurring on February 29 are removed so

that each year has exactly 365 days. The evolutionary

power spectrum, as a function of both x and s, is given by

fxyðx; sÞ ¼ hIxyðx; sÞi ð8Þ

where the periodogram is given by Ixy(x, s) = dx(x, s)

dy
*(x, s) and dx(x, s) is the discrete Fourier transform of xs.

The seasonal power spectra fxy
S (x, n) is given by the

averaging over all values of s which fall on the same day of

each year n

f S
xyðx; nÞ ¼

PN
i¼1 fxyðx; 365ði� 1Þ þ nÞ

N
for n ¼ 1; 2; . . .; 365

ð9Þ

where N is the number of years in the series. In summary,

power spectra are first calculated over 181-day subsets of

{xt} with each successive block shifted by one day to yield

the evolutionary spectrum. The seasonal power spectrum is

then calculated by averaging across years for the same mid-

date of the 181-day subsets (i.e., each January 1, January 2,

etc).
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