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a b s t r a c t

Remote sensing data sets and a high-resolution three-dimensional regional ocean model

were utilized to investigate the shifting of warm/cold regime and the associated sea

level variation in the South China Sea (SCS) during 2000–2003. Both the altimetry data

and the model results showed an increase in the sea level (warm phase) followed by an

abrupt decrease (cold phase) in the SCS during 2000–2003. Heat budget calculations

performed with the model revealed excess heat advection from the western Pacific

warm pool into the SCS during the warm phase than the cold phase. The warm phase,

which occurred during La Niña episodes, resulted from the intrusion of abnormally

warmer western Pacific water that increased the heat content and thus sea level in the

SCS. The cold phase, which occurred during El Niño episodes, was triggered by a

reduction in the net atmospheric heat flux followed by cold water advection into the

SCS. Decrease in the rate of precipitation minus evaporation (P�E) also accounted for

the falling of sea level during cold phase. The present study integrated the available

remote sensing data and advanced numerical model to identify the time-dependent

three-dimensional dynamic and thermodynamic forcing that are important in

governing the warm/cold regime shift in the SCS.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Global warming is emerging as one of the key issues
having ramifications on regional climate variability.
Recently, the Intergovernmental Panel on Climate Change
published its 4th assessment report (IPCC, AR4, 2007)
addressing climate change due to global warming. One of
the catastrophic consequences of global warming is the
rise in sea level. Global sea level rose at an average rate of
about 1.8 mm year–1 from 1961 to 2003 and sea level rise
was 3.1 mm year–1 from 1993 to 2003 (Cazenave and
Nerem, 2004; Holgate and Woodworth, 2004).

Though the issue of global sea level rise has received
considerable attention in the last decade (e.g., Gregory
et al., 2001; Antonov et al., 2002, 2005; Munk, 2002;
Cazenave and Nerem, 2004; Carton et al., 2005; Landerer
et al., 2006), there are still uncertainties in understanding
the physical processes leading to regional sea level
variations. Sea level change is found to be highly non-
uniform spatially, with certain regions undergoing rising
rates up to several times that of the global mean rise,
while in other regions sea level is falling (IPPC, AR4). In
the South China Sea (SCS), few studies have addressed the
inter-annual variations in sea level. Earlier studies focused
on the seasonal variations in sea level in the SCS. Using
Topex/Poseidon data for a short period, Shaw et al. (1999)
and Ho et al. (2000) showed that sea level in the SCS is
higher west of the Luzon Strait and the Taiwan Strait
during summer and is lower during winter. This seasonal
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variability was attributed to seasonally reversing mon-
soon winds.

With the availability of satellite data, long time series
of sea level data are available for studying inter-annual
trends. Using Topex/Poseidon data, Li et al. (2002) found
that the mean sea level in the SCS rose at a rate of
10.0 mm year–1 from 1993 to 1999 with higher values
located west of the Luzon Strait. The geographical
distribution of sea level was found to be non-uniform in
the SCS. Cheng and Qi (2007) used a longer time series of
merged altimetry data from 1993 to 2006 and showed a
sea level rise of about 11.3 mm year–1 in the SCS during
1993–2001, which is much larger than the global average
of 3.1 mm year–1 derived from satellite estimates. Inter-
estingly, the study also revealed a decrease in sea level in
the SCS during 2001–2005. The study by Fang et al.
(2006), using sea surface height from satellite altimetry
data, also reported a long-term positive trend in sea level
from 1993 to 2001 and a reversal in the sign of this trend
from 2001 to 2003. However, the process and mechanism
contributing to these dramatic shifts in sea level, which
are essential for understanding the warm/cold regime in
the SCS, have not been established.

Sea level variation in the SCS from merged altimeter
data from 1993 to 2006 is presented in Fig. 1a.
The detailed description about the data is presented in
Section 2. The time series in Fig. 1a shows a sea level
increase in the SCS during 1993–2000 and a sea level fall
during 2001–2005. The variations in the sea level were
closely associated with the occurrence of El Niño/La Niña
in the Pacific. The time series of Niño 3.4 SST index is

shown in Fig. 1b. Based on the definition of Trenberth
(1997), if a 5-month running mean of sea surface
temperature (SST) anomalies in the Niño 3.4 region
(51N–51S, 1201W–701W) exceeds 0.4 1C for 6 months or
more, then the year is defined as an El Niño year. It can be
seen from the figure that the La Niña events are generally
followed by an increase of sea level in the SCS, while sea
level falls during El Niño periods. The sea level in the SCS
showed an increase from January 1998 till December 2000
in association with the La Niña period and the sea level
decreased slowly during the transition period from La
Niña to El Niño episode. Then the sea level fell rapidly
during 2001–2005 in association with the subsequent El
Niño period.

The dynamic and thermodynamic forcing processes
that caused this observed sea level rise and fall in the SCS
are, however, not yet understood. This ‘‘enigma’’ is caused
by the uncertainty of circulation induced by complex
topography of the SCS (Fig. 2) which leads to uncertainty
in the heat budget calculation. This includes the mass and
heat transports through the narrow straits (e.g., Taiwan
Strait, Luzon Strait, and Karimata Strait) that connect the
SCS with the surrounding seas and the Pacific Ocean. The
SCS connects to the Pacific through the Luzon Strait in the
north and to the Java and Sulu Seas to the south through a
number of shallow passages. The circulation in the SCS is
influenced by El Niño and La Niña in the Pacific (Xie et al.,
2003; Wang and Wang, 2006; Wang et al., 2006). The
weakening (strengthening) of the northeasterly winds
during winter and the strengthening (weakening) of the
southwesterly winds during summer, associated with El
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Fig. 1. (a) Time evolution of sea level anomalies (cm) from the altimeter data for the South China Sea domain. The red curve shows the anomalies after

removal of the semi-annual cycle. (b) Time series showing the Niño 3.4 (51N–51S, 120–701W) SST index (for interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).
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Niño (La Niña) induce upper layer circulation changes in
the SCS. The modeling study on the inter-annual varia-
bility of circulation in the SCS by Wang et al. (2006)
showed weakening of cyclonic circulation during the
winter of 1997 associated with El Niño and the formation
of an anomalous anticyclonic gyre during the summer of
1998 associated with La Niña. The ENSO also affects the
heat budget of the SCS. The warm and saline water from
the Kuroshio of the Pacific enters the SCS through the
Luzon Strait and induces the strong influence of ENSO in
the SCS (Qu et al., 2004). Accordingly, Luzon Strait
transport exhibits inter-annual variation associated with
ENSO. The study by Qu et al. (2004) found that Luzon
Strait transport is stronger during El Niño years and is
weaker during La Niña years.

The thermal change in the upper layers of the water
column was found to be the prime mechanism for the sea
level variation in the SCS in the study by Cheng and Qi
(2007). They found that, during El Niño years, more water
from the Pacific penetrates into the SCS through the Luzon
Strait and water with higher temperature leaves the SCS
through the passages in the south, cooling the SCS and
lowering the sea level. However, the study by Zheng et al.
(2007) reported a greater intrusion by the Kuroshio during
La Niña years than the El Niño years. The study by Rong
et al. (2007) showed that the volume transport between
the SCS and the adjacent oceans and anomalous Ekman
pumping contribute to the sea level fall during the
developing stage of El Niño.

Though the above studies discussed the sea level
variability in the SCS during the same period, they
described different mechanisms for the sea level rise

and fall during 1993–2005. This may be due to the lack of
high-resolution data to better depict the mass and heat
transports through the narrow passages connecting the
SCS to the adjacent seas and the Pacific Ocean. In the
present study, we have used a three-dimensional high-
resolution (�10 km, 30 vertical sigma level) regional
model of the SCS (Gan et al., 2006) to investigate the
enigma in sea level variation in the SCS during
2000–2003.

2. The ocean model and data used for the study

2.1. Ocean model

The high-resolution ocean model used for this study is
the Princeton Ocean Model (POM), for three-dimensional,
time-dependent oceanographic flows governed by hydro-
static primitive equations (Blumberg and Mellor, 1987).
The Mellor and Yamada (1982) level 2.5 turbulent closure
scheme was used to parameterize the vertical mixing. The
model domain extends from 1.51N to about 261N in the
north–south direction and from about 1001E to 1301E in
the east–west direction. It included the region east of the
Philippines so that Kuroshio dynamics could be incorpo-
rated. A curvilinear horizontal grid was utilized with
259�181 grid points in the horizontal and 30 levels in the
vertical. The horizontal grid spacing was variable, with
small spacing (nearly 10 km) in the northern and central
parts of the domain and larger grid spacing (nearly
20–30 km) in the eastern and southern parts of the
domain. Active open boundary conditions, developed by
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Gan and Allen (2005b) and successfully applied in a
limited-area modeling study (Gan et al., 2005), were
implemented at the eastern and southern open bound-
aries. More details about the model can be obtained from
Gan et al. (2006).

The model was initialized with the 7-year mean winter
(1997–2003; December–February) temperature and sali-
nity from the regional ocean modeling system for the
Pacific (Curchitser et al., 2005). The Pacific model domain
covers the region from 301S to 651N and 1001E to 701W
with a horizontal grid size of 40 km and 30 vertical levels.
The forcing for the hindcast stage of the simulation in the
Pacific Ocean model was derived from the daily NCEP data
set. After an initial spin-up of 10 years, the Pacific Ocean
model was run in hindcast mode for years 1997–2003 and
outputs of every 3-day average are archived to provide the
lateral fluxes for the SCS model.

The SCS model was spun up for 1500 days. The spin-up
was forced with the 7-year mean wind stress in the
winter, derived from 11�11, 6 hourly NCEP data and with
the 7-year mean winter lateral fluxes at the open
boundaries. The 7-year mean heat flux was also applied
during the spin-up period. Then the inter-annual simula-
tions were performed with time-dependent atmospheric
and lateral fluxes from 1 January 2000 to 30 June 2003.
The model was found to be successful in reproducing the
mean circulation in the SCS (Gan et al., 2006).

The data from the ocean reanalysis product, simple
ocean data assimilation (SODA; Carton et al., 2000) were
also used for the study. The ocean model component is
based on the Parallel Ocean Program 1.3 numerical
representation of the Boussinesq primitive equations. This
ocean model has 900� 601 grid points with an average
0.251�0.41 resolution. The vertical resolution is 10 m near
the surface with a total of 40 vertical levels. Vertical
diffusion is based on the KPP parameterization of Large
et al. (1994), while horizontal diffusion is biharmonic.
Topography is based on the ETOPO30 data of Smith and
Sandwell (1997) with a few modifications to ensure
reasonable basin exchange rates. A sequential assimilation
algorithm is used to assimilate the observations and the
reanalysis product has a resolution of 0.51�0.51 with 40
levels in the vertical. The results from SODA were
compared with POM results and were also used for the
analysis of western Pacific region.

2.2. Data

The sea level variations in the SCS were studied using
merged altimetry data. Sea level anomaly (SLA) data from
merged Topex/Poseidon, Jason and ER-1/2, or Envisat SLA
data distributed by CLS Space Oceanography Division
was also used for the study (see http://www.aviso.
oceanobs.com/html). Weekly data from January 1994 to
December 2006 was used to prepare the monthly sea level
anomalies. The long-term mean was removed and a
3-month moving average was applied to get the time
series. Though the satellite altimetry gives valuable
information on the global sea level, its results in shelf
regions are still to be improved due to inaccurate

de-tiding (Bosch et al., 2006). Hence, we have used
altimetry data in the deeper regions, covering water
depths more than 200 m, for the study. For consistency,
all the other data sets used to prepare the time series were
also averaged for water depth greater than 200 m in the
SCS.

The atmospheric parameters employed in the data
diagnostic included the atmospheric heat fluxes from the
National Centre for Environmental Prediction (NCEP;
Kistler et al., 2001) and the precipitation data from
Climate Prediction Center Merged Analysis of Precipita-
tion (CMAP; Xie and Arkin, 1997). Both data sets have a
resolution of 2.51�2.51. The sea surface temperature was
from 11�11 resolution OISST derived from an optimal
interpolation technique that regressed satellite retrievals
against in situ ship and buoy observations (Reynolds
optimum interpolated SST; Reynolds and Smith, 1994).
These data sets were for the period 1994–2006. The high-
resolution SST data were required for comparing the high-
resolution model results. We have used 4 km resolution
SST from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) for the period 2000–2003.

3. Factors affecting sea level variation

The changes in the sea level represent a combination of
changes that include changes of the mass of the oceans
due to water-mass exchange, melting of continental ice,
and filling of continental reservoirs (eustatic changes);
changes in the thermal and haline structure of the oceans
(steric changes); and geologic changes that cause vertical
crustal movements of tide gauges, mainly from post-
glacial rebound (Church et al., 2001; Carton et al., 2005).
However, for a tropical sea like SCS, the water-mass
exchange and the steric changes can be considered as the
prime mechanism causing sea level variations. Levitus
et al. (2005) pointed out that, during the last decade, the
temperature of the global oceans has increased by 0.037 1C
in the upper 3000 m and that this thermal expansion of
the ocean contributes significantly to global sea level rise.
However, the studies by Willis et al. (2004) and Antonov
et al. (2005) showed that thermosteric (temperature) sea
level rise for the global oceans accounts for only half the
sea level variation detected by satellite estimates and
the input of fresh water into the oceans explains the
remainder of sea level rise (Antonov et al., 2002).
The study by Ishii et al. (2006) showed that sea level
variations are caused mainly by temperature changes and
that the effect of salinity variations is significant at higher
latitudes and in the Atlantic Ocean. This is also supported
by the study of Kang et al. (2005) who analyzed the sea
level variations in the East/Japan Sea (EJS) using altimetry
and tide gauge data and found that the sea level rise in the
EJS is mainly due to thermal expansion.

Thermosteric and halosteric (salinity) sea level varia-
tions can be represented by steric sea level changes. The
steric sea level change represents the vertical expansion
or contraction of the water column in response to changes
in the local density structure caused by thermosteric and
halosteric variations. According to Landerer et al. (2006),
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sea level variation can be represented as follows:

Z0 ¼ Z0a þ P0bg�1r�1
0 þ Z

0
s (1)

where prime represents variations with respect to time, Z0a
the barometric correction to sea level, P0bg�1r�1

0 the
contribution from bottom pressure changes, and Z0s the
steric sea level variation. The barometric correction to sea
level is assumed to be zero.

The steric sea level deviation Z0s is given by

Z0s ¼
Z 0

�H

r0ðx; y; zÞ � rðx; y; z; tÞ
r0ðx; y; zÞ

dz (2)

or

Z0s ¼ �
Z 0

�H

r0

r0

dz (3)

Z0s represents the change in the volume of the ocean
without changing the mass of the ocean. Any changes in
the temperature and salinity of the water column can
cause the thermal expansion/contraction of the water
column by changing the heat content and steric variation
in sea level. Thus, Eq. (1) implies that the total sea surface
height and steric height are only equivalent if bottom
pressure changes are zero. The difference between the
total sea level change Z0 and steric sea level variation Z0s
gives the bottom pressure change which is equivalent to
the mass redistribution within the oceans. Thus, the total
sea level variation can be represented as the sum of the
steric sea level deviation and mass redistribution. In the
SCS, the mass redistribution can be considered as South
China Sea throughflow, which involves the inflow through
the Luzon Strait and the outflow through the Karimata,
Mindoro, and Taiwan Straits (Qu et al., 2005, 2006).

4. Results and discussion

To understand the sea level variation in the SCS, each of
those factors that affect the temperature and salinity
variations in the SCS and the mass and heat exchange
between the SCS and the adjacent seas and the Pacific was
examined. Thermal expansion of the water column is
caused by net heating at the surface of the ocean or the
entire water column. In addition to this, El Niño/La Niña in

the Pacific influences the sea level variations in the SCS to
a larger extent by changing the dynamic condition, and,
hence, the mass and heat transport cross the Luzon Strait.
In the following analysis we examine the factors that
affect the sea level at the ocean surface and the entire
water column including the water and heat exchange
between the SCS and the Pacific Ocean.

4.1. Net atmospheric heat flux

The exchange of heat and fresh water (evaporation/
precipitation) between the ocean and the atmosphere
modifies the density of the ocean and, hence, the sea level
of the ocean. In an extensive review, Cazenave and Nerem
(2004) pointed out that the recent increase in sea level in
global oceans may be due to an increase in heat storage
within the ocean and that such an increase only required a
net global increase in surface heat flux of 1–2 W m�2

(Willis et al., 2004).
The net atmospheric heat flux anomalies were com-

puted from the NCEP data for the SCS domain:

Qnet ¼ LHF þ SHF þ LW þ SW (4)

where LHF is the latent heat flux (W m�2), SHF the sensible
heat flux (W m�2), LW the long wave radiation flux
(W m�2), and SW the shortwave radiation flux (W m�2)
at the surface of the ocean. The positive values of heat flux
represent the ocean gaining heat from the atmosphere.

The net atmospheric heat flux anomalies, averaged for
the SCS domain, for water depth greater than 200 m are
presented in Fig. 3 (black solid line). The net-heat flux
reached maximum positive values during January 1997
and was associated with the strongest El Niño of the last
century. During the El Niño years, there was a reversal in
the atmospheric Walker circulation with anomalous
ascent over the central and eastern part of the equatorial
Pacific and anomalous descent over the equatorial Indo-
western Pacific region (Klein et al., 1999). The proximity of
the SCS to the anomalous descent region induced reduc-
tion in wind speed and cloudiness over the SCS. Shortwave
radiation increased and latent heat loss from the ocean
decreased. A combination of these caused an anomalous
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Fig. 3. Time evolution of SST anomalies (1C) and net-heat flux anomalies (W m�2) for the South China Sea domain. The blue curve represents the net-heat

flux anomalies after removal of the semi-annual cycle (for interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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increase in the net heating to the SCS during and after the
mature phase of El Niño.

When the heat flux reached maximum value during
January 1997, the sea level was the lowest in the SCS
(Figs. 3 and 1). Then the negative anomalies of net-heat
flux increased during La Niña and reached a minimum
value in December 2001. The sea level anomalies
increased during this period and the net-heat flux
variation was found to be out of phase with the seasonal
variation of the sea level anomalies. However, during
December 2001, when the La Niña phase changed into El
Niño, the heat flux reached minimum and the sea level fell
dramatically in the SCS. The La Niña phase decayed by
March 2001 and the El Niño started to develop by March
2002. During this transition period, the heat flux and the
sea level variations were found to be correlated well in the
SCS domain. The minimum in the heat flux during
December 2001 coincided with the beginning of decreas-
ing phase in sea level in the SCS. Again atmospheric
heating to the SCS increased with El Niño, but the sea level
continued to fall in the SCS until December 2004 before a
new regime started.

The sea surface temperature anomalies (green curve in
Fig. 3) also show inter-annual variations similar to the
heat flux anomalies. During most of the period of study,
the SST anomalies were positive except between 1994 and
1996 and after 2003. The SST anomalies were negatively
correlated with the net atmosphere heat flux anomalies
except during 1994–1996, and were generally not corre-
lated with the sea level variations. Wang et al. (2006)
showed that the SST in the SCS is largely influenced
by ENSO. The SCS SST anomalies lagged the Niño 3 SST by
5 months (Klein et al., 1999; Wang et al., 2000).

4.2. Precipitation minus evaporation

Freshwater exchange via salinity variation has a
secondary effect on sea level variability. However, salinity
effects were found to be significant over certain regions,
especially over the western Pacific where salinity varia-
tion accounts for more than 20% of the sea level anomalies
(Maes, 1998). Antonov et al. (2002) noticed that, in
addition to the sea level change caused by temperature

variation, the input of fresh water into the ocean also
contributed to sea level variations. We analyzed the effect
of freshwater exchange by considering the precipitation
minus evaporation (P�E) in the SCS. We computed
evaporation rate from the latent heat flux because an
accurate estimate of evaporation from observations was
not available.

The evaporation (E) is given by

E ¼ LHF=Lt (5)

where LHF is the latent heat flux (W m�2) and Lt the latent
heat of vaporization, Lt ¼ 2.5�106 J kg�1.

The (P�E) is estimated for the SCS by taking the
difference between the monthly mean precipitation
derived from CMAP and the monthly mean evaporation
that was computed from latent heat flux from NCEP. The
(P�E) for the SCS domain is shown in Fig. 4. Besides the
inter-annual variations associated with ENSO that re-
sulted in a reduction of (P�E) in the SCS during the El Niño
years, the long-term trend of the (P�E) was generally an
increasing mode till 2000, but turned to a faster decreas-
ing mode in 2001.

Cheng and Qi (2007) estimated the precipitation and
evaporation rates in the SCS and found that precipitation
exceeded evaporation by about 0.06–0.15 Sv/year
(1 Sv ¼ 106 m3 s�1). Salinity variations were also caused
by river discharge. The annual discharges of Pearl and
Mekong rivers, the two major rivers in the SCS, are only
0.013 and 0.016 Sv, respectively. This is very small
compared with the magnitude of (P�E). Fig. 4 shows that
the trend of P�E was in phase with the sea level anomalies
and had a correlation coefficient of about 0.5 during
1997–2003. The P�E contributed to the sea level rising at
a rate of 1.5 mm/year from 1994 to 2000 and to the sea
level falling at a rate of 4.8 mm/year afterwards. The rising
rate in the sea level contributed by P�E was one order of
magnitude smaller than the observed rising rate of
11.3 mm/year and thus had a nominal contribution to
sea level rise during this period. On the other hand, the
falling rate contributed by P�E was comparable to the sea
level falling rate (6.03 mm/year) and contributed to about
80% of the sea level fall. Careful examination of correlation
between (P�E) and sea level variations (Fig. 4 vs. Fig. 1)
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Fig. 4. Time evolution of (P�E) anomalies (cm) for the South China Sea domain.
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indicated that the decrease of (P�E) started at January
2001, about 6 months ahead of sea level fall. This implies
that the contribution of the (P�E) to the sea level change
was small at the beginning of the regime shifting. Rong
et al. (2007) also found that precipitation could have a
significant effect on the sea level variability in the SCS
during and after the mature phase of El Niño. Thus, it is
clear from the above analysis that although the (P�E)
could cause the sea level fall during the El Niño years, it
alone could not explain the sea level variation in the SCS
as shown in Fig. 1.

4.3. Sea level, net-heat flux, and SST from the model

To get a better understanding of the physical processes
leading to the sea level shift in the SCS, we restricted our
analysis to the period 1 July 2000–30 June 2003 when the
sea level was highest and then fell dramatically causing a
regime shift. The SLA from the high-resolution ocean
model and the altimetry data for water depth greater than
200 m are shown in Fig. 5a. The dashed line represents the
SLA from the model and the solid line represents
anomalies from altimetry data for the period July
2000–June 2003.

To identify the dynamic and the thermodynamic
forcing that are important in governing sea level varia-
bility in the SCS, we divided the time series into the warm
phase when the SLA was higher and the cold phase when
the SLA was lower. Since the sea level generally showed an
increasing trend during September 2000–August 2001
and a decreasing trend from September 2001 to August
2002, the two time periods are defined as the warm and
cold phases in the following discussion, respectively.

The net-heat flux from the model which represents the
feedback effect of model’s SST was compared with the
net-heat flux computed from NCEP reanalysis and is
presented in Fig. 5b. Both the fluxes were computed for
water depths greater than 200 m in the SCS. The net-heat
flux from NCEP data was computed using (4). The seasonal
variability in the fluxes can be observed in the figure with
both the model heat flux and the NCEP flux being higher
during March–May before the onset of the southwest
monsoon winds. During this time, the sky over the SCS
was relatively clear with less cloud cover and rainfall, and,
thus, more shortwave radiation entered into the upper
layer of the ocean (Wang and Wang, 2006). Owing to the
weak winds, the loss of latent heat flux from the ocean
was also low and both of these factors caused a seasonal
maximum in net-heat flux during March–May and vice
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Fig. 5. (a) Time evolution of sea level anomalies (cm) and (b) net-heat flux anomalies (W m�2) for the South China Sea domain. Dashed line represents the

anomalies of net-heat flux and sea level from the model.
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versa during December–January. A striking feature in the
net-heat flux variation was the sharp decrease in the heat
flux during December 2001 both in the model and NCEP
when the sea level started to fall in the SCS.

The spatial pattern of net atmospheric heat flux during
the warm and cold phases are presented in Fig. 6. The
positive values represent gain of heat by the ocean and
negative values the loss by the ocean. The net-heat flux
was positive in the southern SCS and was negative in the
northern part during both the warm and the cold phases.
However, during the cold phase, a considerably larger
magnitude of heat loss (negative value) occurred over the
northern part of the SCS. The gain of heat represented by

the positive values in the southern part of SCS also
decreased during the cold phase in comparison with the
warm phase. Thus, there was a net reduction in the net
atmospheric heat flux from the warm to the cold phase in
the SCS.

The sea surface temperature from the MODIS and
model during the warm and cold phases are shown
in Fig. 7. The SST during the warm phase was more than
30 1C in the southern SCS, in the Gulf of Thailand and to
the west of Luzon Islands. The Kuroshio was indicated by
the warm water track both in the model and observation,
while cold SST (below 24 1C) is seen in the northern part of
the SCS and in the Taiwan Strait. However, during the cold
phase, the SST decreased and generally lower values were
seen in the SCS (Figs. 7c and d), particularly in the regions
west of Luzon and in the southern SCS. The lower SST
north of 221N further decreased during the cold phase.
Another important feature was the decrease in the
temperature of the Kuroshio and the western Pacific
during the cold phase. The decrease in the net atmo-
spheric heat flux from warm to cold phase has contributed
to the decrease of SST during the cold phase. The SST from
the model was found to be generally lower than the
MODIS SST, but had major characteristics of variations
similar to the MODIS SST during both the warm and the
cold phases.

4.4. Western Pacific warm pool and sea level variations in

the SCS

4.4.1. SST and heat content

The SCS is located within the area of the Indo-Pacific
warm pool that anchors the largest atmospheric convec-
tion center. The 28 1C isotherm is often chosen as the
boundary for the warm pool. Because the SST in the SCS
during the warm and cold phases showed considerable
difference consistent with the temperature changes
observed in the western Pacific warm pool, we have
analyzed the SST in the Indo-Pacific warm pool from
MODIS data (Fig. 8). The Indo-Pacific warm pool is a
region of critical importance for the development of ENSO
events which, to a large degree, involves zonal displace-
ments of the warm pool and the location of atmospheric
convection (Philander, 1990). Fig. 8 shows warm SST
anomalies (SSTA) in the western Pacific and in the SCS
during the warm phase. Positive SSTA were seen across
the Luzon Strait, in the southeastern SCS, and near the
Karimata Strait. However, during the cold phase the
western Pacific and the SCS were covered mainly by the
negative SSTA.

Similar trends were also reflected in the subsurface
temperature anomalies (SOT). The domain-averaged tem-
perature anomalies as a function of water depth from
SODA for the SCS (1001E–1201E, 01–221N) and equatorial
western Pacific (1201E–1401E, 101S–101N), (indicated by
boxes in Fig. 8b) during the warm and cold phases are
shown in Fig. 9a. The temperature profiles show general
positive/negative anomalies of temperature in the water
column in both the western Pacific and the SCS during the
warm/cold phase. In particular, the largest positive
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Fig. 6. Spatial distribution of net-heat flux (W m�2, shaded) from NCEP

reanalysis data: (a) warm phase (September 2000–August 2001). (b)

Cold phase (September 2001–August 2002). The contour lines represent

net-heat flux anomalies.
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temperature anomalies occurred around 100 m depth
during the warm phase both inside and outside of the
SCS. However, the largest negative temperature anomalies
centered at 150 m in the western Pacific and 50 m in the
SCS during the cold phase.

Li and Mu (1999) studied the SOT in the western Pacific
warm pool and the occurrence of ENSO. They found
presence of positive (negative) SOT in the western Pacific
prior to the occurrence of El Niño (La Niña) and these
positive (negative) anomalies were replaced by negative
(positive) SOT during the developing and mature stages of
El Niño (La Nina). The study by Zhang and Levitus (1997)
also reported the presence of negative (positive) SOT in
the western tropical Pacific during El Niño (La Niña) years.
The longitude-time plot of SOT at 100 m depth for the
equatorial western Pacific and SCS is shown in Fig. 9b. The
warm and cold phases are also marked in the figure.
During the developing and mature stages of El Niño in
1997 and 2002, negative SOT were present in the
equatorial western Pacific, but during La Niña years
(between 1998 and 2001), positive SOT were seen. It is
interesting to note that the pattern of SOT in the SCS was
generally similar to that in the western Pacific, particu-
larly during the warm and cold phases.

The warm SOT in the equatorial western Pacific prior to
the El Niño builds up high heat content. Eastward
migration of the western Pacific warm pool with en-

hanced heat content anomalies (HCA) during the devel-
opment stages of the 1997 El Niño event was discussed by
McPhaden (1999). Negative heat content anomalies were
observed in the western Pacific when the El Niño matures.
In the off-equatorial band there was westward propaga-
tion of heat content anomalies from the eastern Pacific
following the El Niño and La Niña events (Zebiak, 1989;
Kirtman, 1997). These are associated with the off-
equatorial Rossby waves found in the latitudinal band
poleward of 61N from the equator during the ENSO
episodes. Following the La Nina event, negative HCA

propagate westwards, while following the El Niño event,
positive HCA propagate westwards. The propagation of the
off-equatorial HCA is presented in Fig. 10. The HCA in the
upper 300 m of the water column were computed from
SODA as follows:

HCA ¼ rCp

Z 300

0
ðT � Tc limÞdz (6)

where r is the density of the water column (r ¼ 1000 kg
m�3), and Cp the specific heat capacity of water (Cp ¼ 4186
J kg�1 K�1). T is the temperature of the water column, and
Tc lim the mean climatological temperature. The HCA is
averaged in the off-equatorial band between 101N and
201N. It can be seen that following the 1997 El Niño,
positive HCA propagated westwards and reached the
western boundary during 1998. These positive HCA
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Fig. 7. Sea surface temperature (1C) from MODIS and model: (a, b) warm phase (September 2000�August 2001). (c, d) Cold phase (September

2001–August 2002).
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persisted in the off-equatorial western Pacific till 2001,
which corresponded to the warm phase in the SCS, while
during the cold phase following the La Niño year, a
negative HCA persisted in the western Pacific.

The ENSO signal from the western Pacific is trans-
mitted into the SCS through the western boundary
current, the Kuroshio, which flows poleward north of
101N in the western Pacific. During the La Niña period
(1998–2001), the heat content in the western Pacific was
higher and the intrusion of Kuroshio transported warmer
water into the SCS through the Luzon Strait. With the
increase in the heat advection from the Pacific, the heat
content in the SCS was increased and sea level rose during
that period, while during the cold phase (El Nino years)
the heat advection from the Pacific was lowered. The heat
transport across the Luzon Strait is examined in detail
using the high-resolution ocean general circulation model
and is presented in Section 4.2. These results suggest that
the warm and cold phases in the SCS were highly
correlated with the western Pacific subsurface tempera-
ture.

4.4.2. Heat content anomalies and steric sea level variation

The strong influence of the subsurface temperatures of
the western Pacific in the SCS can be seen in the

horizontal distribution of annual mean HCA (Fig. 11a),
obtained from SODA data covering both the SCS and the
western Pacific. The HCA were averaged for the warm and
cold phases, respectively. During the warm phase, strong
positive HCA were seen in the western Pacific and the
Kuroshio region. There was an extension of these positive
HCA from the western Pacific through the Luzon Strait into
the SCS which connected with the positive HCA in the
central and northern parts of the SCS. However, negative
HCA were seen in the southern part near the Karimata
Strait. The difference in the HCA between the warm and
cold phases is presented in Fig. 11b. The positive values of
difference between warm and cold phases seen in the
western Pacific, the Luzon Strait and SCS clearly indicated
an excess of warming in these regions and the linkage
among them during the warm phase.

The changes in the heat content of the ocean caused
the steric variability of sea level (Gill and Niiler, 1973). The
steric sea level anomalies were computed using Eq. (2)
and are shown in Fig. 11c for the warm phase. The steric
sea level anomalies resemble the heat content anomalies
with large steric height variation in the Kuroshio region of
western Pacific near Luzon Strait and in the SCS during the
warm phase. The difference in the steric sea level variation
between warm and cold phases (Fig. 11d) showed that the
steric height anomalies were greater in the SCS during the
warm phase than during the cold phase. These are in
agreement with the corresponding steric height variations
in the western Pacific region.

The above analysis gives a broad picture of the effect of
subsurface temperature anomalies in the western Pacific
on the sea level variability in the SCS. The Pacific water
enters into the SCS through the Luzon Strait. The strait has
a width of about 350 km and hence we need high-
resolution data to resolve the volume transport in order
to quantify the intrusion of warm Pacific water and its
contribution to sea level variability in the SCS. For this
purpose we used the high-resolution regional ocean
model to investigate the influence of heat advection on
the variability in the SCS.

The SLA and the HCA from the high-resolution SCS
model for the warm and the cold phases are presented in
Fig. 12. The SLA showed a rise in sea level near the Luzon
Strait, west of the Luzon Strait and in the central part of
the SCS during the warm phase. The pattern of SLA was
consistent with the heat content anomalies during the
warm phase. The heat content in the SCS was higher in the
eastern and central parts of the SCS. However, during
the cold phase, large negative SLA and HCA were found in
the eastern and central parts of SCS. Thus, between the
warm and the cold phases, the heat content underwent a
dramatic shift in the SCS.

4.5. Heat budget of the South China Sea

To further understand the sea level variations caused
by changes in the net atmospheric heat flux and/or the
heat advection, it is helpful to analyze the heat budget in
the SCS during the warm and the cold phases. The volume
(Qv, m3 s�1) and heat transport (QT, m3 s�1

1C) through the
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Fig. 8. Sea surface temperature anomaly (1C) from MODIS: (a) warm
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domain used for averaging the subsurface temperature in Fig. 9.
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Luzon Strait were estimated using the formula

QV ¼

Z
A

U dA (7)

where A is the cross-sectional area across the Luzon Strait
and U the zonal velocity (m s�1):

QT ¼

Z
A

UT dA (8)

where T is the temperature (1C) across the Luzon Strait.
Fig. 13 shows the volume and heat transport across the

Luzon Strait during the warm and cold phases from the
high-resolution regional model. Many studies using both
hydrographic data analyses and numerical modeling
showed that intrusion of north Pacific water into the SCS
occurs throughout the year (Qiu et al., 1984; Guo, 1985;
Qu et al., 2004; Gan et al., 2006) with the relatively strong
Kuroshio branch flowing westward through the Luzon
Strait in winter and early spring. The vertical structure of

Luzon Strait transport consists of inflow and outflow
regions (Qu et al., 2004; Tian et al., 2006). The inflow
region where Pacific water intrudes into the SCS extends
from the surface to about 600 m. The outflow region is
between 600 m depth and 1000 m depth. The region
below 1000 m is again characterized by inflow of Pacific
water. The transport through the Luzon Strait derived
from the model very successfully reproduced the vertical
structure of the flow pattern, which is very important in
understanding the heat budget of the SCS. It can be seen
from Fig. 13a that more inflow of Pacific water into the SCS
took place in the upper 400 m during the cold phase
which coincided with El Niño. The transport from surface
to 400 m was estimated to be 1.4 Sv during the cold phase
and 0.64 Sv during the warm phase. This is consistent with
the study of Qu et al. (2004). They found more Luzon Strait
transport during El Niño years and less during La Niña
years, i.e., more Pacific water entered into the SCS during
the cold phase. The fact that the sea level in the SCS was
higher during the warm phase and was lower during the
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Fig. 9. (a) Vertical distribution of subsurface temperature anomalies (1C) for the western Pacific warm pool region and South China Sea. (b) Subsurface

temperature anomaly (1C) at 100 m depth averaged between 101S and 101N for the western Pacific and 01N and 201N for the South China Sea. The warm

and cold phases are marked in the figure. The data are from SODA.
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cold phase suggests a role other than the net mass
transport from the Pacific into the SCS in affecting the sea
level change between warm and cold phases. The
mechanism is demonstrated in the following analysis of
heat transport through Luzon Strait.

The heat transport through the Luzon Strait and the
heat transport difference between the warm and the cold
phases (warm phase minus cold phase) is shown in

Figs. 13c and d. The red line represents the heat transport
during the warm phase and the blue line represents heat
transport during the cold phase. Heat transport was
estimated by (8) across the Luzon Strait during the warm
and cold phases. It can be seen from Fig. 13c that the heat
transport was larger during the warm phase than during
the cold phase. During the warm phase (La Niña) the
western Pacific was warmer than normal and the Kuroshio
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Fig. 10. Heat content anomaly (�109 J m�2) in the upper 300 m for the off-equatorial Pacific Ocean between 101N and 201N. The data are from SODA.
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transported warmer water into the SCS, while during the
cold phase (El Niño) the heat entering the SCS was
considerably reduced. Rong et al. (2007) noticed more
volume transport through Luzon Strait during El Niño
years, but they also found more outflow though the
Mindoro Strait during July–September to compensate for
the increased volume transport during the El Niño years.
Nevertheless their study did not realize the significant
warm water penetration from the Pacific into the SCS
during La Niña years.

The Luzon Strait is the only deep channel that connects
the SCS with the Pacific and the transport across the Luzon
Strait is the greatest compared with transport through the
Mindoro and Balabec Straits which connect the SCS to the
Sulu Sea. Qu et al. (2006) discussed the SCS throughflow
and they found that, on annual average, the waters exiting
through the Karimata and Mindoro Straits were warmer
by about 1.8 1C than that entering through the Luzon
Strait. The heat flux was found to be positive in the
southern SCS (Fig. 6). This makes the water leaving the
SCS warmer than at entering it. However, Qu et al. (2006)
also noticed inter-annual variability whereby the SCS
received an excess of heat during La Niña years. In the

model used for the present study, the total mass was
conserved. The water entering the SCS was balanced by
the mass leaving SCS. During the warm phase the volume
transport across the Luzon Strait was less than it was
during the cold phase. Hence, less water exits the SCS with
a higher temperature in the south than during the cold
phase. Also, the water entering the SCS from Pacific was
warmer than the cold phase. This raises the sea level in
the SCS during the warm phase. To get a clear idea about
the contribution of net atmospheric heat flux and heat
advection to the warm (sea level rise) and cold (sea level
fall) phases in the SCS, we analyzed the depth-integrated
potential temperature equation.

In the depth-integrated temperature equation, the rate
of change of temperature (dT/dt) is balanced by the net
atmospheric heat flux (Q) and heat advection (Adv). The
dT/dt represents the changes in heat content of the water
column with time in the SCS. The time series of heat
content from the model and SODA are shown in Fig. 14a
and b, respectively. The heat content was higher during
2000 and then it showed a slow decrease during the warm
phase followed by a rapid decrease during the cold phase.
The warmer water advection from the western Pacific into
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Fig. 11. (a) Anomalies of heat content (�109 J m�2) during warm phase (September 2000–August 2001). (b) Difference between warm and cold

(September 2001–August 2002) phase. (c, d) Same as above except for steric height anomalies. The data are from SODA.
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the SCS during the La Niña period raised the heat content
of the water column resulting in thermal expansion and
sea level rise in the SCS.

The terms from the temperature equation averaged for
the SCS domain for water depth more than 200 m are
shown in Fig. 15. The terms are presented after removal of
the semi-annual cycle. The details of the term derivations
in the temperature equation can be seen in Gan and Allen
(2005a) and are also presented in the appendix. The
advection terms, written in conservation form in the POM,
are rewritten to remove the contribution of the continuity
equation. The dT/dt (black line) showed similar pattern of
variation as the heat content and was larger during the
beginning of the warm phase. The dT/dt is balanced by the
net atmospheric heat flux (red line) and heat advection
(blue line). The SCS gained heat from the atmospheric
during the warm phase and was balanced by the cold
advection. During the shifting of warm to the cold phase,
net atmospheric heat flux decreased and hence cold
advection also decreased. The dT/dt also decreased
accordingly. More water with lower temperature entered
the SCS and more water with a higher temperature left the
SCS in the south during the cold phase. Thus cold
advection increased and further decrease of dT/dt during
the cold phase was caused by cold water advection as
shown by higher positive values of advection during later
stages of the cold phase. The temperature equation reveals

that the shift from warm to cold phase was caused by the
reduction of net atmospheric heat flux and the cold phase
was maintained by the cold advection in the SCS.

5. Summary

Global warming is underway and the sea level in the
global oceans is rising. Though many studies have
addressed the global sea level variations, the physical
processes leading to regional sea level variations are yet to
be understood. The sea level in the SCS showed an
increase followed by a sudden decrease during
2000–2003. The cause of this observed shift in sea level
and, hence, the warm/cold phases in the SCS, are not well-
understood. This lack of understanding was caused by
uncertainty in the mass and heat transport through the
narrow straits that connect the SCS to the surrounding
seas and to the Pacific Ocean. We calculated the heat
budget using a high-resolution model and analyses of
remote sensing and other available data were carried out
to investigate the observed variability in the sea level
during 2000–2003 in the SCS.

The variation in sea level represents a combination of
changes of which the steric sea level variation and net
water mass change either through (P�E) or through the
exchange between the SCS and adjacent seas and Pacific
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Fig. 12. Anomalies of sea level (cm) and heat content (�109 J m�2) from the model: (a, c) warm phase (September 2000–August 2001). (b, d) Cold phase

(September 2001–August 2002).
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Ocean, influenced by El Niño/La Niña episodes in the
Pacific, are found to be important in affecting sea level
variation in the SCS. Both the convergence/divergence of
mass and the SST did not show any coherent trend with
the sea level variation. To identify the dynamic and
thermodynamic forcing that were important in governing
sea level variability, we divided the time series into the
warm phase when sea level was higher (from September
2000 to August 2001), and the cold phase when the sea
level was lower in the SCS (from September 2001 to
August 2002).

The warm phase was associated with the transition
period from La Niña to El Niño and the cold phase was
associated with El Niño. The temperature in the western
Pacific was observed to be warmer than normal during La
Niña years and cooler than normal during El Niño years.
The SCS is located in the Indo-Pacific warm pool and the
variation of temperature in the western Pacific influenced
the temperature and sea level in the SCS. During the warm
phase (La Niña), warmer water from the western Pacific

entered the SCS through the Luzon Strait. The water
entering the SCS was largely balanced by the mass leaving
the SCS. The volume transport through the Luzon Strait
was found to be less during the warm phase than during
the cold phase and hence less water exited the SCS with a
higher temperature in the south during the warm phase.
These raised the sea level in the SCS during the warm
phase. The net atmospheric heat flux decreased from
warm to cold phase. The analysis revealed that the shift
from the warm to the cold phase in the SCS is triggered by
the reduction in the net atmospheric heat flux and
maintained by cold water advection. The decrease of
(P�E) during the cold phase in association with El Niño
also played a significant role in the falling of sea level
during the cold phase. With the increasing trend of the
heat content in the western Pacific in the Kuroshio region
and the future intense and persistent El Niño events
revealed by the IPCC projections, the present study is
important in understanding the sea level variations in the
SCS.
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Fig. 13. (a) Volume transport through the Luzon Strait (�104 m3 s�1). (b) Transport anomaly (�104 m3 s�1). The volume transport is estimated for each

meter of the water column. The negative values represent the westward flow (inflow) and the positive values represent the eastward flow (outflow). (c)

Heat flux anomalies (�104 m3 s�1
1C) through the Luzon Strait. (d) Difference in heat flux anomalies (�104 m3 s�1

1C).
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Fig. 14. Time evolution of heat content (�109 J m2) from the model and SODA.

Fig. 15. Time series of terms in depth-averaged temperature equation (1C s�1, multiplied by 10�7) calculated from the model. The terms are presented

after removal of the semi-annual cycle.
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Appendix

The depth-integrated equation for potential tempera-
ture (Gan and Allen, 2005a) isZ 0

�1

@yD

@t
dsþ

Z 0

�1

@yuD

@x
dsþ

Z 0

�1

@yvD

@y
ds

þ

Z 0

�1
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@s ds�

Z 0

�1

@

@s
KH

D

@y
@s

� �
ds

�

Z 0

�1
Fy ds�

Z 0

�1

@R

@s
ds ¼ 0 (A.1)

where y is the potential temperature, D ¼ H+Z the water
depth, H the undisturbed water depth, Z the surface
elevation, KH the vertical diffusivity, Fy the horizontal
diffusion, and R the shortwave radiation flux.

The nonlinear advection terms are written in con-
servative (or divergence) form

DADV ¼

Z 0

�1

@yuD

@x
dsþ

Z 0

�1

@yvD

@y
dsþ

Z 0

�1

@yo
@s

ds (A.2)

To evaluate the relative contribution of alongshore and
across-shore temperature advection, it is necessary to
remove the terms in the continuity equation from (A.2).
The balanced equation is of the form

@uD

@x
þ
@vD

@y
þ
@o
@s ¼ 0 (A.3)

The depth-averaged form of (A.3) is

@UbD

@x
þ
@VbD

@y
¼ 0 (A.4)

The individual advection terms are rewritten as

DADVY ¼

Z 0

�1

@yvD

@y
� y

@VbD

@y

� �
ds (A.5)

DADVX ¼

Z 0

�1

@yuD

@x
� y

@UbD

@x

� �
ds (A.6)

As a result of the boundary condition o ¼ 0 at s ¼ 0, �1,
the last term on the right-hand side of (A.2) is zero so that
with (A.4),

DADV ¼ DADVY þ DADVX (A.7)

The advection terms can be written as

ADVY1 ¼ H�1 DADVY (A.8)

ADVX1 ¼ H�1 DADVX (A.9)

The rate of change of temperature,

dT

dt
¼ H�1

Z 0

�1

@yD

@t

 !
ds (A.10)

Qsurf ¼ �H�1
Z 0

�1

@

@s
KH

D

@y
@s

� �
dsþ

Z 0

�1

@R

@sds
 !

(A.11)

Where DADVY and DADVX are given by (A.5) and (A.6),
respectively, and where we assume H approximately
equals D.

The spatial distribution of the time-averaged terms is
calculated in the following manner, where an angle
bracket denotes a time average over the time interval
tf ¼ t2�t1:

dT

dt

� �
¼ t�1

f

Z t2

t1

dT

dt
dt (A.12)

hQsurf i ¼ t�1
f

Z t2

t1

Qsurf dt (A.13)

hADVX1i ¼ t�1
f

Z t2

t1

ADVX1 dt (A.14)

hADVY1i ¼ t�1
f

Z t2

t1

ADVY1 dt (A.15)
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