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during summer. A series of salinity observations and model results show that the low-salinity water begins
to appear in June, reaches its lowest salinity in September, and disappears after October. Rainfall associated
with the summer monsoon impinging on the Philippine mountain ranges plays an important role in the formation of the low-salinity water, while upward Ekman pumping of high-salinity subsurface water caused by
the strong winter monsoon is important for its disappearance. Variation in mixed layer depth is responsible
for the formation of the two cores of the low-salinity water, while advection also contributes. The study further demonstrates that the low-salinity water has considerable interannual variability associated with El
~o-Southern Oscillation (ENSO): during the summer of the decaying year of an El Nin
~o, an anticyclonic
Nin
wind anomaly occurs in the SCS. The anticyclonic wind anomaly is associated with a northeasterly anomaly
south of 18 N, reducing precipitation and causing salting of the low-salinity water off West Luzon Island.
~a.
The situation is reversed during the summer of the decaying year of a La Nin
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1. Introduction
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Salinity is an important physical property of seawater. Like temperature, salinity also contributes to dynamic
and thermodynamic variations in the ocean. Salinity partakes in the formation of water masses, thermohaline
circulation, and climate processes. Evolution of salinity is controlled by several processes such as freshwater
ﬂux, horizontal advection, and water mass mixing. Compared with the ocean temperature, lack of ocean salinity
measurement in the past has limited our understanding of the variability of the ocean salinity and its dynamics.
Salinity in the South China Sea (SCS) has been previously documented. Salinity was often used in water
mass analysis to investigate the intrusion of the North Paciﬁc water into the SCS [e.g., Xu and Su, 1997; Qu
et al., 2000; Yu et al., 2008; Nan et al., 2013]. Enhanced saline stratiﬁcation induced by freshwater ﬂux could
limit wind-induced mixing in shallow mixed layers, leading to the formation of barrier layers [Pan et al.,
2006; Zeng et al., 2009]. Salinity was also found to play a very important role in the bottom circulation of the
SCS [Wang et al., 2011].
Most of the studies mentioned above focused on basin-scale salinity variation. Only a few studies addressed
variability of salinity in the SCS at the subbasin scale, partly due to the lack of observation. As shown in Figure 1a, heavy precipitation occurs off West Luzon Island in summer (referring to July, August, and September in this study) due to the southwest monsoon impinging on mountain ranges [Xu et al., 2008].
Concurrently, Agno River, the third largest river in Luzon in terms of drainage area [Liu et al., 2009], drains a
large amount of freshwater into the area west of Luzon through Lingayen Gulf (summer and winter means
at Carmen Station: 335 and 60 m3/s, respectively). A natural question is: is there signiﬁcant salinity change
in this part of the SCS due to the rainfall and runoff? If yes, what are the major processes for the salinity
change? In this paper, through both observations and model results, we studied the summer mean climatology, month-to-month variation, and interannual variability of the salinity off West Luzon Island.

2. Data and Methods
C 2015. American Geophysical Union.
V
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2.1. Data
The Soil Moisture and Ocean Salinity (SMOS) satellite mission supported by European Space Agency (ESA)
was launched in November 2009. It provides continuous sea surface salinity (SSS) data from 2010 on. In this
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Figure 1. (a) The average summer TRMM precipitation (contours, cm/month) and CCMP wind stress vector (arrows, N/m2), (b) the average
summer SMOS sea surface salinity (SSS) (PSU) in 2010 and 2011, and (c) SSS observation (PSU) during the period from 1 to 18 July 1969
derived from the cruise SU000299 of World Ocean Database 2013. Black dots are observation stations. L.I. is Luzon Island. L.G. is Lingayen
Gulf. Black line is Ango River, and red triangle is Carmen Station. Elevations greater than 300 m are shaded in gray.

study, SMOS SSS data are obtained from Production Center (CPDC) of the ‘‘Centre Aval de Traitement des
Donnees SMOS’’ (CATDS). The reprocessed monthly salinity of level 3 product with a 100 km spatial resolution from 2010 to 2011 is used here. Recent work demonstrates that SMOS salinity data can capture the seasonal variability of SSS [Alory et al., 2012; Nyadjro et al., 2012].
Monthly multisatellite precipitation analysis (3B43V7) of Tropical Rainfall Measuring Mission (TRMM) [Huffman et al., 2007] from 1998 to 2011 is used to construct the precipitation climatology. The precipitation
product, covering from 50 S to 50 N, merges four independent precipitation ﬁelds on a 0.25 3 0.25 spatial resolution. Evaporation is derived from the ECWMF Interim Reanalysis (ERA-Interim), which is produced
by the European Centre [Dee et al., 2011]. The data set has a horizontal resolution of 0.75 3 0.75 from
1979 to 2011.
Wind stress climatology is obtained from Cross-Calibrated, Multi-Platform (CCMP) ocean surface wind product [Atlas et al., 2011], which combines a series of satellite and conventional observations extracted from
ECMWF analysis using an enhanced variational analysis method. The product covers the global ocean with
a 6 h time resolution and 25 km spatial resolution for the period beginning from 1987.
2.2. Mixed Layer Salinity Model
Following Price et al [1978], the salinity equation for the ocean mixed layer, ignoring horizontal advection,
can be written as
@S ðE2PÞS we DS
2
5
@t
hm
hm

(1)

where S is the mixed layer salinity (MLS); E2P is evaporation minus precipitation; hm is the mixed layer
depth (MLD); we is the entrainment velocity with its positive direction upward; and DS is the salinity difference between the MLD and 30 m below the mixed layer base [Ren and Riser, 2009].
Different from Price et al. [1978], horizontal advection is considered in the estimate of the entrainment
velocity we which, following Qu [2001], is calculated from equation (2).
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where V is the horizontal velocity and wmb is the vertical velocity at the base of the mixed layer. Qu [2001]
showed that wmb is dominated by Ekman pumping in regions where the MLD is shallow.
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The MLD is deﬁned as the depth where the potential density (rh) is equal to that at 10 m plus an increment
in rh equivalent to a net temperature decrease of 1.0 C [Qu, 2003; Mignot et al., 2012]. We calculate the
MLD using the diagnostic temperature/salinity proﬁle from Generalized Digital Environment Model Version
3.0 data set (GDEM3) [Carnes, 2009].
2.3. Regional Ocean Modeling System (ROMS)
In this study, the ROMS [Shchepetkin and McWilliams, 2005], a three-dimensional ocean circulation model, is
used to simulate salinity variation off West Luzon Island. The model covers the domain, (2 N–28 N) by
(99 E–142 E), with a 1/12 horizontal resolution and 30 levels in the vertical direction. Details of the model
conﬁguration can be found in Wang et al. [2013].
To test the respective role of precipitation and runoff in the salinity distribution off West Luzon Island, we
designed four model experiments as follows:
1. Control run—the model is integrated for 40 years with monthly climatological CCMP winds, ERA-Interim
net heat ﬂux, and freshwater ﬂux including ERA-Interim evaporation, TRMM precipitation, and Agno River
runoff. The salinity climatology is computed using the model outputs of the last 10 years.
2. Exp NoPR—the experiment is the same as the control run but without any freshwater input (i.e., both the
precipitation and the Agno river discharge are set to zero).
3. Exp NoR—the experiment is the same as the control run but without the Agno River runoff.
4. Exp PYears—the model is forced by monthly forcing ﬁelds, but without Agno River runoff, from 1 January
1998 to 31 December 2011.

3. Results
3.1. Climatological Summer Mean Salinity Off West Luzon Island
Figure 1b shows the average satellite SSS in the summer of 2010 and 2011. The most conspicuous feature is
the low-salinity water appearing in the area west of Luzon Island, extending from 118 E to 120 E in the
zonal direction and from 13 N to 18 N in the meridional direction. The low-salinity water has two cores—
the northern one is located near 16.5 N, while the southern one is located around 13.5 N, each surrounded
by an SSS front. Their minimum salinity values inside the core are 32.7 PSU and 32.9 PSU, respectively. Salinity observation during the period from 1 July 1969 to 18 July 1969 derived from the cruise SU000299 of
World Ocean Database 2013 (WOD13) shows a similar pattern (Figure 1c), indicating that in summer, the
low-salinity water off West Luzon Island may be a common phenomenon.
ROMS is applied to the SCS to study the formation and structure of the low-salinity water. The model design is
described in section 2.3. The simulated summer SSS of the control run exhibits a pattern of low-salinity water
with two cores off West Luzon Island (Figure 2a), consistent with the observation. This suggests that the model
can reproduce the low-salinity water very well. With no freshwater input from either precipitation or Agno River
runoff (Exp NoPR), the low-salinity water disappears in the experiment (Figure 2b), suggesting that freshwater
input plays an important role in the formation of the low-salinity water. If only precipitation is considered (Exp
NoR), the low-salinity water off West Luzon is almost the same as that in the control run (Figure 2c), suggesting
that precipitation is the principal factor for the formation of the low-salinity water off West Luzon Island.
To isolate the effect of precipitation on the low-salinity water, i.e., ignoring the effect of advection, we use
monthly E-P to integrate the mixed layer salinity model from June to November. Because, in summer, evaporation (about 10 cm/month) is much less than precipitation (about 60 cm/month) off West Luzon Island (Figures 1a and 3a), the summer pattern of E-P is similar to that of precipitation (Figures 1a and 3b). With only the
E-P term considered in equation (1), the water off West Luzon Island shows a low salinity distribution with two
cores in summer (Figure 2d), which further veriﬁes that precipitation is the principal factor for the formation
of the low-salinity water. It is interesting to note that the low-salinity water has two cores, while the precipitation has only one core with a maximum value near 15.5 N (Figures 1a and 2d). The mismatch between the
spatial patterns of salinity and precipitation, respectively, is likely caused by the variation in MLD.
In summer, the effect of MLD variation on SSS is mainly through the E-P term in equation (1) since we is
basically zero during that time. The MLDs around the zonal band of 16.5 N and south of 13.0 N are relatively shallow (Figure 4a). Change in SSS due to E-P as computed from equation (1) shows two cores of the
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Figure 2. Summer mean climatology of SSS (PSU) from (a) the control run, (b) Exp NoPR, and (c) Exp NoR of the ROMS model, and from
(d) the integration of mixed layer salinity model, equation (1), with only the monthly E-P. Blue vectors in Figures 2a and 2c are summer
mean surface current. C1 and C2 in Figure 2d are two centers of low-salinity water.

low-salinity water (Figure 3c), suggesting that the MLD is important in the formation of the two cores. To
further understand the spatial pattern of the MLD, we use equation (3) to compute the Monin-Obukhov
depth (MOD), which is consistent with the MLD length scale [Caldeira and Marchesiello, 2002].
MOD5u 3 =ðj3Bf Þ

(3)

where u is the friction velocity (proportional to the wind speed), Bf is the surface buoyancy ﬂux (associated
with both the heat ﬂux and E-P), and j is the von Karman’s constant. Details about the MOD calculation can
be found in Anitha et al. [2008]. The patterns of MOD and MLD are indeed similar and both show relatively
shallow regions around 13.0 N and 16.5 N, respectively (Figures 4a and 4b). Not surprisingly, the spatial patterns of MOD and wind speed bear much resemblance (Figure 4b). Thus, wind speed is likely responsible
for the spatial pattern of the MLD, including the two cores of the low-salinity water. In addition, the SSS
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Figure 3. Summer mean of (a) evaporation (cm/month), (b) E-P (cm/month), and (c) SSS changes (PSU) induced by ðE2PÞS
hm derived from
equation (1).

front surrounding the low-salinity water can also be seen from Figure 3c, suggesting that both the east to
west decrease in precipitation and MLD distribution are important for the front.
Although the mixed layer model with only E-P forcing is capable of simulating the pattern of the low-salinity
water, the salinity off West Luzon Island in the mixed layer model is generally lower than that in ROMS (Figures 2d and 2c). As advection is considered in ROMS but not in the mixed layer model, advection effect is
likely to be the cause for the difference in salinity between the mixed layer model and ROMS. As shown in Figure 2c, ocean currents are mostly eastward off West Luzon Island in summer. These currents advect highsalinity water from the west to the east, increasing the salinity in the area west of Luzon. Note that the zonal
currents along 15.5 N and 12.0 N are stronger than those along the other latitudes, thus bringing in more
high-salinity water to the east and further strengthening the pattern of two low-salinity cores.
3.2. Monthly Variation of the Low-Salinity Water
Figure 5a shows monthly satellite SSS off West Luzon Island. The low-salinity water begins to appear in
June, reaches its maximum area coverage in September, and disappears after October. High-quality salinity

Figure 4. Summer mean of (a) mixed layer depth (m) and (b) Monin-Obukhov depth (color, m) and wind speed (contours, m/s).
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Figure 5. Month-to-month variation of salinity (a) derived from SMOS, (b) derived from ROMS, (c) calculated from equation (1) with only
E-P term, and (d) calculated from equation (1) with E-P and Ekman pumping term. The interval is 0.1 PSU.

proﬁles provided by an Argo ﬂoat (WMO 2901128) are also used to show the monthly salinity variation.
Argo 2901128 was in the area of the low-salinity water from 1 June 2009 to 27 October 2009 (see insert
map in Figure 6 for the track of the Argo ﬂoat). The time interval of this Argo observation is 4 days. Monthly
averaged salinity proﬁles are shown in Figure 6. Salinity proﬁles from this Argo ﬂoat exhibit similar monthly
variation: water in the mixed layer was much fresher in July to September than June, and became saltier
again after September.

YAN ET AL.

LOW SALINITY WATER OFF WEST LUZON

3016

Journal of Geophysical Research: Oceans

10.1002/2014JC010465

Monthly SSS climatology off West
Luzon Island derived from ROMS also
shows similar variation (Figure 5b). The
low-salinity water is freshened gradually from June, attains its lowest salinity
in September, and becomes saltier
again after October. There is a slight
difference between the ROMS and satellite data on the month when the lowest salinity occurs off West Luzon
Island. The lowest salinity is in September for the ROMS data but in August/
September for satellite data, probably
because the ROMS data are climatological while the satellite data are only for
the years 2010 and 2011.
In section 3.1, we have shown the
importance of precipitation for the formation of the low-salinity water off
West Luzon Island in summer. It is useful to examine the role of precipitation
in the monthly variation of the lowsalinity water. Strong precipitation
associated with the orographic effects
of the Philippine mountain ranges on
summer monsoon [Xu et al., 2008]
Figure 6. Monthly salinity proﬁles of Argo with platform number 2901128. The
inserted map at the bottom left shows the trajectory of Argo 2901128. Proﬁles in
appears in June, intensiﬁes gradually in
rectangle (119.00 E–119.75 E, 16.25 N–17.00 N) are linearly interpolated into 14
July and August, and then weakens in
vertical levels from 5 to 70 m with 5 m interval. Then, the monthly mean values
September when the monsoon
are obtained with the interpolated proﬁles.
reverses from southwesterly to northeasterly (Figure 7a). As evaporation is much less than precipitation off West Luzon Island (Figures 7a and
7b), the monthly variation of E-P is in general similar to that of precipitation (Figure 7c).
When only E-P is considered, the mixed layer model shows that the low-salinity water is gradually freshened
from June to September (Figure 5c), consistent with both ROMS and observations. This suggests that precipitation is important in the monthly variation of the low-salinity water. However, the highest precipitation
occurs in August while the lowest salinity happens in September. The reason is that in September, precipitation is still greater than evaporation, causing a continuing decrease of salinity off West Luzon Island. From
October to November, the simulated salinity in the mixed layer model remains low but the low-salinity
water in ROMS quickly disappears after September, especially in the area northwest of Luzon. This suggests
that other processes are responsible for the disappearance of the low-salinity water.
In fact, when the monsoon reverses from southwesterly to northeasterly after September, besides the cessation of the strong rainfall off West Luzon Island, the Ekman pumping is also reversed (Figure 7d). The Ekman
pumping off West Luzon Island is downward from June to September but turns upward in October and
November [Shaw et al., 1996]. The upward Ekman pumping induced by the northeast monsoon [Wang
et al., 2008b] can bring high-salinity subsurface water into the mixed layer. When both E-P and Ekman
pumping are considered in the mixed layer model, salting of the low-salinity water off West Luzon Island is
well produced in October and November (Figure 5d). The pattern is consistent with both the observations
and ROMS (Figures 5a and 5b). This suggests that the upward Ekman pumping induced by the northeast
monsoon plays an important role in the disappearance of the low-salinity water.
3.3. Interannual Variability of the Low-Salinity Water
Figure 8 shows salinity observations during the summer of 1998 and 2000. Both show the low-salinity water
off West Luzon Island, but the summer salinity in 1998 is much higher than that in 2000. The average
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surface salinity in the area
(118 E–120 E, 13 E–18 E) in
the years 1998 and 2000 are
33.9 PSU and 33.0 PSU, respectively, suggesting that the lowsalinity water may have considerable interannual variability.
We note that 1998 is the decay
~o and 2000 is
year of an El Nin
~a.
the decay year of a La Nin
This brings in the question
whether the interannual variability of the low-salinity water
~ois associated with El Nin
Southern Oscillation (ENSO).
To investigate the interannual
variability of the low-salinity
water off West Luzon Island,
multivariate empirical orthogonal function (MV-EOF) analysis
of zonal and meridional winds,
precipitation, and SSS from the
model experiment Exp PYears
is conducted for the summers
of the period 1998–2011. Figure 9 shows the spatial patterns and the principal
component (PC) for the leading mode of the MV-EOF. The
leading mode accounts for
64.8% of the total variance. The
PC time series shows considerable interannual variability
associated with ENSO, as evidenced by the high correlation
coefﬁcient (0.81) between the
PC and January Nino3.4 SST
indices (Figure 9c). The interannual time scale relationship
between precipitation and the
low-salinity water can be
explained as follows: during
the summer of the decay year
~o, an anticyclonic
of an El Nin
wind anomaly occurs in the
SCS [Wang et al., 1999], which
Figure 7. Month-to-month variation of (a) precipitation (cm/month), (b) evaporation (cm/
month), (c) E-P (cm/month), and (d) wind stress vector (arrows) and Ekman pumping velocyields a northeasterly anomaly
ity (color, m/month).
south of 18 N [Wang et al.,
2000, 2008a]. The weakened
southwesterly winds results in a reduced precipitation associated with the orographic effects of the Philippine mountain ranges (Figure 9a). Thus, the low-salinity water off West Luzon Island during the decay year
~o has the minimum salinity higher than average (Figure 9b). The reverse is true during the decay
of an El Nin
~a.
year of a La Nin
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Figure 8. Spatial pattern of salinity (a) during 21–29 June 1998 derived from South China Sea Monsoon Experiment and (b) during 29 July
2000 to 7 August 2000. Blue dots are CTD stations.

Figure 9. Spatial patterns (in color) of the anomalous (a) precipitation (mm/d) and (b) salinity (PSU), and (c) the corresponding principal
component for the ﬁrst MV-EOF mode (PC1). In Figures 9a and 9b, the anomalous summer wind vectors (m/s) are also plotted. In Figure
9c, the correlation coefﬁcient between PC1 (blue) and January Nino3.4 SST (red) is 0.81 that is signiﬁcant at the 95% level based on a t
test.
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4. Summary and Discussion
Using recently available salinity data, low-salinity water with two cores is found off West Luzon Island in
summer. Our results show that precipitation induced by orographic effects is responsible for the formation
of the low-salinity water. The two cores of the low-salinity water are mainly determined by both precipitation and MLD and enhanced by advection.
The low-salinity water begins to appear in June, reaches its lowest salinity in September and gradually disappears in October and November. Upward Ekman pumping of subsurface high-salinity water due to the
northeasterly monsoon is important for the disappearance of the low-salinity water.
The low-salinity water also shows remarkable interannual variability associated with ENSO: Under the inﬂu~o (La Nin
~a), an anticyclonic (a cyclonic) wind anomaly occurs in the SCS in the following
ence of El Nin
summer, reducing (increasing) precipitation off West Luzon Island and further causing salting (freshening)
of the low-salinity water.
Although multitime scale variability and formation mechanisms of the low-salinity water have been identiﬁed in this study, intraseasonal and shorter time scale variability of the low-salinity water needs to be further studied.
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