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Abstract Streaks of elevated concentrations of surface
chlorophyll a (Chl_a) of various spacing were found to be
associated with internal waves in their transmission zone
and dissipation zone in the summertime in the deep open
northern South China Sea. At an anchored station in the
dissipation zone north of the Dongsha Atoll with a water
depth of ca. 600 m, undulations of the mixed layer depth
with an amplitude of ca. 30 m and a periodicity of ca. 12 h
were observed, and they were accompanied by similar
undulation in the isotherm and isopleth of the nutrients.
These observations are consistent with the enhancement of
vertical mixing by internal waves and the resulting transfer
of cold, nutrient-rich subsurface water to the surface mixed
layer to fuel biological productivity. In the transmission
zone and dissipation zone, respectively, the summertime
(May—October) average sea surface temperature was 0.5
and 0.8 °C lower and Chl_a was 19 and 43 % higher than
those in a nearby subregion that was minimally affected by
internal waves. The mean net primary productivity was
elevated by 15 and 37 %. These results indicate that the
enhancement of biological activity by internal waves is not
confined to the shallow waters on the shelf. The effect can
be detected in all phases of the internal waves although it
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may be especially prominent in the dissipation zone where
mixing between subsurface and surface waters is more
effective.
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1 Introduction

The conventionally recognized supply of nutrients to the
euphotic zone by diapycnal mixing has been found to be
insufficient for supporting the observed primary produc-
tivity in the oligotrophic ocean (McGillicuddy and Robin-
son 1997). Much effort has been devoted to finding this
missing supply. A number of novel mechanisms have been
hypothesized, including the actions of eddies (McGilli-
cuddy et al. 1998), propagating planetary waves (Cipollini
et al. 2001; Uz et al. 2001), migrating diatom mats (Villa-
real et al. 1999), tropical cyclones (Lin et al. 2003), and the
deposition of volcanic material (Lin et al. 2011). Nonlinear
solitary internal waves, which are simply called internal
waves in this paper, are another mechanism that may
enhance vertical mixing. Potentially, they can increase the
supply of nutrients to the euphotic zone and thus biological
activity by creating shears and turbulence in the pycnocline
(da Silva et al. 2002; Holligan et al. 1985; Lande and
Yentsch 1988; Wang et al. 2007; Wilson 2011). Studies on
internal waves have focused primarily on the physical rather
than biogeochemical aspects (Holligan et al. 1985; Liu et al.
2006). Enhanced biological productivity associated with
internal waves has been reported but mostly in the shallow
waters, and the effect in the deep waters has not been
examined extensively (da Silva et al. 2002; Holligan et al.
1985; Wang et al. 2007; Wilson 2011).
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Some of the internal waves with the largest amplitude
(140 m or more) in the world are found in the northern
South China Sea (NSCS) (Liu et al. 2006). These waves are
generated at the Luzon Strait (Hsu et al. 2000; Liu et al.
2006; Zhao et al. 2004). As they propagate westward into
the NSCS, they encounter the Dongsha Atoll on the
Dongsha Platform, which has a depth of about 600 m
(Fig. 1). South of the Dongsha Atoll, the Dongsha Platform
ends abruptly and the water depth increases to over
2000 m. The internal waves reaching this region may
propagate through it freely and will not be transformed and
dissipated until they reach the shallow waters further west
off the east coast of Hainan Island, China (Li et al. 2008;
Liu et al. 1998; Zhang et al. 2011). In historical compila-
tions, the internal waves in the NSCS are widely and more
evenly spaced in the deep water east and south of the
Dongsha Atoll (Fig. 1) (Hsu et al. 2000; Zhao et al. 2004).
North of the Dongsha Atoll, the water depth decreases
sharply at the shelf edge as it drops to less than 100 m. To
the west, there is a series of north—south trending shallow
banks along 116°E, the Northern and Southern Vereker
Banks, where the water depth decreases abruptly to less
than 50 m. The internal waves reaching the north of the
Dongsha Atoll are thus trapped between the shelf break and
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Fig. 1 The bathymetry of the study area. The subregions (1° x 1°)
around the Dongsha Atoll from where remotely sensed data were
analyzed are shown in the square boxes. N dissipation zone north of
the atoll, E, S transmission zones east and south of the atoll,
R reference site around the SouthEast Asian Time-series Study
(SEATYS) station. Filled circle anchored station (Stn_A) north of the
atoll, filled triangle SEATS. VB North and South Vereker Banks.
The historical compilation of the distribution of internal waves in the
NSCS between 1995 and 2001 reported by Zhao et al. (2004) is
shown in the inset
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the Dongsha Atoll while they are blocked from free
propagation to the west by the Vereker Banks. They may
be quickly transformed and even dissipated within this
region before they reach the continental shelf even though
the water is still several hundred meters deep. This trans-
formation is reflected in the decrease in the spacing of the
internal waves in this region (Fig. 1). The dissipation of
these waves may result in an effective mixing between the
subsurface water and the mixed layer water, and thus an
effective supply of nutrients to the mixed layer to fuel
biological productivity.

These subenvironments around the Dongsha Atoll pro-
vide a unique setting for examining the enhancement of
biological productivity by the internal waves in deep
waters: the dissipation zone north of the Dongsha Atoll and
the transmission zone east and south of the Dongsha Atoll.
South of ca. 19°N in the deep NSCS, the occurrence of
internal waves is less extensive (Fig. 1; Hsu et al. 2000;
Zhao et al. 2004), and this is confirmed by direct obser-
vations with mooring arrays (Chang et al. 2010), the esti-
mation of the distribution of the energy flux of internal
waves (Lien et al. 2005), and numerical modeling exercises
(Zhang et al. 2011). A time-series station, the SouthEast
Asian Time-series Study (SEATS) station (Fig. 1), has
been established at ca. 18°N and ca. 116°E since 1999
(Wong et al. 2007). This area may serve as a reference site
where the effect from internal waves would be minimal as
compared to the surrounding area of the Dongsha Atoll
(Chang et al. 2010; Hsu et al. 2000; Li et al. 2008; Lien
et al. 2005; Zhang et al. 2011; Zhao et al. 2004).

Here, by using remotely sensed data combined with in
situ observations, we assess the enhancement of biological
productivity in the summertime by the internal waves in the
deep waters in the regions around the Dongsha Atoll. Here,
the summertime is defined as May through October, cov-
ering the southwest monsoonal season (June through Sep-
tember) and the intermonsoonal periods in May and
October. The summertime was chosen for two primary
reasons. First, the shallow mixed layer and sharp thermo-
cline in the summertime favor the formation of nonlinear
solitary internal waves (Qu et al. 2007; Shaw et al. 2009).
Second, the stronger wind and surface cooling in the
wintertime also enhance vertical mixing and elevate pri-
mary production (Tseng et al. 2005) and the effect of
internal waves may be masked.

2 Data and methods
2.1 Field observations in the summertime

Field observations in the summertime were made at the
SEATS station in regularly scheduled cruises between
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Table 1 Summertime (May—October) cruises to the SEATS station
from which hydrographic data were used in this study

Years Periods

1999 19-20 September

2000 23-24 May, 25-27 July, 18-19 October
2001 28-29 June, 3-5 October

2002 2-3 July, 3—4 September

2003 7 August, 4-5 October

2004 5-6 May, 6 August

2005 29-31 July

2006 3-5 July, 20-23 October

1999 and 2006 (Table 1) (Tseng et al. 2005; Wong et al.
2007) and at an anchored station (Stn_A; Fig. 1) north of
the Dongsha Atoll on 8—10 June 2010. At each station, the
vertical distributions of temperature, salinity, in situ chlo-
rophyll fluorescence, and photosynthetically available
radiation (PAR) were recorded repeatedly, typically every
1-3 h for a total period of 6-60 h. Water temperature and
salinity were recorded by using a conductivity—tempera-
ture—depth (CTD) recorder (SeaBird SBE9/11), while PAR
and in situ chlorophyll fluorescence were measured by a
Biospherical model QSP-200L or QSR-240 quantum scalar
irradiance sensor and a Chelsea AQUA"** III fluorome-
ter, respectively. The mixed layer depth (MLD) is defined
as the depth at which two criteria are satisfied for the first
time: the temperature is at least 0.5 °C lower than the
surface value and the density gradient is greater than
0.1 kg m~*. The euphotic zone depth (EZD) is the depth at
which PAR is reduced to 1 % of the surface value.

In addition, discrete water samples were collected at
these stations for the determination of phytoplankton pig-
ments and the major nutrients. Pigment samples were
collected by filtering ca. 2 L of seawater through 47-mm
GF/F filters. Chlorophyll a concentration (Chl_a) was
determined fluorometrically (Strickland and Parsons 1972)
by a Turner 10-AU-005 fluorometer in the samples col-
lected at the SEATS station. Specific pigments were
determined by high-performance liquid chromatography
(HPLC) (Bidigare et al. 2002) in the samples collected at
Stn_A. The concentrations of the sum of nitrate and nitrite
(N + N) and soluble reactive phosphate (SRP) were
determined by the methods described by Wong et al.
(2007; and references therein).

2.2 Satellite imagery

Observations of level-3 monthly products (4 km resolution)
from the MODerate Resolution Imaging Spectroradiometer
on Aqua (MODIS-Aqua), including Chl_a from the stan-
dard operational ocean color algorithms and nighttime

(4 pm) sea surface temperature (SST) between July 2002
and December 2011, were extracted from the NASA
Ocean Color Web (http://oceancolor.gsfc.nasa.gov/). Monthly
images (9 km resolution) of net primary production (PP.,)
estimated from a Vertically Generalized Production Model
(VGPM) (Behrenfeld and Falkowski 1997) on the MODIS-
Aqua observations between July 2002 and July 2011 were
downloaded from the Ocean Productivity site (http://www.
science.oregonstate.edu/ocean.productivity/index.php).

In the subregions north (20.85-21.85°N, 116.32—
117.32°E), south (19.57-20.57°N, 116.32-117.32°E), and
east (20.18-21.18°N, 118.19-119.19°E) of the Dongsha
Atoll and at the reference SEATS site (17.50-18.50°N,
115.50-116.50°E), monthly mean Chl_a, SST, and PP,
were estimated in 1° x 1° subareas (designated as subre-
gions N, S, E, and R, respectively; Fig. 1). In these esti-
mations, waters with depths less than 200 m, which are
generally defined as the shelf waters, were excluded from
analysis in order to make the comparisons among the
subregions consistent with the open ocean. Since tropical
cyclones may cause significant elevations in Chl_a and
depressions in SST lasting for several weeks (Lin et al.
2003), data from time periods within 2 months after the
passing of tropical cyclones were excluded from analysis.
Dates of historical tropical cyclones were taken from the
Joint Typhoon Warning Center (JTWC; http://www.usno.
navy. mil/ITWC/).

In addition, selected MODIS-Aqua level-0 images on
12 and 13 May 2005 (‘A2005132045000.LO0_LAC’ and
‘A2005133053500.L0_LAC’) were downloaded from the
Ocean Color Web. They were processed to the level-1B
Earth View (EV) products and level-2 products of
Chl_a with a resolution of 250 m per pixel by using the
SeaWiFS Data Analysis System software (SeaDAS version
6.2). The level-2 Chl_a images were masked by the fol-
lowing flags: land, high light, cloud, stray light, sunglint,
shallow water, high sun zenith angle (>70°), and high
satellite zenith angle (>60°). The level-1B and level-2
images were then mapped isotropically to 444 pixels per
degree of latitude or longitude, approximately equivalent to
the resolution of 250 m per pixel, by using SeaDAS.

3 Results and discussion
3.1 Effects of internal waves from in situ observations

The diurnal variations in water temperature, salinity, and in
situ chlorophyll fluorescence, as well as the MLD, EZD,
and the depth of the deep Chl_a fluorescence maximum
(DCM), at Stn_A in subregion N in June 2010 and at
SEATS in subregion R in July 2006 are shown on Fig. 2.
At Stn_A, the MLD varied between 15 and 50 m with an
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average of 32 &+ 9 m. It fell approximately along the
26.0 °C-isotherm and the 34.2-isohaline. The MLD oscil-
lated with depth in a regular temporal pattern with an
amplitude of about 30 m and a period of 12 h. The peri-
odicity is similar to the reported periodicity of the internal
waves in the region (Chang et al. 2010; Lien et al. 2005;
Ramp et al. 2004). Correspondingly, the isohalines and
isotherms oscillated in depth with amplitudes of about
40 m and periods of 12 h. In contrast, at the SEATS station
in subregion R, the MLD ranged between 35 and 50 m with
an average of 42 £+ 6 m. It fell approximately along the
28 °C-isotherm and the 34.0-isohaline. The temporal var-
iation in the MLD was smaller and it did not follow a
semidiurnal pattern closely. Correspondingly, the isoha-
lines and isotherms oscillated in depth only slightly with
amplitudes of about 20 m. The period of the oscillation was
somewhat irregular, primarily following a diurnal cycle
(Chang et al. 2010). All these contrasting behaviors are
consistent with an extensive occurrence of internal waves
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in the form of internal tides in the region north of the
Dongsha Atoll and a minimal occurrence, but not neces-
sarily a complete absence, of internal waves at the SEATS
site (Chang et al. 2010; Hsu et al. 2000; Liu et al. 2006;
Zhang et al. 2011; Zhao et al. 2004, 2008). The EZD varied
between 60 and 80 m at Stn_A (average 69 &+ 6 m) and
stayed approximately constant at around 100 m at the
SEATS site (average 102 £ 2 m). These depths were
deeper than the corresponding MLD in both subregions.
The depth of the DCM oscillated with depth at both Stn_A
and the SEATS station. At the SEATS station, the ampli-
tude was 20-30 m. The depth of the DCM was generally
deeper during the day and shallower at night, supporting
that the variation was caused primarily by the diurnal
vertical migration of the phytoplankton in response to the
change in light condition (Cullen 1982; Cullen et al. 1983).
On the other hand, at Stn_A, the oscillatory amplitude
(30—40 m) was larger. The temporal pattern followed those
of isotherms and isohalines and was relatively independent
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of the light and dark period of the day. This is suggestive of
the dominant effect of the internal waves. Thus, while the
effect of internal waves at the SEATS station cannot be
completely ruled out, it is likely to be much more subdued
relative to that at Stn_A.

The diurnal variations in the mean values of water
temperature (7y), N + N, and Chl_a determined in the
discrete samples and estimated from the in situ fluores-
cence sensor in the top 50 m (the approximate maximum
MLD) at Stn_A in subregion N are shown in Fig. 3.
Temperature and N + N followed similar but anti-corre-
lated temporal patterns of regular oscillation in depth with
a period of about 12 h. The variations in SRP followed the
same pattern as that of N 4+ N and are not discussed here.
These behaviors are consistent with the effect of internal
waves and similar behaviors have been reported in this
region previously (Wang et al. 2007). In general, lower
temperatures were associated with elevated concentrations
of nutrients (r = —0.8), suggesting that the undulation of
the bottom of the mixed layer by internal waves brought
cooler and nutrient-rich water to the surface mixed layer.
The pattern in the temporal variations in the mean
Chl_a was more complicated. Higher Chl_a values were
associated with higher concentrations of nutrients (r = 0.6)
and lower temperatures (r = —0.7). Superimposed on this
pattern, however, would also be the combined effects of
diurnal variation of Chl_a (Claustre et al. 1999), the
oscillation of the depth of the DCM (da Silva et al. 2002)
which was located ca. 20 m below the MLD (Fig. 2a), and
a 7- to 8-day delayed response of phytoplankton growth to
increases in nutrient concentrations (Wang et al. 2007).
Since the latter suite of processes might not occur in phase
with the changes in the concentrations of nutrients and
water temperature, the resulting temporal pattern in
Chl_a was more irregular. In contrast, the average tem-
perature, N + N, and Chl_ga in the top 50 m at the SEATS
station showed no obvious temporal pattern of regular
oscillation in depth with time (Fig. 3). In comparison to the

Fig. 3 Diurnal variations in the

integrated mean water sunset sunrise

sub-region N
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SEATS station, at Stn_A, on average, temperature was
lower by over 2 °C, while N 4+ N and Chl_a were higher
by over 0.6 pM and 0.2 mg m™>, respectively. These
suggest that the occurrence of internal waves may result in
significant cooling while the concentrations of nutrients
and biological productivity are elevated. Although only the
observations at the SEATS station in July 2006 were shown
here (Figs. 2, 3), similar temporal patterns, indicating
minimal effects from internal waves, were found repeat-
edly at this time-series station during cruises between 1999
and 2006 (Table 1; data not shown) and from mooring
observations (Chang et al. 2010), regardless of the phase of
the tide in the spring-neap tidal cycle which may modulate
the behavior of internal waves (Ramp et al. 2004). This is
consistent with the decreasing occurrence of internal waves
from the north to the south and the virtual absence of any
evidence of internal waves south of ca. 19°N as indicated
in satellite observations (Hsu et al. 2000; Li et al. 2008;
Zhao et al. 2004) in the NSCS. Thus, while the subregion R
is in the same general vicinity as the other subregions so
that they may be under similar prevailing environmental
conditions, it is far enough away so that the effect of
internal waves may be much reduced as compared to
subregions N, S, and E. Subregion R is used in this study as
a reference site for deducing the effect of internal waves in
this general area.

3.2 Surface expressions of the effects of internal waves
in ocean color remote sensing

While the occurrence of internal waves has been detected
widely from sea surface roughness in synthetic aperture
radar (SAR) images (Hsu et al. 2000; Liu and Hsu 2004;
Liu et al. 2006; Zhao et al. 2004, 2008), their imprints in
ocean color images have not been studied extensively (da
Silva et al. 2002; Wang et al. 2007; Wilson 2011).
Although the ocean color images have a lower resolution
than the SAR images, e.g., a 250-m resolution by the
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MODIS-Aqua versus a 25-m resolution by the European
Remote Sensing Satellite-2 (ERS-2) SAR sensor, they are
able to detect internal waves under cloudless conditions
(Jackson 2007; Liu et al. 2006; Zhao et al. 2008). Unlike
the SAR images, which have a relatively small coverage
(e.g., swath width of about 100 km in image and polari-
zation modes and about 400 km in wide swath and global
monitoring modes), the MODIS images have a much larger
spatial coverage (2300 km swath) and thus may provide a
relatively complete view of internal waves given that the
wave crest can be as long as 200 km in the South China
Sea (Liu and Hsu 2004).

The Earth View (EV) observations from MODIS-Aqua
band-2 (859 nm) at 250 m resolution on 12 and 13 May
2005 are shown in Fig. 4. The north—south trending streaks,
visible as dark bands against bright bands of sunglint
(Jackson 2007) and located west of the Luzon Strait at ca.
119.7°E (Fig. 4, right panel), most likely represented the
surface expressions of internal wave packets in a trans-
mission zone as similar streaks were detected in SAR
images in this region and they were attributed to these
waves (Liu et al. 2006). East of the Dongsha Atoll at ca.
117.3°E, similar streaks, which were about 150 km long
and 1-2 km wide (Fig. 4, left panel), were detected by
MODIS-Aqua. However, west of the Dongsha Atoll, the
streaks appeared as two bulges and became much more
closely spaced (Fig. 4, left panel). The behavior of these
streaks was consistent with the known behaviors of internal
wave packets in this region as they are generated at the
Luzon Strait, propagate westward, and then are split by the
Dongsha Atoll into a northern component that undergoes
transformation and dissipation and a southern component
that continues to propagate freely after refraction (Hsu et al.

2000; Liu and Hsu 2004; Liu et al. 2006; Zhang et al. 2011;
Zhao et al. 2004, 2008). Thus, the spacing of successive
packets decreased from ca. 50 km northeast of the Dongsha
Atoll to 5-10 km north and northwest of the atoll (Fig. 4,
left panel). Assuming a wave period of 12 h, the corre-
sponding wave speeds would be 1.2 and 0.1-0.2 m s,
respectively. These wave speeds are similar to those
reported for the internal waves in these subregions (Li et al.
2008; Lien et al. 2005; Liu et al. 2006; Liu and Hsu 2004,
Wang et al. 2007).

The corresponding synchronous distributions of surface
Chl_a are shown in Fig. 5. The streaks that were detected
in the Earth View observations (Fig. 4) appeared as simi-
larly spaced streaks of alternately depressed and elevated
Chl_a (Fig. 5). Propagating internal waves are expected to
have such an effect on the distribution of Chl_a, and the
elevated Chl_a strikes most probably resulted from the
uplifting of the deep Chl_a maximum by the passing
internal waves (da Silva et al. 2002). In fact, southeast of
the Dongsha Atoll, the presence of the internal waves was
more recognizable in the distribution of Chl_a (Fig. 5,
inset subarea B) than in the Earth View observations
(Fig. 4, left panel) as the internal waves became less reg-
ularly spaced as a result of their interactions with the
Dongsha Atoll and with each other (Zhang et al. 2011;
Zhao et al. 2008). Northeast—southwest trending streaks of
alternately depressed and elevated Chl_a with similar
spacing were found in the transmission zone south,
southeast and northeast of the Dongsha Atoll (Fig. 4, right
panel; Fig. 5, inset subareas B and C) before the waves
were significantly modified by their interactions with the
atoll. The concentrations of Chl_a in the elevation streaks,
ca. 0.14 mg m >, were only moderately higher than the
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Fig. 4 Earth View (EV) observations from MODIS-Aqua band-2
(859 nm) at 250 m resolution in the areas around the Dongsha Atoll
(DA) on 13 May 2005 (left panel) and west of the Luzon Strait on 12
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May 2005 (right panel). Selected packets of internal waves, visible as
dark bands against bright bands of sunglint, are indicated in envelopes
of dashed lines
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Fig. 5 Corresponding synchronous distributions of Chl_a derived from MODIS-Aqua. See more details in Fig. 4. The distributions of Chl_a in

the inset subareas A, B, and C in the left panel are rescaled

ambient value of ca. 0.1 mg m > (Fig. 5). In contrast, in
the transformation and dissipation zone north of the
Dongsha Atoll, the elevation of Chl_a to 0.2-0.4 mg m~>
was quite conspicuous (Fig. 5, inset subarea A). Thus, in
comparison to the ambient water, Chl_ga is elevated in the
presence of internal waves and it is higher in the trans-
formation and dissipation zone than in the transmission
zone.

3.3 Enhancement of biological productivity
in the different subregions

The monthly mean Chl_a, SST, and PP, derived from
remotely sensed data at the four 1° x 1° subregions
(Fig. 1) and the corresponding reported values from direct
observation at the SEATS station and surrounding waters
(Chen 2005; Tseng et al. 2005; Wong et al. 2007) are
shown in Fig. 6. By using the average monthly data at the
1° x 1° subregions, the short-term responses, such as the
variations associated with the uplifting of the deep
Chl_a maximum waters, which occur in minutes to hours,
and the delayed response of phytoplankton growth to the

increasing nutrients, which takes 7-8 days, should have
been largely smoothed out. Therefore, Fig. 6 represents a
statistically averaged comparison among the subregions
which are affected by the internal waves to a different
extent. The remotely sensed estimations in subregion R
agree reasonably well with in situ observations. The
agreement lends support to the validity of the values esti-
mated from the remotely sensed data. The highest SST and
the lowest Chl_a and PP,,, were found throughout the entire
period in the reference subregion R where the effect of the
internal waves was minimal. The lowest SST and the
highest Chl_a and PP, were found in the dissipation zone
of the internal waves in subregion N. The values in the
transmission zone in subregions S and E were similar to
each other and they fell between those found in subregions
N and R. Relative to the subregion R, SST was depressed
by 0.5 °C in subregions E and S and 0.8 °C in subregion N,
respectively (Table 2). Correspondingly, Chl_a was higher
by 19 and 43 %, while PP,, was higher by 15 and 37 %
(Table 2). These differences relative to subregion R likely
represent the minimum effect of the internal waves in the
other subregions as the effect of the internal waves in
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Fig. 6 Climatological (2002-2011) monthly means of a Chl_a,
b SST, and ¢ primary production (PP,,) in subregions N, S, E, and R
between May and October. At each month, data points representing
subregions artificially move slightly left or right relative to each other
so that they are different from each other. Open triangles in situ
observations (with standard deviations) of SST and Chl_a at SEATS
and PP, adapted from Chen (2005) at locations in the proximity of
SEATS

subregion R, while minimal, may not be completely absent
(Chang et al. 2010; Lien et al. 2005; Zhang et al. 2011).

3.4 Other possible contributing factors

Aside from internal waves, a number of other processes are
known to contribute to the regional variability in the bio-
logical productivity in the open NSCS. They include the
latitudinal variation in vertical mixing resulting from lati-
tudinal difference in wind stress and solar heat flux (Chu

@ Springer

et al. 1997; Qu 2000; Shaw and Chao 1994), the occurrence
of mesoscale eddies (Chen et al. 2011; Qu 2000; Shaw and
Chao 1994; Wang et al. 2003; Wu and Chiang 2007) and
tropical cyclones (Lin et al. 2003), and the inputs of
nutrients by atmospheric deposition (Lin et al. 2007, 2011)
and mixing with the nutrient-replete shelf water (Gan et al.
2009a, b; Hu et al. 2010). However, these processes are
unlikely to be the primary controlling mechanism of the
subregional differences reported here.

The subregions N, E, S, and R are located at sufficiently
similar latitude, within 3° apart, that their biological pro-
ductivities should not be controlled by the large-scale lat-
itudinally dependent processes, such as wind stress and
solar heat flux. For example, the observed temperature
gradient in the region (Chu et al. 1997) account for a
temperature difference of only 0-0.1 °C between the sub-
regions N and E or S while the observed difference was
0.1-0.9 °C (Fig. 6b). Since the enhanced supply of nutri-
ents by vertical mixing and the associated elevation in
Chl_a are associated with the depression of SST, they are
also unlikely to be controlled by these large-scale pro-
cesses. While both mesoscale eddies and tropical cyclones
occur commonly in the NSCS (Lin et al. 2003; Wang et al.
2003; Chen et al. 2011), there is no evidence which sug-
gests that their pathways are strongly latitude-specific
within a 3° latitudinal band. Similarly, the atmospheric
depositional fluxes of nutrients to the NSCS are also not
strongly latitude-specific (Lin et al. 2007, 2011). Short-
term year-to-year variations are possible. However, since
the monthly means estimated here (Fig. 6; Table 2) are
averages over 9 years between 2002 and 2011, short-term
variations would have been smoothed out.

As to the enhancement of primary production by the
input of nutrients from the shelf, if this occurs, the effect
should be most prominent in the subregion N which is
closest to the shelf. However, the open NSCS is separated
from the Northern South China Sea Shelf-sea year round
by the South China Sea Warm Current which is located
along the shelf edge (Gan et al. 2009a, b; Hu et al. 2010)
and this would limit any exchanges between them. Even
during the periods of high river discharge in the year
(June—July), the fresher surface waters from the shelf are
generally confined shoreward within the ca. 100-m isobath
(Gan et al. 2009a, 2010). On the other hand, the subregions
E and S are located more than 200 km away from the
100-m isobath. Furthermore, the largest depression in SST
and elevation in Chl_a were found in May (Fig. 6) when
the prevailing surface current is westward or southwest-
ward (Chang et al. 2010) so that the offshore eastward
intrusion of shelf water onto the open NSCS may be further
impeded, suggesting that the observed differences were not
caused by the input of nutrients from the shelf. The dis-
tribution of surface Chl_a in the region supports this
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Table 2 Variations in sea surface temperature (SST), chlorophyll a concentration (Chl_a), and net primary production (PP.,) among the

subregions between May and October

Parameters Subregions Differences Ratios
R SE N SE-R N-R SE/R N/R
SST (°C)
Min 279 273 26.5 -1.0 -2.0 - -
Max 294 29.2 29.0 0.0 —0.1 - -
Mean 28.8 28.3 27.9 -0.5 -0.8 - -
SD 0.5 0.7 1.1 0.4 0.7 - -
Chl_a (mg m™?)
Min 0.077 0.087 0.095 0.007 0.018 1.07 1.19
Max 0.099 0.113 0.134 0.024 0.055 1.31 1.73
Mean 0.084 0.098 0.117 0.014 0.033 1.19 1.43
SD 0.008 0.008 0.015 0.007 0.016 0.10 0.22
PP., (mg C m—2 dayfl)
Min 214 228 282 16 42 1.07 1.17
Max 243 288 377 63 155 1.29 1.71
Mean 224 255 311 32 82 1.15 1.37
SD 11 18 37 20 45 0.09 0.21

N dissipation zone north of the Dongsha Atoll, SE transmission zone south or east of the atoll, R reference site at SouthEast Asian Time-series

Study (SEATS) station

Latitude N

116

116.5 117
Longitude E

117.5

Fig. 7 MODIS-Aqua derived monthly distribution (4 km resolution)
of Chl_a in May 2005. The subregion N is shown in the gray box. A
strip of water with low Chl_a, approximately between the ca. 50-m
isobath and the ca. 100-m isobath, isolates the patch of high Chl_a in
the subregion N from the high Chl_a shelf water

isolation of the water in subregion N from the influence of
the seaward intrusions from the shelf as the patch of high
Chl_a in subregion N is separated from the high concen-
trations on the shelf by a strip of water with low
Chl_a concentrations along the shelf edge (e.g., as found in
May 2005, Fig. 7).

So, while other processes do contribute to the variations
in biological productivity in the NSCS, their contribution to
the differences among the subregions, if any, is likely to be
secondary. The spatial patterns in the differences are most
consistent with the varied effects of internal waves in the
subregions.

4 Summary

In the summertime between May and October, the con-
centrations of Chl_a and PP,, are elevated while SST is
depressed in the surface mixed layer in the transmission
and dissipation zones of the internal waves in the NSCS
relative to a subregion that is minimally affected by
internal waves. The results are more conspicuous in the
dissipation zone than in the transmission zone. These pat-
terns are most consistent with an elevation in biological
productivity as a result of the mixing of the cold and
nutrient-replete subsurface water with the mixed layer
through the action of the internal waves.
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