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Field observations in the northern South China Sea (NSCS) indicate that elevated concentrations of 
chlorophyll a (Chl_a) associated with non-linear internal waves (NIWs) were more pronounced in the 
subsurface than at the sea-surface. At a given surface Chl_a, the vertically integrated Chl_a in an NIW-
active area was 45% higher than that in an area where the NIW activities were minimal. As a result, 
net primary production (PPeu) estimated from surface Chl_a from remote sensing by using the current 
Chl_a-based PPeu model (e.g. VGPM) would have underestimated the true value by the same amount. 
If this correction is applied, the activities of NIWs would have elevated PPeu in the NSCS by 89%, rather 
than by 15–37% as previously reported. The elevated PPeu in the areas with high NIW activities would 
be at least 3.57 Tg-C yr− 1. It may account for 2.0% of new production in the South China Sea.

Marine net primary production (PPeu) is a primary determining factor of the life processes in the oceans. It also 
plays a critical role in regulating atmospheric CO2 which is a major contributing factor to global warming. Thus, 
an accurate quantification of PPeu would be indispensable for a better understanding of these important processes 
in the earth system. Global marine PPeu, at about 50 Pg-C yr− 1, is similar in magnitude to primary production 
on land, and it has been estimated to be decreasing at about 0.19 Pg-C or 0.4% per year1,2. This decrease has been 
postulated to be probably the result of global warming which may lead to an increase in the vertical stratification 
in the oceans, and a decrease in deep water formation. The resulting reduction in vertical mixing reduces the 
supply of nutrients from the nutrient-rich deep water to the nutrient-depleted surface water to support primary 
production. Within the oceans, higher PPeu has been found in sub-regions where the activities of non-linear 
internal waves (NIWs; also called internal solitary waves) are prominent since these activities enhance vertical 
mixing3,4. These sub-regions in the oceans are quite ubiquitous5 and they contribute disproportionately to global 
PPeu. Pan et al.6 estimated that the activities of NIWs may have elevated PPeu by 15–37% in the northern South 
China Sea. Furthermore, under global warming, DeCarlo et al.7 suggested that the activities of NIWs may 
intensify as vertical stratification increases. Thus, while global PPeu may decrease, PPeu in the sub-regions with 
NIW activities may increase so that its contribution to global PPeu may be further amplified.

Regional and global PPeu has been estimated almost exclusively from ocean color remote sensing8. A widely 
used, if not the most widely used, ocean color model is the Vertically Generalized Production Model (VGPM)9 
such that:

	
P P eu = 0.66125 × P B

opt × E0

E0 + 4.1 × EZD × Cs × Dirr � (1)

Here, PB
opt, E0, EZD, Cs and Dirr represent the maximum carbon fixation rate within a water column, the daily 

integrated surface photosynthetically available radiation (PAR), the euphotic zonal depth, surface chlorophyll a 
concentration (Chl_a) and the daily photoperiod, respectively. PB

opt can be expressed as a 7th -order polynomial 
function of sea surface temperature (SST), while (EZD×Cs) is actually a measure to the integrated chlorophyll in 
the euphotic zone (IChl)

9. Therefore, given the surface condition (e.g. SST and E0, which are also readily available 
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satellite products), the VGPM-derived PPeu is actually linearly related to IChl. In other words, quantifying IChl is 
key to the accurate estimation of PPeu from space.

The IChl is estimated from surface Chl_a by using empirical relationships between the two10. An error may 
appear when this approach is used for estimating IChl in the sub-regions in the oceans where NIW is active, 
since the relationship between the subsurface distribution of Chl_a and surface Chl_a in the sub-regions with 
NIW activities3,4,6 may differ from that in the general ocean on which the VGPM is based. Thus, the algorithms 
in use presently for the estimation of IChl and PPeu may not yield accurate estimations of actual IChl and PPeu in 
these sub-regions. Extensive activities of NIWs are known to occur in the norther South China Sea (NSCS)11,12. 
Generated at the Luzon Strait, theses NIWs propagate westward across the deep basin and evaluate according to 
bumpy topography, interaction with the oceanic circulations, and interaction with meso-scale eddies13–16. The 
NIWs become unsteady and dissipative as they propagate up the continental slopes. By using in situ and remotely 
sensed data from this sub-region, the potential error on the estimation of IChl in this type of environment and 
how it may affect the estimation of regional PPeu are evaluated.

Materials and methods
Field experiments
The study area, 114.5–120.5° E and 19.5–22.0° N, in the open NSCS is an area where extensive activities of NIWs, 
based on satellite observations reported in literature, have been found (Fig. 1)6,12. Although the NIWs may occur 
in other parts of the NSCS, e.g. in the northwestn South China Sea (around 112–114 ° E and 19.5–22.0° N)17, the 
area of these regions is one order of magnitude smaller than our study area. As such, the contribution of PPeu by 
the NIWs in other sub-regions would be substantially limited as compared to that in our study area. In this area, 
the activities of NIWs are particularly intense around the Dongsha Atoll (116.68–116.92° E and 20.58–20.78° 
N). The NIWs are thought to be transformed and even dissipated north of the Dongsha Atoll, while east and 
south of the Dongsha Atoll are the transmission zones to the NIWs6. Waters with water-depths of less than 200 
m were excluded from the analysis so as to minimize any influence from land runoff. Furthermore, in order to 
focus on the effect of the NIW alone, observations that might have been affected by episodes of tropical cyclones 
and eddies were also excluded. As the effect of the NIW in the upper layer tends to be masked when the waters 
are well mixed6, only stations with vertically stratified waters were selected for analysis. A total of 10 stations in 
the study area were occupied in 6 cruises between 2009 and 2014 (Fig. 1; Table 1). At 5 stations, 3 occupied north 
and 2 occupied east of the Dongsha Atoll, time-series observations in 1 to 3-hour time-intervals were conducted 
for a time period of 20 to 38 h. During these time series observations, the activities of NIWs were indicated 
by oscillating isopycnals with depth at amplitudes of 43 ± 14 m (ranging between 29 and 64 m) and period of 
about 12 h (Fig. S1). Nevertheless, since the NIW passages occur in several to tens of minutes, higher temporal 
resolutions on the CTD profiles may help to capture the performance of the NIWs in more details.

  
The observations at the SouthEast Asian Time-series Study (SEATS) station (at 116° E, 18° N) in the deep 

basin of the NSCS were used as a reference as this station is located only about 150 km from the study area and 
the activities of NIWs at this location have known to be limited (Fig. 1)6,12. Over 400 km away from the coastline 
and with ~ 3800 m of water bottom depth, land effects, such as coastal upwelling and sediment resuspension, 

Fig. 1.  Station locations in the northern South China Sea (NSCS). X: SEATS; ○: OR3-1379; □: OR1-0929; +: 
OR1-1015; ▲: OR3-1697; ◊: OR3-1770; ∆: OR1-1084. The historical compilation of the distribution of internal 
waves in the NSCS between 1995 and 2001 reported by Zhao et al.12 is shown as the background.
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are almost negligible at the SEATS station. Similar to the observations in the NIW-active area, observations at 
the SEATS station that might have been affected by episodes of tropical cyclones and eddies were also excluded. 
The SEATS station was occupied 16 times between 1999 and 2014, and time-series observations in 1 to 3-hour 
time-intervals were conducted for a time period of 9 to 44 h. In these observations, regular oscillations of the 
isopycnals with depth were not found consistently (Fig. S2). If oscillations were found, the amplitudes were 14 ± 
6 m (ranging between 4 and 26 m). Thus, the activities of NIWs were small in comparison to those at the study 
area during the study period.

Each time when a station was occupied, the distributions of water temperature and salinity were recorded 
with depth with a conductivity-temperature-depth (CTD) recorder (SeaBird SBE9/11), while photosynthetically 
available radiation (PAR) and in situ chlorophyll fluorescence were measured by a Biospherical model QSP-200 
L or QSR-240 quantum scalar irradiance sensor and a Chelsea AQUAtracka III fluorometer, respectively. These 
vertical observations were binned to 1-m intervals. The mixed layer depth (MLD) is defined as the depth at 
which the temperature was 0.5 °C lower than the surface value, while the euphotic zonal depth (EZD) is defined 
here as the depth at which PAR was reduced to 0.6% of the surface value18. The subsurface chlorophyll maximum 
depth is determined as the depth with the maximum chlorophyll fluorescence. The dissipation rate of turbulent 
kinetic energy (ε) and eddy diffusivity (Kp) are estimated using the Thorpe scale method such that19:

	 ε ≈ 0.64LT
2N3� (2)

	 Kp ≈ 0.2ε /N2� (3)

Here, the Thorpe scale (LT) is estimated by following the method described in Dillon20 and Thorpe21, while the 
Brunt-Väisälä frequency (N) is estimated as:

	
N =

√
g

ρ
dρ /dz� (4)

Here, g is the acceleration due to gravity (≈ 9.8 m s− 2), ρ is the density, and z is the depth.
Discrete water samples were collected at 6 to 9 depths in the top 200 m of the water column, typically at nominal 

depths of 5, 10, 20, 30, 50, 80, 100, 150 and 200 m, by using 20-L Go-Flo bottles mounted onto a Rosette sampling 
assembly (General Oceanic Inc.). Samples for the determination of the Chl_a were collected by filtering ~ 2-L of 
seawater each onboard ship through 47 mm Whatman GF/F glass fiber filters. The filters were stored in liquid 
nitrogen and were returned to shore-based laboratories for the determination of the concentrations of Chl_a by 
fluorimetry prior to 2007 and by high-performance liquid chromatography (HPLC) in subsequent years22,23. 
The column-integrated Chl_a utilized for photosynthesis, IChl, was calculated by trapezoidal integration for the 
euphotic zone. To reduce the error in the calculation of IChl when the subsurface Chl_a maximum depth, which 
was typically located at ~ 60 m, was not sampled, the concentrations of Chl_a below 50 m in 1-m intervals 
were estimated from the in situ chlorophyll fluorescence. For each cast, an empirical linear relationship, which 
was regressed from the match-up data points between discrete water samples and the corresponding in situ 
chlorophyll fluorescence below 50 m, was used to convert the in situ fluorescence to the concentrations of Chl_a.

Remotely sensed data
Monthly VGPM-derived PPeu obtained with the MODerate resolution Imaging Spectroradiometer on Aqua 
sensor (MODIS-Aqua) between 2002 and 2024 was extracted from the Ocean Productivity site (​h​t​t​p​:​​​/​​/​w​w​​w​.​s​c​i​
e​n​c​​e​.​o​r​e​g​​o​n​s​t​a​​​t​e​.​e​​d​​u​/​o​c​​e​a​​n​.​p​r​o​​d​u​c​t​i​v​​i​t​y​/​i​​n​d​e​x​.​p​h​p).

Statistics
The performance of the algorithm of the derivations was evaluated by the root mean square difference (RMSD) 
such that:

Cruises Periods *Stations

(a) Stations with NIW effect

OR3_1379 11–12 Jun 2009 2 (1)

OR1_0929 4–12 Jun 2010 3 (1)

OR1_1015 13–14 Oct 2012 1 (1)

OR3_1697 19–20 Jun 2013 1 (1)

OR3_1770 6–7 Jun 2014 1 (1)

OR1_1084 9–11 Aug 2014 2 (0)

(b) The SEATS station with minimal effect of the NIWs

SEATS
19 Sep 1999; 23–24 May, 25–26 Jul 2000; 25–27 Mar 2002; 7 Aug, 4 Oct 2003; 5 May, 6 
Aug 2004; 30 Mar, 30 Jul 2005; 21 Oct 2006; 31 May 2008; 14 Oct 2010; 31 Aug-1 Sep 
2012; 16 Oct 2013; 5–6 Aug 2014

16 (16)

Table 1.  Field experiments conducted in the open NSCS. *Number of stations in which number of the 
anchored stations is shown in parenthesis.
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RMSD=

√∑
(D − F)2/n� (5)

Here, n, F and D are the number of samples, the observations and the corresponding derived products, 
respectively.

Results and discussion
Effect of the NIWs on enhancing subsurface Chl_a
The vertical distributions of Chl_a in the summer at the SEATS station on 5–6 August 2014 and in the study 
area at Station A (north of the Dongsha Atoll at 116.66° E, 20.85° N) on 8–10 June 2010 are shown in Fig. 2. 
The observations at these two stations are approximately representative of the average summer conditions at 
the SEATS station and in the NIW-active sub-region, respectively (Table S1). The hydrographic conditions, 
such as sea surface temperature (SST; 29.2 ± 0.1 vs. 28.0 ± 0.1 °C), MLD (24 ± 3 vs. 32 ± 9 m) and EZD (77 ± 5 vs. 
74 ± 6 m), were not substantially different to each other at these two stations. As such, the difference between 
these two stations might indicate the general response of phytoplankton to the NIWs.

At the SEATS station, the low surface Chl_a, 0.13 ± 0.02 mg m− 3, was typically observed in the open NSCS in 
the summer when the mixed layer waters were relatively oligotrophic23. Below the mixed layer, Chl_a increased 
with increasing depth until a maximum of 0.33 mg m− 3 was reached at the subsurface chlorophyll maximum 
(SCM). Below the maximum, the concentration decreased sharply with depth as light became limiting for 
phytoplankton growth, and reached undetectable levels below about 150 m. Such a depth distribution in Chl_a 
and the concentration of Chl_a at the subsurface are typical of what have been observed at this station over the 
years24 and have been found in many parts of the oceans, especially in tropical waters25. At Station A, the surface 
Chl_a, 0.10 ± 0.02mg m− 3, was similar to those at the SEATS station and was typical of those found in the open 
NSCS in the summer23. However, although the vertical distribution of Chl_a at Station A followed a similar 
pattern as that at the SEATS station, prominently elevated concentrations were found around the subsurface 
maximum from the base of the mixed layer (at ~ 30 m) to ~ 100 m. In this Chl_a-rich layer, the average ratio of 
Chl_a to the surface value was about 3.3 ± 1.2 (ranging between 1.1 and 5.1) at Station A. The corresponding 
value at the SEATS station was 1.8 ± 0.5 (ranging between 0.9 and 2.5). Thus, while the surface Chl_a at Station 
A, 0.10 ± 0.02mg m− 3, was lower, by about 30%, than that, 0.13 ± 0.02 mg m− 3, at the SEATS station, the column-
integrated Chl_a utilized for photosynthesis, IChl, at Station A (21.4 ± 3.1 mg m− 2) was higher, by about 15%, 
than that at the SEATS station (18.5 ± 2.4 mg m− 2). In other words, IChl was significantly elevated at the station 
where the activities of NIWs were extensive and this elevation was not reflected in surface Chl_a.

Fig. 2.  Average vertical variations of Chl_a (solid lines) at the SEATS station (●) conducted during 5–6 August 
2014 and at the Station A (▲) conducted during 8–10 June 2010. Small-sized symbols – individual observations 
from discrete water sampling; large-sized symbols and error bars – mean ± SD of Chl_a from discrete water 
sampling. Note that Chl_a below 50 m was estimated from the in situ fluorescence with 1-m intervals.
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Three effects of the NIWs might contribute to the relative elevation of subsurface Chl_a at Station A. First, 
the SCM was elevated to shallower depth, and also optically shallower depth, by the NIWs. It was located at ~ 
54 m or ~ 3.0% of the surface PAR at Station A, shallower than that, ~ 64 m or ~ 1.6%, at the SEATS station. 
Secondly and probably more importantly, the vertical mixing would be enhanced by the NIWs. The average eddy 
diffusivity (Kp) in the subsurface layer (e.g. depth of 50–100 m) at Station A, 0.00023 ± 0.00100 m2 s− 1 (ranging 
between 0 and 0.00616 m2 s− 1), was about 2.3-folds of that at the SEATS station, 0.00010 ± 0.00030 m2 s− 1 
(ranging between 0 and 0.00099 m2 s− 1). Similar results were found in other stations. For example, the average 
Kp in the anchored stations in the NIW-active sub-region, 0.00038 ± 0.00060 m2 s− 1 (ranging between 0.00001 
and 0.00143 m2 s− 1), was 4.6-folds of the average Kp at all observations at the SEATS station, 0.00008 ± 0.00011 
m2 s− 1 (ranging between 0.0 and 0.00034 m2 s− 1). As such, the elevated nutrient supply from the nutrient-rich 
lower waters by the NIWs would support elevated phytoplankton growth in the euphotic zone. Thirdly, on the 
continental slopes, the formation of NIWs with subsurface trapped cores via shoaling makes the waters highly 
turbulent with 10–50-m density overturnings26,27. The cores mix continuously with the surronding waters and 
create wakes of mixed waters.

Relationships between IChl and surface Chl_a observed in situ
At the SEATS station, the field in situ observations indicated that IChl generally increased with the increase of 
surface Chl_a, Cs, and the relationship between them could be expressed as a log-transformed linear (Model-2) 
regression such that (Fig. 3):

	 log (IChl) ref = (1.784 ± 0.047) + (0.567 ± 0.050) log (Cs) ref

	 r2 = 0.734, n = 46� (6)

Here, the subscript “ref ” represents the reference site at the SEATS station. The RMSD of log(IChl)ref derived 
from Eq. (5) relative to the in situ observations was ± 0.0415, which was corresponding to the uncertainty of the 
derived (IChl)ref by about ± 10%.

For stations associated with the NIWs, IChl could also be related to Cs by a log-transformed linear (Model-2) 
regression such that (Fig. 3):

	 log (IChl) NIW = (1.969 ± 0.058) + (0.600 ± 0.057) log (Cs) NIW

	 r2 = 0.687, n = 51� (7)

Here, the subscript “NIW” represents the region subject to the effect of the NIWs. The RMSD of the derived 
log(IChl)NIW relative to the in situ observations was ± 0.0906, which was corresponding to the uncertainty of 
the derived (IChl)NIW by about ± 23%. Although the influence of NIW activities on the vertical distributions of 
Chl_a may be spatially different due to spatial variability in wave energy, bathymetry, hydrography and so on, 

Fig. 3.  Relationships between column-integrated Chl_a utilized for photosynthesis (IChl) and surface Chl_a 
(Cs) from field in situ observations. ○: SEATS station; △, �: Stations subject to the effect of the NIWs with 
water bottom depths of ~ 350 m and > 1000 m, respectively. Solid lines – best fit log-transformed linear 
regressions; dashed lines – one RMSD (± 0.0415 and ± 0.0906) of log(IChl) from the best fit lines at the SEATS 
station and stations associated with the NIWs, respectively.
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the relationships between IChl and Cs were not substantially spatially different. For examples, when separating 
stations into two groups, one with water bottom depths of ~ 350 m in representing the regions where the NIWs 
are transformed or even dissipated, and the other with water bottom depths > 1000  m in representing the 
transmission zones for the NIWs, the relationships between by (IChl)NIW and (Cs)NIW were not substantially 
different to each other (Fig. 3). As such, Eq. (7) would be relatively uniform for NIW-active regions.

For a given Cs, (IChl)NIW was generally larger than (IChl)ref (Fig. 3). Since the slopes in Eqs. (6) and (7), 0.567 
and 0.600 respectively, were not substantially different to each other, the ratio of (IChl)NIW to (IChl)ref was largely 
independent of Cs and was thus approximately a constant. Actually, for Cs ranging between 0.05 and 0.35 mg 
m− 3, which may cover most of the surface Chl_a observed in the stratified waters of the open NSCS23, the ratio 
of (IChl)NIW to (IChl)ref was about 1.45 (varying between 1.39 and 1.48). In other words, at a given Cs, IChl in the 
region with extensive activities of NIWs was about 45% higher than that in a region where the activities of NIW 
was minimal.

Impacts to regional and global carbon cycles
At the SEATS station, Shih et al28. indicated that between April and October, the “true” PPeu obtained from 
the ship-based in situ measurements would be about 0.64-fold of the satellite-derived VGPM-based PPeu. In 
the NIW-active sub-region, as the VGPM-based PPeu is actually linearly related to IChl, according to the results 
in Sect. 3.2, the “true” PPeu would be about 0.928-fold (1.45 × 0.64 = 0.928) of the satellite-derived VGPM-
based PPeu. Figure 4 showed the climatological monthly PPeu corrected by multiplying 0.64 and 0.928 to the 
MODIS-derived VGPM-based net primary production at the SEATS station and in the NIW-active region 
(114.5–120.5.5.5° E and 19.5–22.0° N), respectively, between May and October when the effects of the NIWs 
are marked6,23.

In the NIW-active sub-region, the PPeu between May and October was about 0.274 ± 0.021 g-C m− 2 d− 1 
(ranging between 0.241 and 0.290 g-C m− 2 d− 1). Compared to the PPeu, 0.146 ± 0.018 g-C m− 2 d− 1 (ranging 
between 0.137 and 0.166 g-C m− 2 d− 1), at the SEATS station during the same time period, the PPeu would be 
elevated by 89% associated with the NIW activities, rather than 15–37% in previous report6. The contribution of 
the NIWs on enhancing PPeu would reach 0.128 g-C m− 2 d− 1. It was equal to 3.57 × 1012 g-C yr− 1 or 3.57 Tg-C 
yr− 1 (1 Tg = 1012 g), given the NIW-active sub-region covering an area of 0.15 × 106 km2 in a time period of 
183 days (May to October). Such a contribution is about 1.1-fold of that, 3.27 Tg-C yr− 1, caused by the tropical 
cyclones in the whole western North Pacific subtropical ocean29. Given that the NIWs may occur in other parts 
of the SCS, although their area is substantially small as compared to our selected study area, the enhanced PPeu 
contributed by the NIW activities would be slightly larger than our estimation.

The PPeu enhanced by the NIWs is attributed to the new production. The new production in the South 
China Sea (SCS) was about 0.14 g-C m− 2 d− 1 year round30. Covering an area of 3.5 × 106 km2, the annual 
new production in the SCS as a whole would reach 179 Tg-C yr− 1. Therefore, even without considering the 
contributions from other regions in the SCS, the NIWs might contribute about 2.0% (= 3.57/179) of the new 
production in the SCS. Since the NIWs are commonly found in the shelf-seas5, the global contribution of the 
new production by the NIWs, as well as the contribution to the global anthropogenic CO2 uptake, would need 
to be re-evaluated.

Fig. 4.  “Corrected” MODIS-Aqua derived climatological (2002–2024) monthly mean ± SD of net primary 
production (PPeu) between May and October. ○: at the SEATS station; ▲: in the NIW-active sub-region 
(114.5–120.5.5.5° E and 19.5–22.0° N).
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Conclusion
This study has demonstrated that the subsurface Chl_a in the sub-region subject to the effect of the NIWs would 
be pronouncedly higher than that in the sub-region with minimal effect of the NIWs in the NSCS. As such, for 
a given surface Chl_a (Cs), the vertically integrated Chl_a (IChl) in the NIW-active sub-region would be higher 
by 45% than that in the general condition. Current Chl_a-based remote sensing primary production model 
(e.g. VGPM), which adapts the relationship between IChl and Cs developed for the general condition, would 
underestimate net primary production (PPeu) in the NIW-active sub-region. By using the corrected data, the 
NIWs would cause an elevation of PPeu by about 89%, rather than 15–37% previously reported6. The elevated 
PPeu associated with the NIWs would be at least 3.57 Tg-C yr− 1 in the South China Sea (SCS). The NIWs may 
account for 2.0% of new production in the SCS. Nevertheless, since only 10 stations are available for the NIW-
active region, further evaluation when additional field observations, which cover broader geographic scope, 
become available would be desirable.

Data availability
The datasets generated during the current study are available in the Figshare repository, doi:  10.6084/m9.
figshare.31819483.
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