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Abstract: River plumes play an important role in the cross-margin transport of phytoplankton and
nutrients, which have profound impacts on coastal ecosystems. Using recently available Soil Moisture
Active Passive (SMAP) sea surface salinity (SSS) data and high-resolution ocean color products,
this study investigated summertime high-frequency variations in the Pearl River plume of China
and its biological response. The SMAP SSS captures the intraseasonal oscillations in the offshore
transport of the Pearl River plume well, which has distinct 30–60 day variations from mid-May to
late September. The offshore transport of freshwater varies concurrently with southwesterly wind
anomalies and is roughly in phase with the Madden–Julian Oscillation (MJO) index in phases 1–5,
thus implying that the MJO exerts a significant influence. During MJO phases 1–2, the southwest
wind anomalies in the northeastern South China Sea (SCS) enhanced cross-shore Ekman transport,
while the northeast wind anomalies during MJO phases 3–5 favored the subsequent southwestward
transport of the plume. The high chlorophyll-a concentration coincided well with the low-salinity
water variations, emphasizing the important role of the offshore transport of the Pearl River plume in
sustaining biological production over the oligotrophic northern SCS. The strong offshore transport
of the plume in June 2015 clearly revealed that the proximity of a cyclonic eddy plays a role in the
plume’s dispersal pathway. In addition, heavy rainfall related to the landfall of tropical cyclones in
the Pearl River Estuary region contributed to the episodic offshore transport of the plume.

Keywords: Soil Moisture Active Passive; sea surface salinity; Pearl River plume; intraseasonal
variation; phytoplankton bloom; mesoscale eddy; tropical cyclone

1. Introduction

River plumes play an important role in the cross-margin transport of phytoplankton and nutrients,
which have profound impacts on coastal ecosystems [1–3]. The Pearl River is the third largest river in
China and is the thirteenth largest river worldwide in terms of discharge. The river discharge varies
between 4000 and 16,000 m3/s over a typical year [4]. The largest outflow occurs in the summer due
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to the high precipitation upstream, and a weak outflow occurs in the winter under dry conditions.
The plume from the Pearl River is a dominant feature of the hydrography of the northeastern South
China Sea (SCS) [5] (Figure 1a).Remote Sens. 2019, 11, x FOR PEER REVIEW 5 of 21 

 

 
Figure 1. (a) The bathymetry (contours; m) of the northern South China Sea. Climatological means for 
(b) Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua chlorophyll-a (Chla) (shadings; 
mg/m3), (c) sea surface temperature (SST) (shadings; °C) and surface wind (vectors; m/s), (d) sea 
surface salinity (SSS; shadings; psu) and precipitation minus evaporation (P-E; contours; mm/day), 
and (e) surface nitrate concentration (shadings; mmol/l) and nitracline depth (contours; m) in June–
August. 

3.2. Madden–Julian Oscillation-Related Offshore Transport of the Plume 

MJO is a major source of tropical intraseasonal variability over a period of 30–90 days, which is 
active in the SCS. Figure 2 illustrates the longitude–time sections of SSS averaged between 21–23°N. 
The offshore transport of freshwater recurred annually but had strong interannual variability, and 
the SSS variations comprised intraseasonal events (Figure 2a–d). During a typical year, the SSS 
showed distinct 30–60 day variations, with 2–3 prominent low SSS events from mid-May to late 
September and their magnitudes were much lower than the climatological values. Low-salinity water 
persisted for approximately 15–30 days and extended eastward to 118°E in most events The Chla 
exhibited significant intraseasonal variability, and the development of the phytoplankton blooms 
were roughly consistent with the low salinity water intraseasonal variations (Figure 2e–h).  

Figure 1. (a) The bathymetry (contours; m) of the northern South China Sea. Climatological means for
(b) Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua chlorophyll-a (Chla) (shadings;
mg/m3), (c) sea surface temperature (SST) (shadings; ◦C) and surface wind (vectors; m/s), (d) sea surface
salinity (SSS; shadings; psu) and precipitation minus evaporation (P-E; contours; mm/day), and (e)
surface nitrate concentration (shadings; mmol/l) and nitracline depth (contours; m) in June–August.

The Pearl River Estuary and coastal region of northeastern SCS experience seasonally reversing
monsoon winds, which are tightly coupled to East Asian monsoons [6]. The physical and biogeochemical
processes in this region are governed by wind-driven processes and dominated by the seasonal cycle.
The shape and dispersal of the Pearl River plume on the shelf are controlled by a variety of factors [5,7–10],
in which wind and ambient coastal flow are significant [11,12]. The northwesterly wind drives the
plume westward along the coast during the winter. During the summer, the prevailing southwesterly
monsoon gives rise to strong coastal upwelling in the northern SCS [13], and the associated offshore
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Ekman transport and the northeastward boundary current drive the plume eastward. This pattern
is frequently disrupted by summertime short-term wind reversals [12,14]. The plume can extend
eastward along with the surface current to the southern Taiwan Strait (approximately 500–600 km
from the estuary) and can even be entrained by eddies into the open ocean [15,16]. Based on
the observed surface salinity distribution from 1978–1984 and a salinity isohaline of 32 psu as the
offshore boundary of the plume, four major horizontal Pearl River plume types can be identified
in summer: offshore bulge spreading, west alongshore spreading, east offshore spreading, and
symmetrical alongshore spreading [11]. Surface wind also influences the vertical structure of the
plume. The river plume thins when upwelling-favorable wind drives it offshore and thickens when
downwelling-favorable wind pushes it shoreward [7,17]. The large inputs of nutrients from coastal
upwelling and the river plume sustain intense primary productivity along the coastal region of the
northern SCS [2]. Strong summertime phytoplankton blooms and subsurface chlorophyll maximums
have been frequently reported in the river plume [18,19]. The rest of the northern SCS is oligotrophic,
with extremely low nutrient concentrations in the surface water during the southwest monsoon
season. The dynamic processes associated with tropical cyclones, internal waves, and mesoscale eddies
have been suggested to be important for stimulating episodic phytoplankton blooms in the northern
SCS [15,20,21].

The Madden–Julian Oscillation (MJO) is the dominant mode of tropical atmospheric intraseasonal
variability for periods of 30–90 days [22]. It is characterized by the alternation of large-scale enhanced
and suppressed convection propagating eastward from the tropical Indian Ocean to the central Pacific
Ocean. The intraseasonal variations in sea surface temperature (SST), chlorophyll-a (Chla), upper ocean
currents, and the activity of tropical cyclones in the SCS have been reported in several studies, and their
relationships with MJO have been suggested [23–25]. In summer, MJO-related wind enhancement
can cause intraseasonal cooling events and phytoplankton blooms off the South Vietnam coast [26,27].
Chen et al. [7] suggested that the strong pulsed wind contributed significantly to the detachment of
low-salinity water from the Pearl River plume. Atmospheric intraseasonal wind pulses associated with
MJO are expected to exert an influence on the dispersal of the Pearl River plume and the biological
variations in the northeastern SCS.

The present study investigates the summertime high-frequency variations in the Pearl River
plume and its biological response. Due to a lack of sufficient observations, detection and analysis of the
intraseasonal signal in the river plume are difficult. Remote sensing offers a unique method to study
the sea surface salinity (SSS) associated with various oceanic and climatological phenomena [28–30].
Launched in January 2015, NASA’s Soil Moisture Active Passive (SMAP) platform and mission provide
unique and complementary observations to study floods and discharged freshwater in coastal estuarine
regions [31,32]. Using in situ salinity data, Tang et al. [33] validated the SMAP SSS and suggested
that the SMAP can track large salinity changes occurring within a month. Their results revealed the
capability of SMAP to observe salinity signals in coastal oceans and marginal seas (e.g., Mediterranean
Sea and Bay of Bengal). Accurate SSS data collected by SMAP at the current spatial coverage and
duration can effectively detect 30–90 day and 10–20 day intraseasonal oscillations and even 3–7 day
synoptic oscillations in SSS [34]. Using the high-resolution SMAP SSS and auxiliary satellite datasets,
we mainly focused on the 30–90 day intraseasonal variations in the Pearl River plume. The processes
(i.e., mesoscale eddies and tropical cyclones) contributing to the dispersal of the plume and associated
phytoplankton blooms are also discussed.

2. Data and Methods

Although the NASA SMAP platform was designed to measure soil moisture from space, it can
also be used to retrieve SSS. The SMAP SSS data were collected using L-band radiometry at 1.4
GHz, with a swath width of approximately 1000 km. The daily SMAP SSS product analyzed in
this study was Version 4 Level 3 with a spatial resolution of approximately 40 km derived from
the 8 day running mean from April 1, 2015 to December 31, 2018, produced by the Remote Sensing
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Systems (RSS) [35]. Apart from the SMAP SSS from RSS, we also examined the SMAP SSS from the Jet
Propulsion Laboratory (JPL), which showed consistent intraseasonal variations in the SSS influenced
by the Pearl River plume [36]. The findings of this study were not sensitive to the product we used. The
daily orbital level 2 Chla and SST data with a spatial resolution of 1 km were derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) on the Aqua and Terra spacecraft. The daily ocean
color data included a large amount of missing data owing to the cloud cover in the summer monsoon,
and the days for analysis were selected based on the availability of the images. To obtain more
valid data coverage, MODIS-Aqua and MODIS-Terra data were merged at a 2 km spatial resolution
using NASA’s SeaWiFS Data Analysis System software package. The level 2 Visible Infrared Imaging
Radiometer Suite (VIIRS) on Suomi NPP with a spatial resolution of 750 m was also processed to obtain
the daily Cha and SST data. The merged 8-day Chla data with a spatial resolution of 4 km was obtained
from the Ocean Colour Climate Change Initiative (OC-CCI) of European Space Agency (ESA). Daily
0.25◦ gridded surface wind data were obtained from the Advanced Scatterometer (ASCAT METOP-A)
measurements produced by the Centre de Recherche et d’Exploitation Satellitaire [37].

The precipitation rate was obtained from the Tropical Rainfall Measuring Mission (TRMM) 3B42
V7 product on a 0.25◦ × 0.25◦ grid. The outgoing longwave radiation (OLR) data, which are often
used as a proxy for convection in tropical regions, were obtained from the National Oceanic and
Atmospheric Administration (NOAA) Climate Data Record. The daily Version 1.2 OLR data is available
on a 1◦ × 1◦ grid. Monthly climatological nitrate data were obtained from the World Ocean Atlas
2013. The nutricline was estimated based on a 2 mmol/m3 isocline depth of nitrate. The sea surface
height (SSH) and surface geostrophic currents with daily resolution on a 0.25◦ × 0.25◦ grid were
obtained from the satellite altimetry data provided by Archiving, Validation and Interpretation of
Satellite Oceanographic Data (AVISO). The mesoscale eddy trajectory atlas product was based on the
multimission altimetry dataset, which provided the eddy type (cyclonic/anticyclonic), speed-based
radius, amplitude, and rotational speed data [38]. Daily finite-size Lyapunov exponent (FSLE) data
with a spatial resolution of 1/25◦ were also provided by AVISO. The FSLE is a robust tool quantifying
ocean horizontal transport and mixing, and the ridges of the FSLE fields can be used to identify the
Lagrangian coherent structures, which show great skill in detecting transport barriers. FSLEs are
computed from time τ, which is the time at which two tracer particles initially separated at a distance
δ0 from x reach a final separation distance δ f following the trajectories in the marine surface velocity

field. Herein, the FSLE is given by d’Ovidio et al. [39], λ
(
x, t, δ0, δ f

)
= 1
τ log
(
δ0
δ f

)
. To study the effects of

typhoons on the offshore transport of the river plume, the best-track dataset of tropical cyclones was
obtained from the Joint Typhoon Warning Center.

The real-time multivariate MJO (RMM) index, whose principal components were derived from
a combined empirical orthogonal functions analysis of tropical OLR and zonal wind, defines the
evolution of MJO as an eight-phase cycle and represents the location of active MJO [40]. The daily RMM
index was obtained from the Centre for Australian Weather and Climate Research. To extract variations
at an intraseasonal timescale, the daily OLR, surface wind, and SSS anomalies were computed by
removing the seasonal cycle for the period of 2015–2018 and then applying the 30–90 day bandpass
filter. The criterion for the MJO composite was the RMM index amplitude greater than one.

To understand the role of the cyclonic eddy on the plume water transport in June 2015,
the eddy-induced freshwater transport was estimated. According to Schiller et al. [9], the freshwater
transport (Qfw) across a selected section can be computed as follows:

Q f w =

ηx

−h

Sa − S
Sa

vdzdx (1)

where v is the horizontal velocity normal to the section, η is the sea level, h is the bottom depth,
the integral with respect to x is the horizontal distance along the section, Sa is the background undiluted
salinity, and S is the diluted salinity due to the river discharge. In summer, the eastward spreading
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plume can reach a depth of 10–20 m [5]. As the satellite cannot measure the plume thickness, we used
15 m as the thickness of the plume.

3. Results and discussion

3.1. General Features

The climatological spatial distributions of Chla, SSS, SST, wind, and surface nitrate concentration
for June–August are shown in Figure 1. During the boreal summer, the southerly/southwesterly wind
prevailed in the northern SCS, driving northeastward alongshore currents off the Pearl River Estuary
(Figure 1c). Although the SMAP product is limited to a distance of 50 km near the coast, the freshwater
entering the northeastern SCS from the Pearl River Estuary was captured well by the SSS (Figure 1d).
The most prominent feature was the eastward transport of freshwater (<33 psu), which was consistent
with previous cruise observations in Pearl River Estuary [2,5]. The spatial distribution of precipitation
minus evaporation did not coincide with low salinity there, suggesting that the low salinity east of the
estuary was not due to local freshwater fluxes (Figure 1d). Influenced by southwesterly-upwelling
favorable winds and nutrient-rich plume water, the near-shore region was characterized by a shallow
nitracline (<50 m) and relatively high nitrate concentration (>0.4 mmol/L; Figure 1c,e). The remaining
area featured a deep nitracline and low nitrate concentration, indicating the oligotrophic characteristics
of the northern SCS. As a result, a relatively high Chla concentration was observed near the continental
shelf, which decreased seaward (Figure 1b).

3.2. Madden–Julian Oscillation-Related Offshore Transport of the Plume

MJO is a major source of tropical intraseasonal variability over a period of 30–90 days, which is
active in the SCS. Figure 2 illustrates the longitude–time sections of SSS averaged between 21–23◦N.
The offshore transport of freshwater recurred annually but had strong interannual variability, and the
SSS variations comprised intraseasonal events (Figure 2a–d). During a typical year, the SSS showed
distinct 30–60 day variations, with 2–3 prominent low SSS events from mid-May to late September
and their magnitudes were much lower than the climatological values. Low-salinity water persisted
for approximately 15–30 days and extended eastward to 118◦E in most events The Chla exhibited
significant intraseasonal variability, and the development of the phytoplankton blooms were roughly
consistent with the low salinity water intraseasonal variations (Figure 2e–h).

The snapshots of Chla and SSS for the seven strong intraseasonal events of SSS in the northeastern
SCS during 2015–2018 are presented in Figure 3. All the images revealed extensive phytoplankton
blooms in the northeastern SCS. Previous studies suggested that phytoplankton blooms over the
northern SCS shelf were modulated by nutrient enrichment from intensified upwelling over the
widened shelf and from the river plume [2]. The high Chla concentration (>1 mg/m3) in the outer shelf
coincided well with the low SSS, suggesting the strong impact of the Pearl River plume. The spatial
distributions of Chla and SSS captured the eastward expansion of the nutrient-rich plume water
influenced by the surface Ekman currents well. The Chla patterns provided more detail of the eastward
dispersal pathways of freshwater in the inner shelf region. The considerably high near-shore Chla
concentration also reflected the nutrient supply from the upwelling process. Although the SMAP SSS
has not been validated for accuracy directly in the northern SCS, the close relationship between SSS
and Chla suggests that the distinct 30–60 day variations of the Pearl River plume are robust.

To further investigate the intraseasonal variability of the Pearl River plume, the 30–90 day
bandpass-filter was applied to the daily SSS. The longitude–time sections of filtered SSS anomalies
showed much more prominent intraseasonal variations (Figure 4a–h). The SSS anomalies varied
concurrently with the alongshore wind anomalies, reflecting the intensity of the surface Ekman transport
(Figure 4i–l). The occurrence of freshwater offshore transport was roughly in phase with the MJO
index in phases 1–5, confirming the important role of MJO over the northeastern SCS (Figure 4m–p).
The low SSS events occurred during southwesterly wind (positive alongshore wind) anomalies,
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which corresponded to an intensification of the climatological summer monsoon. The enhancement
of alongshore wind resulted in stronger Ekman transport and drove the plume eastward.
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MJO life cycle is presented in Figures 5 and 6. The signature of MJO was observed clearly as the 
eastward propagation of convective cells (negative OLR). Weak negative OLR anomalies (>−10 W/m2) 
were located over southeastern China during MJO phases 1–2, suggesting enhanced convection and 
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strengthened upwelling-favorable wind. Note that the composite wind anomalies represent the 
average conditions; individual wind bursts can be much stronger. The enhanced upwelling-favorable 

Figure 4. Longitude–time sections of (a–d) SSS (shadings; psu) and (e–h) 30–90 day bandpass-filtered
SSS anomalies (shadings; psu) averaged meridionally over 21–23◦N during May 10 to September 20,
from 2015 to 2018. The 30–90 day bandpass-filtered (i–l) alongshore wind anomalies (curves; m/s;
positive values indicating southwest wind anomalies) averaged between 113 and 117◦N, and (m–p)
precipitation anomalies (shadings; mm) averaged over the region of 110–118◦E, 21–26◦S, and the
Madden–Julian Oscillation (MJO) index (curves) for the corresponding periods. The red curves in
(m–p) highlight MJO in phases 1–5 with amplitudes greater than 1.

Precipitation is usually the major water source in river basins and dominates the runoff.
Previous studies suggested that approximately half of the annual precipitation could be transformed
into river runoff in Chinese river systems [41,42]. Precipitation plays a dominant role in Pearl River
discharge variations at seasonal to multidecadal time scales [43]. To some extent, the changes in
precipitation approximately correspond to the variations in river discharge. The intraseasonal variations
in precipitation anomalies over southeastern China suggest that there is no significant correlation
between freshwater offshore transport and precipitation. However, heavy rainfall prior to the arrival
of MJO phases 1–5 could be favorable for the large offshore transport of the plume (Figure 4m–p).
For example, heavy precipitation was observed before the strong offshore transport of freshwater in
June 2015 (Figure 4d,p).

To examine the spatial patterns of summertime MJO-related variations in nutrient-rich freshwater,
the evolution of intraseasonal SSS, surface wind, and OLR anomalies over the composite MJO life
cycle is presented in Figures 5 and 6. The signature of MJO was observed clearly as the eastward
propagation of convective cells (negative OLR). Weak negative OLR anomalies (>−10 W/m2) were
located over southeastern China during MJO phases 1–2, suggesting enhanced convection and
conditions conducive to precipitation occurrence (Figure 5a,b). Corresponding to the OLR spatial
pattern, the northern SCS was characterized by southwest wind anomalies, indicating that MJO
strengthened upwelling-favorable wind. Note that the composite wind anomalies represent the average
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conditions; individual wind bursts can be much stronger. The enhanced upwelling-favorable wind
intensifies the surface Ekman dynamics, leading to strong offshore freshwater transport. As a result, a
large seaward transport of the plume was observed off the Pearl River Estuary during MJO phases
1–2 (Figure 6a,b). Moreover, enhanced wind-induced mixing can influence the vertical and horizontal
structures of the plume. Fong and Geyer [17] suggested that the cross-shore Ekman currents associated
with the upwelling-favorable wind tend to widen and thin the plume, which is susceptible to significant
mixing because of the vertically sheared horizontal currents. In response to the wind-driven advective
and mixing processes, the upwelled nutrients from the shelf mixed with the plume, leading to intense
phytoplankton blooms in the northeastern SCS.Remote Sens. 2019, 11, x FOR PEER REVIEW 10 of 21 
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anomalies occurred in the northern SCS. Surface wind was dominated by the northeast wind anomalies
in the northern SCS (Figure 5c–e). The downwelling-favorable wind anomalies suppressed the coastal
upwelling and limited the offshore transport of the plume. Positive SSS anomalies (>0.3 psu) occurred
in the Pearl River Estuary, while negative SSS anomalies were located east of 116◦E in MJO phases 3–5
(Figure 6c–e). After the plume move eastward at significant distances from the shore, the northeast wind
anomalies seemed to drive the freshwater southwestward. Thus, the negative SSS anomalies exhibited
southwestward extension. In addition, the plume in the outer shelf was sensitive to ambient currents or
mesoscale processes. During phase 6, persistent northeast wind anomalies off the coast led to positive
SSS anomalies in most regions of the northeastern SCS (Figures 5f and 6f). During MJO phases 7–8, the
negative SSS anomalies extended westward, with an evident positive SSS east of the estuary when the
northwesterly/westerly wind anomalies prevailed in the northeastern SCS (Figures 5g–h and 6g–h).

In this section, we show that the intraseasonal variations in the plume were closely related to the
MJO-related enhancement of alongshore wind in the northern SCS. The southwesterly wind anomalies
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in MJO phases 1–2 enhanced the eastward transport of the plume, and the offshore freshwater was prone
to move southwestward under the northeast wind anomalies in the MJO phases 3–5. These results are
consistent with the modeling results of Chen et al. [7] who suggested that pulsed southwesterly wind
was mainly responsible for the low salinity water detachment from the Pearl River plume. Tide plays
an important role in changing the structure and spread of the plume [12]. Under a southwesterly
wind condition, the neap tide favors the eastward transport of the river plume, while the spring tide
suppresses the offshore transport of the low-salinity water [5]. However, the 30–90 day intraseasonal
signals of the tidal current were weak and there was no significant correlation between the SSS
anomalies and the tidal current anomalies (figure not shown). Despite MJO-related wind forcing,
the spatial distributions of Chla and SSS revealed the influence of the ambient current and mesoscale
eddies (Figure 3). In the next section, we investigate the prominent offshore transport of freshwater
associated with mesoscale eddies, which occurred in June 2015 (Figure 2d).

3.3. Impact of Mesoscale Eddies

The snapshot of the Chla and SSS on June 16–17 showed the long, curved feature of the nutrient-rich
freshwater (Figure 3a), indicating the impact of mesoscale eddies. Before the occurrence of a large
eastward transport of the river plume, heavy rainfall occurred over southeastern China in late May
2015, which could have caused a sharp increase in river discharge (Figure 4p). The northeastern
SCS featured anticyclonic wind anomalies with weak southwesterly/westerly wind anomalies near
the coast and strong northerly/northeasterly wind anomalies in the open ocean during MJO phases
1–2 (Figure 7a). This forcing intensified the cross-shore Ekman transport and, therefore, favored the
offshore extension of freshwater. During MJO phases 3–5 (May 11–26), the northeasterly/easterly wind
anomalies impeded the eastward transport of plume (Figure 7b,c). Long stripe shaped negative SSS
anomalies occurred in the outer shelf, suggesting that wind forcing was not the only mechanism
affecting the dispersal of the river plume.Remote Sens. 2019, 11, x FOR PEER REVIEW 12 of 21 
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June 22–26 (MJO phase 5), 2015.

Figure 8 shows the spatial evolution of the Chla and SSS intraseasonal events on June 2015.
During the later period of MJO phase 2 (June 8–9), large volumes of freshwater (<31 psu) were
transported eastward (Figure 8e). The SSH and geostrophic current fields showed a prominent
summertime northeastward/eastward current along the shelf (Figure 9e). The presence of a cyclonic
eddy enhanced the offshore transport of the open-ocean, nutrient-rich plume water around the northern
rim of the eddy (Figure 9e). The surface Chla concentration was in good agreement with the southward
extension of freshwater with a higher Chla concentration in the near-shore region (Figure 8a,e). As the
eddy came in close proximity to the shelf, the southward current in the eastern flank of this cyclonic
eddy led to an intense transport of the freshwater plume (Figure 9f). Consequently, a semicircular
shape of low salinity and high Chla stretched approximately 300 km to the southeast (Figure 8b,f).
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The warm SST and considerably weak southeasterly wind over the phytoplankton region confirmed
the influence of the Pearl River plume (Figure 8i,j). During July 1–3, 2015, the cyclonic eddy moved
southwestward (Figure 9g). Although the eddy-induced eastward transport of freshwater weakened,
most of the plume water was trapped in the eddy and a broad pool of low-salinity water was observed
over the cyclonic eddy region (Figure 8c,g). Phytoplankton blooms appeared along the periphery of
the eddy and presented a large circular structure.Remote Sens. 2019, 11, x FOR PEER REVIEW 13 of 21 
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m/s). The purple crosses in (e–h) denote the eddy center.

Figure 9a–d shows snapshots of FSLEs during the selected days of Chla. The FSLE fields revealed
that the large-scale Chla front was shaped by the northeastward coastal current and the open-ocean
mesoscale flow field. Large FSLE values around the cyclonic eddy coincided with the boundaries of the
phytoplankton blooms and low salinity water. This result suggests that the cyclonic eddy efficiently
entrained plume water into the oligotrophic SCS.

The time series of the averaged Chla and SSS data for twice the eddy radius exhibited a close
relationship with the eddy kinetic energy and rotational speed (Figure 10b,c). Here, the eddy
rotational speed is characterized as the maximum of the average geostrophic speeds around all the
closed contours of the SSH inside the eddy. A considerable decrease in SSS occurred on July 17,
2015, when the eddy kinetic energy (>450 cm2/s2), rotational speeds (>40 cm/s), radius (>110 km),
and amplitude (>15 cm) reached their maximum (Figure 10b–d). The Chla increased significantly
with decreasing SSS, suggesting that the phytoplankton blooms were driven primarily by nutrients
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entrained around the periphery of the eddy. As the cyclonic eddy amplitude and rotational speeds
weakened, the Chla concentration decreased slowly, and the SSS increased. This evolution pattern
might be related to the reduction in the eddy-entrained nutrient supply and exchange of waters between
the eddy and its surroundings. To understand the contribution of the cyclonic eddy to the plume
water transport, we computed an eddy-induced freshwater transport. Assuming that the background
salinity was 33.5 and the plume water with a salinity of 32.6 psu and a thickness of 15 m was entrained
in the eddy at a width of 110 km with a speed of 0.4 m/s (Figure 10), the freshwater transport during
the peak of the cyclonic eddy was approximately 1.77 × 104 m3/s (namely (33.5 − 32.6)/33.5 × 0.4 m/s
× 15 m × 110 km), which was comparable to the summertime Pearl River discharge [7]. Then, the
total volume of eddy-induced freshwater that was exported into the northeastern SCS in June 2015
was approximately 2.30 × 1010 m3, which emphasized the important role of the eddy in the horizontal
transport of low-salinity and nutrient-rich water.
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A small increase in Chla and another minimum values of SSS occurred on July 2–6 when the
cyclonic eddy was slightly enhanced (Figure 10b). This variation could have resulted from the influence
of the cyclonic eddy’s horizontal and vertical processes after the plume water was trapped in the eddy.
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During July 24, 2015, the cyclonic eddy moved southwestward, and the low-salinity pool disappeared
(Figures 8h and 9h). A higher Chla concentration was still clearly observed in the original bloom
regions, indicating the long biological response of plume water in the oligotrophic northern SCS
(Figure 8d).

3.4. Role of Tropical Cyclones

The SCS and western north Pacific are active sites for the formation of tropical cyclones (or
typhoons), and approximately 38% of tropical cyclones make landfall along the South China coast [44,45].
Tropical cyclone-induced strong winds and heavy precipitation have significant effects on the upper
ocean and their landing regions. Heavy precipitation and its resulting intense freshwater discharge
provide favorable conditions for the offshore transport of the Pearl River plume (Figures 11 and 12).
From late August to early September 2017, three tropical cyclones (Typhoon Hato, severe Tropical
Storm Pakhar, and severe Tropical Storm Mawar) made landfall successively over/near the Pearl
River Estuary region (Figure 11c,e,g). The time series of precipitation over southeast China and the
Pearl River Estuary region showed a significant increase in precipitation episodes upon landfall of
the three tropical cyclones (Figure 11a). The spatial patterns of precipitation revealed that excessive
rainfall occurred on the left side of the three tropical cyclones over the Pearl River Estuary region
(Figure 11b,d,f).
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the dominant nutrient supply of plume water (Figure 12a,i). After Typhoon Hato made landfall on 
the Pearl River Estuary, strong southeasterly winds limited the offshore transport of the plume 
(Figure 12f,j). The heavy precipitation near the Pearl River Estuary and typhoon-induced strong 
mixing seemed to cause the formation of low-salinity water to the west of the estuary (Figure 
11f,12b,c). A patch of relatively high Chla near the estuary suggested an offshore transport of the 
plume, which was consistent with the SSS (Figure 12b). Four days later, the severe tropical storm 
Pakhar made landfall on the Pearl River Estuary and produced spiral rain bands over the 

Figure 12. Snapshots of Visible Infrared Imaging Radiometer Suite (VIIRS) Chla (shadings; mg/m3) and
geostrophic currents (vectors; m/s) on (a) August 18–19, (b) August 26–27, (c) August 29–30, and (d)
July 8–9, 2018. (e–h) and (i–l) are the same as (a–d) but for SSS (shading; psu) and SSH (contours; cm),
SST (shading; ◦C) and surface wind (vectors; m/s).

The strong winds associated with tropical cyclones also influence the plume pathway. Before the
landfall of Typhoon Hato, the plume was characterized by an eastward and southwestward transport
forced by the Ekman current and easterly winds (Figure 12e,i). The SST was generally warm (>29.5 ◦C)
in the northern SCS, and the presence of phytoplankton blooms off the Pearl River indicated the
dominant nutrient supply of plume water (Figure 12a,i). After Typhoon Hato made landfall on the
Pearl River Estuary, strong southeasterly winds limited the offshore transport of the plume (Figure 12f,j).
The heavy precipitation near the Pearl River Estuary and typhoon-induced strong mixing seemed to
cause the formation of low-salinity water to the west of the estuary (Figures 11f and 12b,c). A patch
of relatively high Chla near the estuary suggested an offshore transport of the plume, which was
consistent with the SSS (Figure 12b). Four days later, the severe tropical storm Pakhar made landfall
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on the Pearl River Estuary and produced spiral rain bands over the northeastern SCS (Figure 11d,e).
The strong northerly wind helped to remove the freshwater southward, and a pool of low-salinity
water occurred to the right side of the tropical storm track (Figure 12g,k). However, the SSS pattern
did not completely coincide with the Chla, which suggests the influence of local precipitation. To the
left side of the tropical storm track, a spiral-shaped pattern of high Chla near the shore was clearly
observed, which coincided with the SSS (Figure 12c,g). Such nearshore phytoplankton blooms are
likely due to increased discharge, favorable currents, mixing, and rainfall-enhanced ocean stratification,
which preferentially traps nutrients near the surface [21,46]. Three days after the landfall of the severe
Tropical Storm Mawar, a low-salinity bulge formed slightly west of the Pearl River Estuary when the
south/southwest wind was weak in the northern SCS (Figure 12h,l). Distinct phytoplankton blooms
occurred in the low-salinity bulge region. Although the open ocean low-salinity water dissipated,
moderate blooms were still observed and were subsequently entrained by the anticyclonic eddy in the
central northern SCS (Figure 12d,h).

In most cases, the southwesterly wind anomalies occurred during the MJO phases 1–5 and forced
the eastward transport of Pearl River plume. However, the southwesterly anomaly winds occurred
in August 2017 when the MJO phases 1–5 were weak (Figure 2g), indicating that other processes
contributed to the intraseasonal variations of local wind. A numerical model would be helpful in
assessing the relative contribution of various processes for the intraseasonal variability of plumes in
future studies. Moreover, not all tropical cyclone-induced heavy rainfalls lead to the offshore transport
of the plume. For example, strong precipitation was observed after Typhoon Nida made landfall on
the Pearl River Estuary on August 2, 2016, when the northern SCS was dominated by northeasterly
wind anomalies; however, there was no evident offshore transport of freshwater (Figure 4c,g,k,o).
This result emphasizes the important role of background states of wind variations in the offshore
transport of the river plume.

4. Summary

Using newly available SMAP SSS data and high-resolution ocean color products, this study
investigated high-frequency variations in the Pearl River plume and its biological response. The SMAP
SSS data capture the intraseasonal signature of the offshore transport of the Pearl River plume well,
which had distinct 30–60 day variations from mid-May to late September. The offshore transport of
the freshwater varied coherently with the southwesterly wind anomalies and was roughly in phase
with the MJO index in phases 1–5, implying that the MJO exerts a significant influence. During the
MJO phases 1–2, southwesterly wind anomalies enhanced the cross-shore Ekman transport, while
the northeast wind anomalies during MJO the phases 3–5 favored the southwestward transport
of freshwater. The Chla exhibited significant intraseasonal variability and the development of the
phytoplankton blooms coincided well with the low-salinity water variations in the northeastern SCS.
The blooms were mainly supported by nutrient enrichment from the enhanced coastal upwelling
and river plume. The close relationship between Chla and SSS emphasizes the important role of the
offshore transport of the Pearl River plume in sustaining biological production over the oligotrophic
northern SCS.

The strong offshore transport of the river plume in June 2015 clearly reveals that the proximity of
a cyclonic eddy influences the plume dispersal pathway. The evolution of SSS and Chla around/in the
cyclonic eddy consistently varied with the eddy kinetic energy, rotational speed, and its amplitude,
and the eddy-induced freshwater transport was comparable to the summertime mean Pearl River
discharge. In addition, heavy rainfall related to the landfall of tropical cyclones in the Pearl
River Estuary region contributes to the episodic offshore transport of the plume and subsequent
phytoplankton blooms.
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