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Super typhoon Rammasun (2014) traveled across the South China Sea on July 16–18.
Its far-field impacts on phytoplankton dynamics in the upper ocean were documented
by a Biogeochemical-Argo (BGC-Argo) float located 200 km to the left of its track. Both
surface chlorophyll-a concentration (Chla) and particulate backscattering coefficient
(bbp) were observed to increase substantially within two distinct stages. The initial
increase occurred during the passage of the typhoon, and the subsequent increase
happened 5 days after the typhoon. In contrast, depth-integrated Chla and bbp in
the upper 150 m underwent negligible changes throughout the entire period. The key
lies in the fact that surface phytoplankton increases in the far-field region resulted
from the physically driven vertical redistribution of particles, rather than from biological
alternations. The first increase was attributed to the typhoon-induced strong turbulence
which deepened the surface mixed layer, and thus entrained subsurface particles to
the surface; the second was due to the post-typhoon adiabatic quasi-geostrophic
adjustment of the upper ocean that gradually raised the isopycnals (and thus subsurface
particles). These results challenge the prevailing wisdom on typhoon impacts, and thus
shed new lights on the nature of the upper ocean responses to typhoons from both
physical and biological perspectives.

Keywords: particle redistribution, typhoon, phytoplankton dynamics, far-field impacts, diapycnal mixing,
adiabatic quasi-geostrophic adjustment

INTRODUCTION

Typhoons (or hurricanes) are extreme weather events that have significant impacts on physical
and biogeochemical processes in the underlying upper ocean. Typhoons can induce strong mixing,
upwelling, near-inertial oscillations, mixed layer deepening, and surface cooling (Price, 1981;
Stramma et al., 1986; Dickey et al., 1998; Sanford et al., 2011), and the induced baroclinic oscillations
can propagate outward far away from the typhoon track, leading to large scale changes in the
thermocline (Geisler, 1970). These physical responses can further impact biogeochemical processes
in the upper ocean. There are many studies reporting that surface chlorophyll-a concentration
(Chla) substantially increased after the passage of a typhoon (Babin et al., 2004; Lin et al., 2003;
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Black and Dickey, 2008), and two primary mechanisms have been
proposed to explain such a phenomenon. The first one highlights
a direct physical process that the typhoon-induced strong mixing
and upwelling can bring subsurface phytoplankton into the
surface mixed layer (i.e., the so-called particle entrainment
mechanism) (Chai et al., 2021). The other one is mainly a
biological process that typhoons can pump more nutrients into
the upper layers from depth (i.e., the nutrient entrainment
mechanism), which in turn promote the growth of surface
phytoplankton (Lin et al., 2003). Moreover, a two-stage increase
of the surface Chla has been identified by some studies, that is, an
initial rapid increase attributed to direct physical process, and a
subsequent one mainly due to the biological response to increased
nutrient supply (Shang et al., 2008; Pan et al., 2017).

Not surprisingly, the extent of the surface Chla increase
depends on the forcing factors including the typhoon intensity,
its translation speed, and the pre-typhoon ocean state (Lin,
2012). In general, strong and slow typhoons inject more energy
into the ocean, thereby facilitating the surface phytoplankton
increase; whereas strong upper ocean stratification diminishes
vertical mixing and thus inhibits the surface phytoplankton
increase. These responses are usually asymmetric with respect
to the typhoon track. A greater Chla increase is often observed
under or to the right of the typhoon track, and it is usually
attributed to the rightward stronger mixing due to both larger
wind speed and the stronger wind-current resonance (Babin
et al., 2004). To date, most studies have concentrated on this
strong phytoplankton increase immediately under or to the right
of the typhoon track; while little attention has been given to upper
ocean responses in more distant regions of the direct typhoon
influence, especially to the left of the typhoon track. It remains
unclear as to what mechanisms are responsible for the observed
increase of surface phytoplankton in these regions due to a lack
of vertical profiling measurements.

Owing to the rough weather (and sea) conditions, the
typhoon-induced changes of phytoplankton in the upper ocean
are hardly observable through either shipboard sampling or
satellite remote sensing. Thus, most studies have been based on
the analysis of satellite remote sensed surface Chla several days
after the typhoon’s passage (e.g., Zhao et al., 2013). Recently,
a new type of profiling platform, Biogeochemical-Argo (BGC-
Argo) float, has been developed, making all-weather physical and
biogeochemical observations at both high vertical (<5 m) and
temporal (<5 d) resolutions possible (Johnson et al., 2009). To
date, two cases of phytoplankton response to a typhoon based on
the observations using BGC-Argo floats have been reported. After
the weak but slow-moving tropical cyclone Hudhud traveled
across the Bay of Bengal, both surface and subsurface Chla was
observed to greatly increase under the storm track (Chacko,
2017). This bloom was attributed to the combined effects of
the particle entrainment and nutrient entrainment mechanisms,
via strong mixing and upwelling favored by sufficient wind-
ocean interaction and a pre-existing cyclonic eddy. By contrast,
the strong but fast-moving typhoon Trami passed over the
western Pacific, causing an increase in surface Chla while a
decrease in subsurface Chla to the right of the typhoon track,
but no net increase in the depth-integrated Chla (Chai et al.,

FIGURE 1 | Wind speed at 0 h UTC on July 17 in the SCS and the track of
Rammasun (black line). The black dots represent the 6-hourly typhoon
centers, and the red pentagram shows the BGC-Argo float.

2021). These observations demonstrate that the phytoplankton
responses depend on both the characteristics of the typhoon and
the state of the underlying ocean, and illustrate the great value of
BGC-Argo float profiling observations as well.

The super typhoon Rammasun (2014) crossed the South
China Sea (SCS) on July 16–18, and the vertical physical and
biological changes were well observed by a BGC-Argo float
located 200 km to the left of the typhoon track with high
vertical (2 m) and temporal (1 d) resolutions (Figure 1).
The observations showed that surface phytoplankton increased
during and shortly after the typhoon’s passage, but the change
of the depth-integrated Chla in the upper 150 m was negligible
during the entire period. These unique observations provide a
rare opportunity to examine the upper ocean phytoplankton
dynamics response to typhoon in the far-field region of typhoon
influence. This work extends the previous studies limited to
surface phytoplankton changes, and seeks to shed light on
the physical and biological responses of the entire upper
ocean to typhoon.

MATERIALS AND METHODS

Float Data
The BGC-Argo float (Sea-Bird Navis BGC-i, No. 0348) was
deployed at 14◦N, 116◦E in the central SCS basin, more than
400 km away from the nearest coast (Figure 1). The float
was equipped with a CTD (SBE 41CP), a dissolved oxygen
sensor (SBE 63), and a three-channel optical sensor (MCOMS)
to measure Chla, fluorescent dissolved organic matter, and the
particulate backscattering coefficient at 700 nm (bbp). It profiled
every day with 2 m sampling resolution and surfaced at midnight.
The Chla and bbp profiles were smoothed by a five-point
running median filter to remove unexpected spikes. In order to
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identify overall temporal changes, high-frequency variations were
removed using a 3-d moving average. The BGC-Argo float data
are provided by Xiamen University1.

Satellite Data
The typhoon track data was obtained from the Joint Typhoon
Warning Center (JTWC2); 6-hourly wind speed and stress
data with a spatial resolution of 0.25◦ × 0.25◦ were extracted
from the Global Blended Mean Wind Fields product provided
by Copernicus Marine Environment Monitoring Service
(CMEMS3); 3-hourly precipitation data with a spatial resolution
of 0.25◦ × 0.25◦ were extracted from the 3B42 product provided
by the Tropical Rain Measuring Mission (TRMM) project4; daily
sea level anomaly (SLA) data with a resolution of 0.25◦ × 0.25◦
were extracted from the Global Ocean Gridded L4 Sea Surface
Height and Derived Variables Reprocessed product provided
by CMEMS (see text footnote 3); daily satellite sea surface
temperature (SST) data with a spatial resolution of 0.25◦ × 0.25◦
were extracted from the Microwave-only Optimally Interpolated
SST product from Remote Sensing Systems (RSS)5; daily and 8-d
composited Chla and daily surface photosynthetically available
radiation (PAR) data with a spatial resolution of 4 km × 4 km
were obtained from the GlobColour project6.

Derived Data
Potential density (σ0) was calculated from the CTD measured
pressure, temperature, and conductivity (salinity) based on
the thermodynamic equation of Seawater-2010 (TEOS-10;
McDougall and Barker, 2011). The surface mixed layer depth
(MLD) was calculated using a density threshold of 0.125 kg m−3

from the near-surface value at 10 m (Levitus, 1982). The deep
Chla and bbp maximums (DCM and DBM) were defined as their
vertical maximum in each profile. The daily anomaly for each
variable was defined as the difference between the float-observed
value and the pre-typhoon value on July 14.

Ekman pumping velocity (wE) was calculated as:

wE =
1
fρ

(
∂τy

∂x
−

∂τx

∂y

)
where τx and τy are the eastward and northward wind stresses, f
is the Coriolis parameter, and ρ is the density of seawater.

The displacement of isotherms (1h) in the pycnocline was
calculated from the change in SLA (1η) using the reduced gravity
approximation (Shay et al., 2000):

4h = −
g
g′
4η

where g
′

=
1ρ
ρ

g, 1ρ is the density increase from the surface
mixed layer to the pycnocline base, and g is gravity acceleration.

1http://121.192.191.43/BioArgo/0348_databin.txt
2http://www.usno.navy.mil/JTWC
3http://marine.copernicus.eu/
4ftp://trmmopen.gsfc.nasa.gov/pub/merged
5http://www.remss.com/measurements/sea-surface-temperature
6https://www.globcolour.info/

According to the two-layer linear ocean model (Geisler, 1970),
the first baroclinic wave speed (C1) was calculated as:

C1 =
√

g′H1

where H1 is the upper layer thickness, which is practically
indicated by the thermocline depth (Jaimes and Shay,
2009). In the SCS basin, the depth of the 22◦C isotherm
can be used as a good proxy for the thermocline
(Liu et al., 2001).

The local eddies were identified based on the daily SLA
data following the approach of Chaigneau et al. (2009). Firstly,
the SLA is plotted with a uniform interval of 1 cm; the
geometric center within the innermost enclosed contour is
considered as the center of a possible eddy; all the enclosed
contours vary monotonously outward from the eddy center
belong to this eddy, and the outmost contour is taken as
the eddy edge; finally, only the detected eddies with the
amplitude difference between the center and edge larger than
2 cm are reserved.

RESULTS AND DISCUSSION

Surface Responses Revealed by Satellite
Observations
The category 5 (on the Saffir-Simpson Hurricane Wind Scale)
typhoon Rammasun (2014) crossed the SCS at a translation
speed of ∼6.5 m s−1 on July 16–18. Satellite-observed SST was
>28◦C over the basin before the typhoon (Figure 2A), but
it decreased immediately afterward (Figure 2B). The surface
cooling was attributed to the typhoon-induced strong mixing,
upwelling and air–sea heat exchange (Price, 1981). The cooling
was asymmetric across the typhoon track, with the largest
decrease of −5.6◦C to the right of the typhoon track and
about a factor of 3 less at the same distance to the left.
The asymmetric response was due to more intense mixing
by both larger winds and stronger wind–current resonance
to the right of the typhoon track (Price, 1981). Before the
typhoon, satellite-observed Chla was ∼0.1 mg m−3 (Figure 2C),
which is typical for an oligotrophic region (Ning et al.,
2004). Ocean color sensors were largely ineffective due to
the heavy cloud cover during the typhoon. However, the 8-
d composited observation showed a basin-scale increase in
surface Chla after the passage of the typhoon (Figure 2D).
The increase in surface Chla, which coincided with the
surface cooling, was more pronounced to the right of
the typhoon track.

The BGC-Argo float was located approximately 200 km to
the left of the typhoon track (Figure 1), ∼6 times of the radius
of maximum wind, thus its observations represented a far-
field responses of the upper ocean to the typhoon. At the float
location, the wind speed was very low (<6 m s−1) before the
typhoon, and increased rapidly during the typhoon’s passage,
with a maximum value of 17 m s−1 on July 17, and then
decreased to the pre-typhoon level on July 19 (Figure 3A).
Precipitation was heavy (18.2 mm h−1) during the passage, and
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FIGURE 2 | Satellite-observed SST on (A) July 14 and (B) July 18, and surface Chla on (C) July 14 and (D) composited for July 20–27.

FIGURE 3 | Time series of (A) satellite-observed 6-hourly wind speed, 3-hourly precipitation, daily SLA, and daily PAR at the float location, and of (B) float-observed
surface temperature, salinity, Chla and bbp. The period when Rammasun crossed SCS is denoted by the two vertical dashed lines.

continuous during July 20–23 after the typhoon with a mean of
1.7 mm h−1. SLA decreased from 7 cm before the typhoon to
2.6 cm on July 25. Surface PAR reached 57 Einstein m−2 d−1

on July 14, which suggests there was intense solar radiation

before the typhoon; however, solar radiation was unobservable
during the passage of the typhoon due to the heavy cloud
cover. The PAR recovered to the pre-typhoon level on July 18–
19 just after the typhoon, but it became very low (8.4–21.8
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FIGURE 4 | Time series of vertical distributions of float-observed (A) temperature, (C) salinity, (E) σ0, (G) Chla, and (I) bbp, alongside their corresponding anomalies
(right panel). The solid black lines in (A-J), white line in (G), blue line in (G), and green line in (I) represent the MLD, depth of isopycnic of σ0 = 23 kg m-3, depth of
DCM, and depth of DBM, respectively.
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Einstein m−2 d−1) again during July 20–23 due to the continuous
precipitation (Figure 3A).

Physical Responses of the Upper Ocean
as Observed by the BGC-Argo Float
Before the super typhoon Rammasun, the surface mixed layer
was quite shallow (∼26 m) due to weak wind stirring and
strong solar radiation (Figures 3A, 4A). Below the MLD, both
the temperature and σ0 profiles had large vertical gradients,
approximately 0.1◦C m−1 and 0.05 kg m−4 (Figures 4A,E),
which implies strong subsurface stratification. The seasonal
thermocline depth, indicated by the depth of the 22◦C isotherm
(Liu et al., 2001), reached 92 m. These vertical structures agreed
well with the climatological observations (Qu et al., 2007).

During the passage of the typhoon, MLD increased abruptly
to 34 m due to wind stirring (Figure 4A). Consequently, upper
thermocline water was entrained into the surface mixed layer:
SST decreased by 0.7◦C, and sea surface salinity (SSS) increased
by 0.031 psu despite heavy precipitation (Figure 3B). Although
MLD showed only a modest increase of 8 m, the temperature,
salinity and σ0 all showed remarkable changes below the MLD
(Figures 4B,D,F). The temperature anomaly was largely negative
above 75 m but positive below that depth, and the salinity
anomaly showed an opposite trend. The lower colder but saltier
water was brought into the upper layer, while the upper warmer
and fresher water was mixed into the lower layer. Mechanical
energy injected by the typhoon disperses both vertically and
horizontally (Gill, 1984). Vertically, the energy can penetrate to
depths well below the surface mixed layer by the near-inertial
internal waves, causing strong turbulence at subsurface (Price
et al., 1994; Liu et al., 2008). Consequently, during this period
the increased subsurface diapycnal mixing altered the vertical
distribution of physical variables (Figures 4A–F).

After the passage of the typhoon, the MLD shoaled and
reached 28 m on July 21, which was close to the pre-typhoon
state (Figure 4A). However, temperature did not begin to
recover immediately, but continued to decrease (Figure 4B).
SST decreased by 0.46◦C on July 23 from the value on July 17.
The surface cooling lasted for 8 d; a similar phenomenon has
been observed for some other typhoons (e.g., Domingues et al.,
2015). The salinity anomaly above the MLD shows two distinct
stages (Figure 4D). During July 18–20 salinity increased by 0.01–
0.05 psu, which was consistent with the temperature decrease.
However, after July 20, salinity decreased with the SSS even
lower than the pre-typhoon value by 0.03 psu due to continuous
precipitation (Figure 3).

After the typhoon, both isotherm and isopycnal showed
continuous upward displacement during July 16–23
(Figures 4A,E). In most previous studies, these uplifts have
been attributed to the intense typhoon-driven upwelling (i.e.,
positive Ekman pumping). However, this was not the case in
this situation. On the one hand, the typhoon-induced upwelling
mainly occurred in the typhoon forced stage, which time scale
was usually <1 d (Jaimes and Shay, 2015) and is known not to
persist for a period of 8 d as observed in this case. On the other
hand, the intense upwelling was confined within a narrow region

along the typhoon track, and correspondingly, a compensatory
downwelling occurred over a broader area outside the region
of upwelling (Jullien et al., 2012; Jaimes and Shay, 2015). The
observed negative Ekman pumping at the BGC-Argo float
location suggests that the float measurements were conducted in
such a downwelling region (Figure 5A). In this case, we attribute
the long-lasting upward displacement to the quasi-geostrophic
response of the upper ocean to typhoon forcing. Both barotropic
and baroclinic oscillations can be induced in the ocean by the
passage of a typhoon (Geisler, 1970). According to the two-layer
ocean model, when typhoon translation speed exceeds the first
baroclinic wave speed, a geostrophically balanced baroclinic
ridge is generated along the track, which can also propagate
as Rossby waves. In the present case, the typhoon translation
speed was around 6.5 m s−1 and the first baroclinic wave
speed was calculated to be 1.5 m s−1; thus, the formation of
a baroclinic ridge was to be expected. A primary feature of
the first baroclinic mode is that the sea surface height changes
in the opposite direction to the vertical displacement of the
pycnocline or thermocline. This effect was clearly shown by our
observations. After the passage of the typhoon, SLA decreased
continuously (Figure 3A), which was coincident with the upward
displacement of the isotherms and isopycnals (Figures 4A,E).
The estimated isotherm displacement from the pre-typhoon
condition (1h) was basically consistent with the subsurface
observations (Figure 5C). The westward propagation speed of
first mode Rossby wave can be practically estimated from the
time-series of altimeter observations (Chelton and Schlax, 1996).
According to their estimation, this speed at the latitude of the
float location (14◦N) is approximately 0.15 m s−1, and thus the
upward displacement forced by the adiabatic quasi-geostrophic
adjustment could last for 15 d in theory. However, in a real case,
the ocean is always forced by various physical dynamics, and this
phenomenon would be obscured by new forcing. Nevertheless,
our observation of 8 d uplifting revealed the great impact of a
super typhoon on the far-filed region. In principle, sea surface
depression is also influenced by the barotropic process and
local eddy development. However, the SCS basin is deeper than
4000 m, and the depth-averaged horizontal velocity calculated
from the neighboring float locations was <0.01 m s−1, and thus
the barotropic sea surface depression was negligible (Ginis and
Sutyrin, 1995). Local eddy influence was also excluded as the float
was located far away from eddies before and after the typhoon
(Figures 5B,D).

Biological Responses of the Upper
Ocean as Observed by the BGC-Argo
Float
In stratified waters, Chla usually exhibits a bell-shaped vertical
distribution, and DCM appears near the top of the nutricline
where phytoplankton growth is optimal (Cullen, 2015). Before
the typhoon Rammasun, a pronounced DCM of 1 mg m−3

occurred at 82 m (Figures 4G, 6A). Previous studies have
shown that the nutricline in the SCS basin is deep (∼60 m) in
summer (Tseng et al., 2005). To clearly show the phytoplankton
redistribution, we divided the upper 150 m into three layers:
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FIGURE 5 | (A) Time series of Ekman pumping at the float location. (B,D) Daily SLA on July 14 and 20, with solid (dashed) contours for the edges of anticyclonic
(cyclonic) eddies. (C) Estimated vertical displacement of the thermocline (1h), the float-observed depth of the 23 (24) ◦C isotherm, and depth of isopycnic of σ0 = 23
(23.5) kg m-3.

FIGURE 6 | (A,C) Vertical distributions of the time-averaged Chla and bbp before (July 14–15), during (July 16–17), and after (July 19–23) the typhoon’s passage.
(B,D) Time series of the depth-integrated Chla and bbp in the upper (0–50 m), intermediate (50–100 m), and lower layers (100–150 m), and the entire column
(0–150 m), respectively.
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upper (0–50 m), intermediate (50–100 m), and lower (100–
150 m). DCM was located in the intermediate layer before
the typhoon, and the depth-integrated Chla in this layer was
28 mg m−2, about 5 and 2 times higher than the values in
the upper and lower layers, respectively (Figure 6B). A similar
vertical distribution (Figures 4I, 6C) can be seen for bbp, the
proxy for particulate organic carbon or phytoplankton biomass
(Cetinić et al., 2012; Graff et al., 2015).

Coinciding with the physical responses during the passage of
the typhoon, the increased mixing also altered the vertical
distribution of phytoplankton, and brought subsurface
phytoplankton into the surface mixed layer. As a result, the
surface Chla increased from 0.06 to 0.22 mg m−3 (Figure 3B).
Below the MLD, Chla anomaly displayed a two-layer structure:
increasing by 0.06–0.2 mg m−3 above 75 m, and decreasing by
0–0.4 mg m−3 below (Figure 4H). Depth-integrated Chla in the
upper layer (0–50 m) increased from 5.2 to 13.4 mg m−2, but
the depth-integrated values in the intermediate and lower layers
decreased by 3.5 and 2.4 mg m−2, respectively (Figure 6B).
The depth-integrated Chla in the upper 150 m increased
slightly by 2.2 mg m−2, implying that biological alternations
(i.e., net phytoplankton growth) was very limited and that the
typhoon-induced physical processes were more significant in
determining the vertical phytoplankton re-distribution and the
consequent increase in surface Chla. The bbp anomaly showed
a two-layer structure as well (Figures 4J, 6C). Depth-integrated
bbp in the upper layer increased by 0.0034, while the depth-
integrated values in the intermediate and lower layers decreased
by 0.0091 and 0.0016; the total bbp within 150 m showed a
slight decrease of 0.007 (Figure 6D). It should be noted that,
phytoplankton can adjust their Chla:Carbon ratio in response to
the changes of light, temperature, and nutrients (e.g., Laws and
Bannister, 1980; Siegel et al., 2013). When the light decreases,
phytoplankton can increase their Chla content to promote the
photosynthesis, resulting in a higher Chla:Carbon ratio (Laws
and Bannister, 1980). This effect is the so-called phytoplankton
photoacclimation. During the passage of the typhoon, the surface
PAR was rather low due to the heavy cloud (Figure 3A), and the
photoacclimation adjustment can give rise to a higher increase
extent of the upper layer Chla than that of bbp (Figures 6B,D).
However, the depth-integrated Chla in the total column (0–
150 m) increased negligibly, suggesting that photoacclimation
process plays a minor role in the total Chla increase. The
changes in Chla and bbp suggests that there was almost no net
phytoplankton biomass increase in the euphotic layer during
the typhoon, and that surface increases were primarily due to
the vertical redistribution of particles (and thus phytoplankton)
driven by typhoon-induced vertical mixing.

After the passage of the typhoon, both DCM and DBM showed
continuous uplifting (Figures 4G,I), accompanied by the upward
displacement of the isotherms and isopycnals (Figures 4A,E).
DCM depth rose to 49 m on July 23, which was 33 m shallower
than the pre-typhoon depth and was similar to the isopycnal
displacement of 23 kg m−3 (Figure 4G); DBM depth showed a
similar vertical displacement (Figure 4I). These shifts brought
more subsurface phytoplankton into the surface mixed layer;
5 d after the typhoon, both surface Chla and bbp increased

again (Figure 3B). Both the Chla and bbp vertical anomalies
were positive above 75 m and negative below that depth
(Figures 4H,J). Depth-integrated Chla and bbp in the upper
layer increased, while those integrated values in the intermediate
and lower layers decreased; However, both the depth-integrated
Chla and bbp above 150 m showed an insignificant decrease of
1.5 mg m−2 and 0.009 (Figures 6B,D). Similarly, phytoplankton
photoacclimation effect also contributed to the upper layer Chla
increase, but the impact to the total Chla within the whole water
column was negligible. These observations suggest that there was
no phytoplankton bloom after the typhoon and that the surface
increases in phytoplankton were mainly due to the uplift of
subsurface particles.

Other studies have also recognized two stages of surface
phytoplankton increase (Pan et al., 2017). Their first stage was
characterized by a remarkable deepening of MLD, to the extent
of exceeding DCM, entraining subsurface phytoplankton into the
surface mixed layer. In our case, the float was located far away
from the typhoon track, and wind speed at this location was
not large enough so that the observed MLD increased weakly;
however, the mechanical energy transferred into the ocean
was transported into the ocean depth by near-inertial internal
waves, which causes intense subsurface turbulence (Price et al.,
1994). This wave-induced mixing redistributed the particles,
matching an increase in surface phytoplankton along with a
decrease in subsurface.

Studies have attributed the delayed increase in surface
phytoplankton to biological alternations, arguing that the
phytoplankton blooms lagged the nutrient supplement by 3–
6 days (Walker et al., 2005; Zheng and Tang, 2007). However,
we observed that the upper ocean was highly stratified before
the typhoon, and the nutricline was far from MLD. It is
therefore unlikely that substantial quantities of nutrients were
entrained into the mixed layer from depth. Moreover, in some
occasions, plentiful nutrients are horizontally transported to
the offshore regions by the reinforced river discharge (Zhao
et al., 2013) or jet flow (Davis and Yan, 2004). In summer,
a strong coastal upwelling has often been observed off the
Vietnam coast, mainly attributed to the strong wind-driven
offshore Ekman transport and Ekman pumping (e.g., Tang et al.,
2004b; Lu et al., 2018; Xiao et al., 2020). This upwelling water
characterized with low SST, high Chla, and high nutrients,
can be transported eastward by the jet flow, resulting in a
surface phytoplankton bloom in the open region (e.g., Tang
et al., 2004a,b; Liu and Tang, 2012; Liu et al., 2020). The
bloom induced by the jet flow is usually found in the region
within 400 km off the Vietnam coast (e.g., Tang et al., 2004b),
and cannot extend to the BGC-Argo float location (116◦E,
14◦N) even in the larger summer monsoon year (e.g., Liu
and Tang, 2012; Xiao et al., 2020). The satellite-observed SST
showed that the Vietnam coastal upwelling water was indeed
transported to the open area, but the surface cooling induced
by typhoon and coastal upwelling can still be distinguished
(Figure 2B). Therefore, the likelihood of horizontal advection
can be excluded. Furthermore, if nutrients were supplied into the
euphotic layer by vertical entrainment or horizontal advection,
the total phytoplankton biomass in the water column is expected
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to increase. Therefore, we conclude that the second stage increase
in surface phytoplankton was also due to vertical redistribution of
the particles. The typhoon-induced adiabatic quasi-geostrophic
adjustment can produce large scale upward displacement of the
thermocline. Although the BGC-Argo float was located in a
region of negative Ekman pumping, subsurface particles can be
uplifted for long periods, in which case some subsurface particles
would be brought into the surface mixed layer.

Therefore, the super typhoon Rammasun did not increase
the total Chla and bbp in the distant region either during or
after its passage, suggesting that the total phytoplankton biomass
and the associated primary production were not promoted. In
the far-field regions, the typhoon-induced surface Chla increase
resulted from particle vertical redistribution, and was not
necessarily connected with the nutrient supply. Only the surface
(satellite) observations may overestimate the phytoplankton
biological responses.

Our observations suggest that: (1) spatially, although the
typhoon-induced upwelling (positive Ekman pumping) region
was narrow and local, the response of isopycnal uplifting may
occur on a much larger scale; (2) temporally, although the
typhoon-induced upwelling was usually a transient process, the
uplifting of the thermocline in the distant regions can last for a
long period (>1 week) due to its quasi-geostrophic nature; (3) the
spatial extent and duration of these physical processes support
the increase in surface Chla several days after the typhoon
without necessitating an increase in net phytoplankton growth;
and (4) it is likely that previous studies based only on satellite
data overestimated the extent of typhoon-induced phytoplankton
increase and the associated carbon fixation, especially in the
far-field regions, because they neglected to consider important
physical processes that redistribute particles between the surface
and subsurface layers.

CONCLUSION

Physical and biological responses to the super typhoon
Rammasun (2014) were investigated using a BGC-Argo float
located some 200 km to the left of its track. The float observations
showed that there were two stages in the increase of surface
phytoplankton, but the negligible change in the depth-integrated
values of phytoplankton in the upper 150 m. The initial
stage surface increase was attributed to the typhoon-induced
diapycnal mixing, which entrained subsurface particles directly

into the upper layer; the second stage increase was due to
adiabatic quasi-geostrophic adjustment of the upper ocean to
the typhoon forcing, which uplifted subsurface particles to the
surface. In the far-field region of the typhoon influence, the
surface bloom was due primarily to particle redistribution rather
than biological alternations. This study provides some new
insight into the physical and biological responses of the upper
ocean to a typhoon. The impacts of typhoons on ocean are
extremely complex, and our observations cannot represent the
whole picture of the biological responses to a typhoon. In the
future, more vertical profiling observations across a broad region
are necessary to comprehensively quantify oceanic biological
responses to a typhoon.
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