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Abstract We innovatively investigated three‐dimensional biogeochemical responses to tropical cyclones
(TCs) in the Northwest Pacific using a composite analysis of simulations from a coupled physical‐
biogeochemical model. TC‐induced upwelling and vertical mixing cause a vertical redistribution of chlorophyll
a concentration (Chl‐a), increasing surface Chl‐a while decreasing subsurface Chl‐a, within a 100‐km radius of
the TC center. Simultaneously, these processes bring nutrient‐rich deep waters into the upper layer. Following
the TC passage, the significant increases in both Chl‐a and nutrients lead to a high Chl‐a anomaly in the
subsurface layer that persists for over 30 days. Westward geostrophic advection, driven by the meridional
density gradient, tends to shift the subsurface nutrients and Chl‐a anomalies toward the left side of the generally
northwestward TC track. The total biomass in the upper ocean, as indicated by integrated Chl‐a, decreases
shortly after the TC passage and subsequently starts to rise, ultimately resulting in a net increase.

Plain Language Summary Using 18‐years of simulation data from a coupled physical‐
biogeochemical model, we conducted the first three‐dimensional composite analysis of upper ocean
biogeochemical responses to tropical cyclones (TCs) in the Northwest Pacific. Generally, the vertical
distribution of chlorophyll a concentration (Chl‐a) is characterized by a deep Chl‐a maximum in open oceans.
TC‐induced vertical mixing and upwelling lead to surface Chl‐a increase and subsurface Chl‐a decrease.
Meanwhile, deep waters with high nutrients are uplifted into the upper layer. The strong biogeochemical
responses to TCs mainly happen within a radius of 100 km from the TC track. With the TC influence, the
temporal evolution of Chl‐a varies with depth and high Chl‐a anomalies in the subsurface layer persist for more
than 30 days because both Chl‐a and nutrients increase significantly after the TC passage. The subsurface
nutrients and Chl‐a anomalies gradually shift to the left side of the northwestward TC track due to the westward
geostrophic advection caused by the northward density gradient in the upper ocean. The time series of integrated
Chl‐a indicates that the TC leads to a net increase in total biomass.

1. Introduction
Tropical cyclones (TCs) are among the most intense synoptic events, which induce upwelling, mixing, and
entrainment due to strong cyclonic winds, resulting in a cold wake along TC tracks (Dickey et al., 1998;
Price, 1981; Price et al., 1994). TCs not only change and induce the aforementioned dynamic processes but also
temporarily regulate and alter biogeochemical cycles in the upper oceans, leading to change in ocean primary
production which is critical for ocean ecosystem, air‐sea carbon dioxide (CO2) exchange and ocean carbon
sequestration efficiency (Babin et al., 2004; I. Lin et al., 2003; Siswanto et al., 2009; Subrahmanyam et al., 2002).
In the Northern (Southern) Hemisphere, on account of wind‐current resonance, sea surface responses to a TC are
stronger on the right (left) side of its track, looking in the TC moving direction (Dickey & Simpson, 1983;
Price, 1981). In terms of TC frequency and intensity, the Northwest Pacific undergoes the greatest TC impacts in
the world (Kossin et al., 2013; Webster et al., 2005).

Numerous remote sensing data suggest that TCs frequently cause an increase in surface chlorophyll a concen-
tration (Chl‐a) in oligotrophic oceans (Babin et al., 2004; Gierach & Subrahmanyam, 2008; Lin, 2012; Zhao &
Wang, 2018), and the TC‐induced surface Chl‐a anomaly can last for more than 2 weeks (Jiang et al., 2023;
Wang, 2020; Wang & Xiu, 2022). In general, strong and slow‐moving TCs readily trigger sea surface phyto-
plankton blooms (Foltz et al., 2015; Hanshaw et al., 2008; Lin, 2012; Mei et al., 2015; Wang, 2020). Previous
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studies demonstrated that compared with the intensity of a TC, the TC translation speed is more crucial for
biogeochemical responses (J. Li et al., 2021; Sun et al., 2010; Zhao et al., 2008). Post‐TC surface Chl‐a is highly
correlated with the time period when a TC moves slowly (translation speed <3 m/s), a “hover” parameter (
Russell & Horvat, 2023). In addition, the biogeochemical responses are also related to pre‐TC ocean conditions.
For instance, the surface Chl‐a response largely depends on pre‐TC mixed layer depth (MLD) (Jiang et al., 2023).

In the subsurface layer, biogeochemical responses to TCs are more complex compared with those in the surface
layer. When the TC‐induced physical processes just bring subsurface water with high Chl‐a into the surface layer
without significantly altering the vertical structures of nutrients, the surface (subsurface) Chl‐a increases (de-
creases), resulting in negligible changes in the upper ocean depth integration of Chl‐a (Chai et al., 2021). When
the TC‐induced upwelling and entrainment are strong enough to cause the outcrop of nutrients, the Chl‐a in both
surface and subsurface layers increases, indicating a net increase of primary production (Kao et al., 2023; I. Lin
et al., 2003; Naik et al., 2008; Yu et al., 2022). Unlike those two situations, Ye et al. (2013) revealed that TC Nuri
triggered a prominent subsurface Chl‐a bloom, but little surface Chl‐a increase. This is because the subsurface
upwelling induced by Nuri brought much nutrient‐rich deep water up to the euphotic layer without outcropping. A
similar phenomenon was also found in numerical simulations (Pan et al., 2017).

To date, TC‐induced biogeochemical responses have been investigated mainly through satellite data, on account
of limited in situ observations. However, satellite‐derived surface Chl‐a is easily contaminated by clouds,
particularly during the TC period. Results relying solely on satellite sensing data may overestimate and under-
estimate the effects of TCs on primary production in the upper ocean because of the aforementioned TC‐induced
Chl‐a redistribution and subsurface Chl‐a (phytoplankton) blooms, respectively (Zheng & Zhang, 2023).
Although Biogeochemical‐Argo (BGC‐Argo) floats have been gradually applied to marine biogeochemical
research in recent years (e.g., Cossarini et al., 2019; Wang et al., 2021), the number of BGC‐Argo floats equipped
with extensive biogeochemical sensors is still limited (Chai et al., 2020). Consequently, past research on the
biogeochemical responses to TCs based on BGC‐Argo float observations has focused on individual cases
(Chacko, 2017; Chai et al., 2021; Qiu et al., 2021). Thus, the comprehensive impacts of TCs on biogeochemical
processes and the ecological environment in the upper ocean, particularly in the subsurface layer, are still unclear.

Unlike conventional case studies and surface analyses of remote sensing data, numerical model simulations
enable a 3D composite analysis of oceanic responses to TCs forcing. For the first time, this study employs
simulation data from a coupled physical‐biogeochemical model to conduct a composite analysis of three‐
dimensional (3D) biogeochemical changes induced by TCs that occurred in the Northwest Pacific between
2005 and 2022. Based on the composite analysis of model simulations for 226 TCs, we systematically quantify
3D changes in key biogeochemical parameters (Chl‐a and nitrate) and the temporal evolution of total phyto-
plankton biomass in the upper ocean within TC influence areas in a statistical sense.

2. Data and Methods
2.1. Model and Its Validation

In this work, a coupled physical‐biogeochemical model was developed, based on the Regional Ocean Modeling
System (ROMS) (Shchepetkin & McWilliams, 2005) and the Carbon, Silicate, and Nitrogen Ecosystem
(CoSiNE) model (Chai et al., 2002). Similar coupled models have been widely used to study ocean biogeo-
chemical processes in the literature (Y. Li et al., 2022; Xiu & Chai, 2012; Zhou et al., 2017). The model domain
covers most of the Northwest Pacific (99°–150°E, 15°S–41°N), where TCs frequently occur (Figure 1). The
horizontal resolution is 1/20° in both longitude and latitude, and there are 50 terrain‐following layers in the
vertical. The minimum and maximum depths of this model are 5 and 5,000 m, respectively.

In the model, the initial and boundary states for physical components were taken from the World Ocean Atlas
2018 (WOA18) (Garcia et al., 2019) and the global ocean eddy‐resolving reanalysis (GLORYS12V1) provided
by Copernicus Marine Service Information (CMEMS) of Mercator Ocean (Lellouche et al., 2018), respectively.
As for biogeochemical components, the initial and boundary data were obtained from the outputs of the CoSiNE‐
Pacific model (Xiu et al., 2010). The runoff data were provided by the Chinese River Sediment Bulletin and A.
Dai (2017). Tidal forcing was also considered in this model, using 15 tidal components taken from the results of
the TPXO9 tidal model (Egbert & Erofeeva, 2002). Surface atmospheric forcing data were derived from the fifth
generation European Centre for Medium‐Range Weather Forecasts (ECMWF) reanalysis (ERA5) data set
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(Hersbach et al., 2023). Note that ERA5 winds near the eye‐wall are much
weaker than corresponding data from the International Best Track Archive for
Climate Stewardship (IBTrACS) data set (Gahtan et al., 2024). To ensure the
accuracy of TC intensity in the model simulation, a TC wind fusion method
was applied for ERA5 wind correction following Sun et al. (2015). This
ROMS‐CoSiNE coupled model was run for the 29‐year period from 1994 to
2022, and the results from 2005 to 2022 were used for analysis in this study
due to the lack of sufficient data for wind field fusion before 2005.

For model validation, multiple satellite data were applied in this study. Daily
sea surface temperature (SST) and monthly sea surface salinity (SSS) data
were taken from the microwave and infrared Optimally Interpolated SST
(MW_IR OI SST) daily products (Remote Sensing Systems, 2022) and Soil
Moisture Active Passive (SMAP) SSS V6.0 (Meissner et al., 2024), respec-
tively. Surface Chl‐a data were obtained from the Moderate Resolution Im-
aging Spectroradiometer (MODIS) level‐3 products (NASA Ocean Biology
Processing Group, 2014). In addition, extensive in situ observation profiles
were also used to evaluate the model performance in the upper ocean. More
than 120,000 vertical temperature and salinity profiles were collected from
Argo floats. The numbers of Chl‐a and nitrate profiles extracted from BGC‐
Argo floats and the World Ocean Database were 4,903 and 3,966, respec-
tively. The locations of in situ observation profiles for model validation are
showed in Figure S1 in Supporting Information S1.

The comparison of model temperature results with observed data (Figure S2
in Supporting Information S1) shows that although the model SST is slightly
higher than OI SST (about 0.4°C), the seasonal and interannual variations of

model SST are in good agreement with OI SST. Besides, we used the structural similarity index (SSIM) (Wang
et al., 2004) as a proxy for the similarity in spatial pattern between the model SST and OI SST. The results indicate
that the horizontal distribution of model SSTmatches OI SST well throughout the study period with a mean SSIM
of 0.8. Further, the model outputs were compared with the temperature profiles from Argo floats (Argo, 2000) at
the same date and location, demonstrating almost no difference in mean vertical temperature structure. The model
SSS is approximately 0.3 psu higher than SMAP observations. This discrepancy is likely because the model
incorporates only 18 rivers, resulting in weaker terrestrial freshwater input than reality. Nevertheless, the spatial
and temporal variations of model SSS are consistent with SMAP. Furthermore, the model salinity below the
surface layer closely matches the Argo float observations, particularly below 200 m depth (Figure S3 in Sup-
porting Information S1). As for surface Chl‐a, although the model surface Chl‐a is slightly lower than MODIS
(Figure S4 in Supporting Information S1), the model results and satellite data have similar spatiotemporal
characteristics, like SST and SSS. Some previous studies have indicated that satellite‐derived data tends to
overestimate surface Chl‐a, compared with in situ observations and Bio‐Argo data (e.g., Shang et al., 2014; Zhang
et al., 2016). Vertical Chl‐a distributions in both the model results and observations are characterized by a deep
Chl‐amaximum (DCM) at about 70 m depth, and their shapes are similar. The DCM is a ubiquitous phenomenon
in upper oceans due to biological‐chemical‐physical interaction (Cullen, 2015). Vertical distribution of nitrate, as
the primary limiting nutrient in the study area, was checked to validate the model for nutrient simulations (Figure
S5 in Supporting Information S1). The result suggests that the vertical structure of model nitrate basically agrees
with the observations. The above validations demonstrate that although there are some errors, the model results
are credible and good enough for this study.

2.2. Composite Analysis

There were 226 TCs (Saffir‐Simpson category ≥1) occurring in the study area from 2005 to 2022 (Figure 1). To
figure out the general characteristics of 3D biogeochemical responses to the TC, a composite analysis within the
study area following Wang (2020) and Wang and Xiu (2022) was conducted (Figure S6 in Supporting Infor-
mation S1). The position of a TC at 12:00 a.m. in a day during its lifetime was taken as a TC location. In total, 946
TC locations were obtained from 226 TCs for the composite analysis. Within a 300 km radius from each TC
location, model daily mean results during a period from 10 days before to 70 days after the TC passage were

Figure 1. The model domain and bathymetry in meters (color shading). Gray
solid lines represent the tracks of all tropical cyclones with Saffir‐Simpson
category ≥1 from 2005 to 2022. The area surrounded by red dashed lines
denotes the study area. NWP, Northwest Pacific; SCS, South China Sea;
ECS, East China Sea.
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selected. To eliminate seasonal changes in climate state, the daily anomaly results were calculated by removing
the climatic mean values on the corresponding calendar date of the year from original model daily results. All
anomaly results were interpolated to a standard Cartesian coordinate system with a grid interval of 5 km in
horizontal direction and standard depths in vertical. In this coordinate system, Y coordinate is along the TC
moving track and X is perpendicular to the track with positive values on its right looking in the TC moving
direction. After that, the system horizontally rotates an angle so that the positive Y‐axis points north. The TC‐
induced changes (Δ) were defined as the differences between original anomalies and the mean anomalies dur-
ing the period of 3–10 days before the TC passage (the former minus the latter).

3. Results and Discussion
Seen from Figures 2a and 2b, the spatial and temporal patterns of TC‐induced Chl‐a changes (ΔChl‐a) suggest
opposite responses between the surface and subsurface layers during and after the TC passage. The vertical
structures of ΔChl‐a (Figures 2c–2j) show that the obvious changes are mainly located within a 100 km radius
from the TC center, with the strongest responses occurring 1 day after the TC passage. Significance testing using
Student's t‐test indicates that during and after the TC passage, the mean ΔChl‐a values at various depths and times
within the central 100 km area are significantly different from zero (p < 0.05) at the 95% confidence level (Table
S1 in Supporting Information S1). The exception occurs at approximately 80 m depth in some days with the
values negligible and statistically indistinguishable from zero.

Due to the existence of a DCM in the vertical Chl‐a structure, TC‐induced upwelling and vertical mixing cause
Chl‐a to increase (decrease) in the surface (subsurface) layer. The temporal variation of ΔChl‐a (Figure 2 and
Figure S7 in Supporting Information S1) indicates that a rapid increase appears in surface Chl‐a, peaking one day
after the TC passage with a maximum value of 0.07 mg/m3. Simultaneously, the most significant reduction in
Chl‐a happens at approximately 120 m depth with a minimum ΔChl‐a of − 0.1 mg/m3. Similar results have also
been observed by BGC‐Argo floats in a few case studies (Chai et al., 2021; Qiu et al., 2021). Some composite
results based on daily satellite data from the Moderate Resolution Imaging Spectroradiometer onboard NASA's
satellite EOS‐Aqua (MODIS) suggest that surface Chl‐a peaks approximately 3 days after the TC passage (Jiang
et al., 2023; Wang, 2020). However, the results obtained from the Advanced Himawari Imager onboard the
Himawari‐8 geostationary satellite with hyper temporal image acquisition capability show that Chl‐a reaches its
highest value on the first day after the TC passage, indicating a quicker and stronger response than that observed
by MODIS (J. Y. Lin et al., 2022). This is consistent with our model results.

Although biogeochemical processes could be altered by the TC owing to changes in the vertical distribution of
phytoplankton and nutrient content in the upper ocean, it takes some time for phytoplankton growth and mortality.
Therefore, immediate changes in Chl‐a in the upper ocean are almost the result of Chl‐a redistribution during the
TC period. In order to compare the effects of TC‐induced dynamic processes on Chl‐a at different depths, the
vertical structures of area‐averaged ΔChl‐a within a 100 km radius from the TC center 1 day after the TC passage
and the corresponding contributions of upwelling and other factors (mainly vertical mixing) are shown in Figure
S8a in Supporting Information S1. The combined effects of upwelling and vertical mixing lead to the redistri-
bution of Chl‐a. The upwelling brings subsurface waters upward, resulting in negative ΔChl‐a in the subsurface
layer. Vertical mixing tends to make the Chl‐a in upper layer uniform when the upwelling transports subsurface
Chl‐a to the surface layer.

Nitrate is often used as the representative nutrient in the N‐limited region, just like the study region in this work,
for phytoplankton growth above the light‐limited layer (M. Dai et al., 2023). The area‐averaged nitrate changes
(Δnitrate) within a 100 km radius from the TC center 1 day after the TC passage are positive in the whole volume
above 300 m depth as shown in Figure S8b in Supporting Information S1, indicating the uplift of nitrate due to the
TC influence. TC‐induced upwelling dominates in the nitrate increase below approximately 50 m, while TC‐
induced vertical mixing is the primary factor above. The greatest significant increase occurs in the layer be-
tween 100 and 200 m depth (Figure S8b and Table S2 in Supporting Information S1), with a maximum value of
1.0 mmol/m3. It is owing to strong upwelling and pronounced vertical gradient of nitrate in this layer (Figures S8b
and S8d in Supporting Information S1).

After the TC passage, the TC‐induced physical processes gradually decay, and the subsequent biological pro-
cesses become the dominant factors influencing the variation of ΔChl‐a in the upper ocean. Figure 3 shows the
temporal evolutions of ΔChl‐a and Δnitrate along the cross‐track axis. Note that the signals of near‐inertial
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internal waves are absent since daily averaged model outputs are adopted. At the sea surface, Chl‐a obviously
increases after the TC passage, especially on the right side of the TC track. Subsequently, the increase of Chl‐a
rapidly attenuates because the augments of nitrate are limited for phytoplankton growth. This is similar to the
findings from satellite data (Jiang et al., 2023; J. Y. Lin et al., 2022; Wang, 2020). At 50 m depth, TC‐induced
physical processes lead to marked rises in Chl‐a and nitrate (Figure S8 in Supporting Information S1). The

Figure 2. Temporal variations of (a, b) horizontal distributions of ΔChl‐a at 0, 50, 100, 150 m depth and (c–j) vertical
structure of ΔChl‐a in the cross‐track transect (Y = 0). The positive (negative) value on the X‐axis is the distance to the right
(left) of the tropical cyclone (TC) track, and the positive (negative) value on the Y‐axis is the distance ahead (rear) of the TC
center, facing in the moving direction of TC. The days before (after) TC passage is denoted as the negative (positive) value of
t, and t = 0 indicates the day of the TC passage.

Geophysical Research Letters 10.1029/2025GL117472

ZHENG ET AL. 5 of 10

 19448007, 2025, 17, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
117472 by X

iam
en U

niversity, W
iley O

nline L
ibrary on [27/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



increased nitrate facilitates phytoplankton growth. Consequently, Chl‐a further increases after the TC passage
(Figure 3b and Figure S7 in Supporting Information S1), with high ΔChl‐a lasting for more than 30 days. In the
subsurface layer near the DCM depth (around 100 m), although nitrate is increased markedly after the TC passage,
Chl‐a drops sharply at first and then this reduction gradually disappears, and 3 weeks later the Chl‐a has a slight
increase. In the lower euphotic layer around 150 m depth, there is a similar drop in Chl‐a, but no slight increase
3 weeks later. This layer was light‐limited for phytoplankton growth attributed to weak illumination (Dai
et al., 2023).

The above results indicate that Chl‐a responses to the TC are notably different at different depths. Due to the
distinct vertical distributions of Chl‐a and nitrate, TC‐induced physical processes cause varying ΔChl‐a and
Δnitrate at different depths, leading to diverse changes in phytoplankton growth and mortality rates. Thus, TC‐
induced vertical redistributions of Chl‐a and nutrients, along with simultaneous changes in biological processes,

Figure 3. Temporal evolutions of (a–d) ΔChl‐a and (e–h) Δnitrate along the cross‐track axis (Y = 0) at the 0, 50, 100, 150 m
depth. The gray dashed and solid lines in each panel denote the day of the tropical cyclone (TC) passage and the position of
the TC center, respectively.
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jointly determine the temporal evolution of ΔChl‐a in the upper ocean. In particular, the favorable conditions
created by the TC sustain high ΔChl‐a around the 50 m depth, just below the MLD of about 30 m, for a long time.
Similar phenomena have also been captured by observations. Yu et al. (2022) conducted a cruise about 1 week
after the passage of TC Talim across the East China Sea in September 2017, indicating that the most significant
increase in Chl‐a happened under the mixed layer in the TC affected area, compared to the surrounding unaffected
waters. Based on BGC‐Argo float profiles, Zheng and Zhang (2023) found that TC Hagibis redistributed Chl‐a
vertically (increasing surface layer Chl‐a above approximately 50 m depth and decreasing subsurface Chl‐a
below 50 m) at first, and nearly 1 week after the TC passage, surface Chl‐a decreased close to pre‐TC status while
the Chl‐a around the 40 m depth remained high values.

It is noteworthy that, as Δnitrate restores, the high nitrate anomalies gradually shift toward the left side of the TC
track in the subsurface layer (Figure 3). In addition, the subsurface cooling exhibits a similar feature (Figure S9 in
Supporting Information S1). These suggest that this phenomenon is driven by physical processes rather than
biological processes. This feature primarily occurs in the subsurface layer and is not evident in the surface layer
(Figure S10 in Supporting Information S1). In the surface layer, the cooling is basically concentrated in the TC
central area with its core slightly to the right (Figure S9a in Supporting Information S1), and the high nitrate
anomalies rapidly diminish due to biological utilization (Figure 3e). The composite results of the temperature
response to TCs obtained from Argo data also show that there is a similar leftward movement of temperature
anomaly in the subsurface layer, but no such movement in the surface layer (S. Lin et al., 2017).

The leftward‐shifting features of both nitrate and temperature anomalies in the subsurface are related to the
advection effect of horizontal currents. Although significant changes in the currents are caused by the TC, they
gradually return to the background state soon after the TC passage. Comparison of the background currents
between surface and subsurface layers (Figure S9 in Supporting Information S1), there is a component of currents
toward the left side of the TC track. Given that the direction of surface currents before the TC is generally aligned
with the moving direction of the TC, subsurface currents deflect toward the left of the TC's moving direction,
leading to the leftward shift of nitrate and temperature anomalies in the subsurface layer. The distribution of
density σ along the meridional section at 135°E (Figure S11a in Supporting Information S1) indicates that the
density within the upper 200 m generally increases with latitude in the north of 15°N. The 135°E meridional
section is selected as the representation because the average position of the TC centers in our study is approxi-
mately at 135°E, 20°N, and in this area the meridional gradient of density is much larger than the zonal gradient.
This density distribution generates a westward baroclinic geostrophic flow according to the geostrophic balance.
TC‐induced currents weaken significantly with increasing depth, especially in the left of the TC track (Figure S9
in Supporting Information S1). Ultimately, the subsurface currents point to the left and back of the TC moving
track which is in the northwest direction (Figure S11b in Supporting Information S1). Consequently, in the
subsurface layer, TC‐induced nitrate and temperature anomalies gradually shift to the left side of the TC track.

To figure out the net impacts of the TC on the total biomass in the upper ocean, the Chl‐a above 200 m depth is
integrated vertically (Chl‐a200), and the temporal evolution of Chl‐a200 changes (ΔChl‐a200) across the TC track is
obtained (Figure 4a). The results show an obvious decrease in Chl‐a200 shortly after the TC passage with a
minimum ΔChl‐a200 of − 2.3 mg/m

2, especially on the left side of the TC track owing to the rightward bias of
nutrient increase in the surface layer. Although a lot of nutrients are uplifted into the euphotic layer, reduced
illumination and lowered water temperature just after the TC passage inhibit phytoplankton growth. Additionally,
after the TC‐induced vertical Chl‐a redistribution mentioned previously, the high Chl‐a anomalies in the surface
layer decrease quickly due to the death of much phytoplankton, and phytoplankton growth in the subsurface layer
is limited by weak illumination (Figure 3 and Figure S7 in Supporting Information S1). These are responsible for
the decrease of Chl‐a200 after the TC passage. Subsequently, as the temperature and sunlight recovering over time,
the phytoplankton growth rate in the upper ocean increases, becoming quite higher than before the TC passage
due to the increased nutrient content. Consequently, ΔChl‐a200 gradually shifts from negative to positive with a
maximum value of 2.0 mg/m2. Furthermore, the ΔChl‐a200 on the left side of the TC track is slightly higher than
that on the right side during this period since nutrient‐rich water tends to be advected toward the left side of the TC
track (Figure 3). With the extra nutrients (positive Δnitrate) are depleted, ΔChl‐a200 begins to decrease. The
evolution of ΔChl‐a200 integrated over composite area (ΔChl‐atotal) indicates that the total biomass within the TC
affected area reaches its minimum (− 0.21 Gg, 1Gg = 109g) 4 days after the TC passage and its maximum
(0.28 Gg) about 30 days later. Subsequently, the total biomass restores to pre‐TC status after approximately
1 month (Figure 4b). Similar results were observed by a BGC‐Argo float (ID: 2902750) when TC Trami, a
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category 5 TC, affected the sea area south of Japan, Northwest Pacific in September and October 2018 (Figure
S12a in Supporting Information S1). During the period from September 18 to October 24, the BGC‐Argo
recorded Chl‐a profiles with the 1‐day interval in the TC influence sea area. The time series of Chl‐a200 calcu-
lated from these Chl‐a profiles demonstrated that compared with the pre‐TC average value (20.3 mg/m2), the
average Chl‐a200 within 11 days (day 1–11) after the TC passage decreased by about 1.5 mg/m

2, and then the
average from day 12 to day 23 rose significantly with a net increase of 2.4 mg/m2 (Figure S12b in Supporting
Information S1). These results indicate that the TC could promote the net growth of phytoplankton, potentially
enhancing biological carbon sequestration.

4. Conclusions
In this study, we present the first 3D analysis of biogeochemical responses to TCs in the Northwest Pacific,
employing a composite method based on coupled physical‐biogeochemical model simulations. Our 3D composite
results reveal that area‐averaged ΔChl‐a within a 100 km radius from the TC track exhibits a depth‐dependent
temporal evolution due to the combined effect of physical processes (upwelling and vertical mixing) and bio-
logical processes (phytoplankton growth and mortality). Surface ΔChl‐a increases rapidly due to vertical mixing‐
driven Chl‐a redistribution, but declines after ∼1 day as nutrient depletion enhances phytoplankton mortality. In
the 50 m layer, a rapid ΔChl‐a increase occurs through upwelling‐induced redistribution and subsequent
phytoplankton growth, peaking at ∼20 days. In the 100 m layer, ΔChl‐a initially decreases due to the redistri-
bution by both upwelling and vertical mixing, then gradually increases with nutrient‐enhanced phytoplankton
growth, becoming positive after ∼30 days. Following an initial rapid decrease, ΔChl‐a in the 150 m layer slowly
recovers to pre‐TC levels. The evolution of integrated ΔChl‐a above 200 m indicates that total biomass within the
TC affected area reaches a minimum 4 days after the TC passage and peaks at about 30 days later, then gradually
restores to pre‐TC levels by ∼60 days. This progression yields a net biomass increase attributable to TC forcing,
suggesting that TCs may enhance ocean primary production and strengthen carbon sequestration capacity.
Additionally, we found that in the Northwest Pacific, the westward geostrophic advection–driven by meridional
density gradients–generates larger subsurface nutrient and Chl‐a positive anomalies in the left of the generally
northwestward TC track than those in the right.

Although our model captures essential characteristics of upper‐ocean biogeochemical responses to TCs, the
simulations cannot fully replicate actual ocean conditions. Further work requires additional observational data to
validate the 3D composite results derived from model simulations.

Data Availability Statement
The track data of TCs were taken from the IBTrACS data set via Gahtan et al. (2024). SST and SSS data were
obtained from Remote Sensing System (2022) and Meissner et al. (2024), respectively. Surface Chl‐a data were

Figure 4. (a) Temporal evolution of depth‐integrated ΔChl‐a above 200 m depth along the cross‐track axis. (b) Time series of
volume‐integrated ΔChl‐a above 200 m depth. The vertical error bars in (b) show one standard deviation above and below
the corresponding ΔChl‐a values. Green error bars denote statistically significant results (significantly different from zero),
and red bars indicate non‐significant ones (statistically indistinguishable from zero).
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from MODIS (NASA Ocean Biology Processing Group, 2014). Profiles of Argo floats are available via Argo
Program (Argo, 2000).
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BGC-Argo 2902750. 37 
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 39 

 40 

Figure S1. Locations of in-situ observation profiles for model validation. Black dots 41 

denote positions of temperature and salt profiles. Magenta and green dots denote 42 

positions of chlorophyll a and nitrate profiles, respectively. The area surrounded by 43 

red dashed lines delineates the study area. 44 

 45 

 46 

Figure S2. The validation of model temperature results. (a) Time series of monthly 47 

model SST (blue line) and the OI SST (red line). (b) Time series of SSIM between 48 

monthly model SST and the OI SST. (c) Vertical structures of temperature from model 49 

outputs (blue line) and Argo floats (red line). 50 

 51 



 52 

Figure S3. The validation of model salinity results. (a) Time series of monthly model 53 

SSS (blue line) and the SMAP (red line). (b) Time series of SSIM between monthly 54 

model SSS and the SMAP. (c) Vertical structures of salinity from model outputs (blue 55 

line) and Argo floats (red line). 56 
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 59 

Figure S4. The validation of model Chl-a results. (a) Time series of monthly model 60 

surface Chl-a (blue line) and the MODIS (red line). (b) Time series of SSIM between 61 

monthly model surface Chl-a and the MODIS. (c) Vertical structures of Chl-a from 62 

model outputs (blue line) and observations (red line). 63 

 64 



 65 

Figure S5. Vertical structures of nitrate from model outputs (blue line) and 66 

observations (red line). 67 

 68 
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 70 

 71 

Figure S6. Schematic diagram of composite analysis. Red dots and arrows represent 72 

the center and moving direction of the TC, respectively. Blue circle denotes the 73 

distance of 300 km to the TC center. 74 
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 77 

Figure S7. Time series of the area-averaged ΔChl-a at 0 (blue line), 50 (green line), 78 

100 (red line), 150 m (cyan line) depth and mean ΔChl-a above 200 m depth (black 79 

line). The gray dashed line denotes the day of TC passage. 80 

 81 

 82 

Figure S8. Vertical structures (black lines) of area-averaged (a) ΔChl-a and (b) 83 

Δnitrate within a radius of 100 km from the TC center 1 day after the TC passage. 84 

Blue and red lines represent the contributions of upwelling and other factors, 85 

respectively. Comparison of vertical structures of (c) Chl-a and (d) nitrate before the 86 

TC passage (pink lines) and 1 day after the TC passage (green lines). 87 



 88 

Table S1. Significance testing for ΔChl-a. (T means statistically significant, and F 89 

means statistically non-significant) 90 

Time 
(Day) 

Depth 
(m) 

t=-1 t=0 t=1 t=2 t=3 t=5 t=10 t=15 

0 T T T T T T T T 
10 F T T T T T T T 
20 F T T T T T T T 
30 F T T T T T T T 
40 F T T T T T T T 
50 F T T T T T T T 
60 F T T T T T T T 
70 F F T T T T T T 
80 F F F T T T F F 
90 F T T T T T T T 
100 F T T T T T T T 
110 F T T T T T T T 
120 F T T T T T T T 
130 F T T T T T T T 
140 F T T T T T T T 
150 F T T T T T T T 
160 F T T T T T T T 
170 F T T T T T T T 
180 F T T T T T T T 
190 F T T T T T T T 
200 F T T T T T T T 
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 99 

Table S2. Significance testing for Δnitrate. (T means statistically significant, and F 100 

means statistically non-significant) 101 

Time 
(Day) 

Depth 
(m) 

t=-1 t=0 t=1 t=2 t=3 t=5 t=10 t=15 

0 T T T T T T T T 
10 T T T T T T T T 
20 F T T T T T T T 
30 F T T T T T T T 
40 F T T T T T T T 
50 F T T T T T T T 
60 F T T T T T T T 
70 F T T T T T T T 
80 F T T T T T T T 
90 F T T T T T T T 
100 F T T T T T T T 
110 F T T T T T T T 
120 F T T T T T T T 
130 F T T T T T T T 
140 F T T T T T T T 
150 F T T T T T T T 
160 F T T T T T T T 
170 F T T T T T T T 
180 F T T T T T T T 
190 F T T T T T T T 
200 F T T T T T T T 

 102 



 103 

Figure S9. Temporal evolution of Δtemperature along the cross-track axis (Y=0) at 0, 104 

50, 100, 150 m depths. The red arrows in b-d are the differences of currents between 105 

sea surface and corresponding depths (the latter minus the former). The gray dashed 106 

and solid lines in each panel denote the day of the TC passage and the position of the 107 

TC center, respectively. 108 

 109 

 110 

Figure S10. Vertical structures of (a) Δtemperature and (b) Δnitrate in the cross-track 111 

transect on the day 20 after the TC passage. 112 



 113 

Figure S11. (a) Vertical structure of climatological mean σ along 135ºE. (b) 114 

Depth-averaged climatological mean σ above 200 m depth. The black arrows in b 115 

indicate the differences of currents between sea surface and 200 m depth (the latter 116 

minus the former). The white arrow in b represents the general moving direction of 117 

TCs in the Northwest Pacific. 118 

 119 

 120 

Figure S12. (a) The sea surface Chl-a field (shading) derived from Himawari-8 on 121 

September 23, 2018 in the northwestern Pacific. Red line with dots is the track of TC 122 

Trami. Magenta asterisks denote the positions of BGC-Argo 2902750 from September 123 

18 to October 24. (b) Time series of depth-integrated Chl-a above 200 m depth 124 

observed by BGC-Argo 2902750. Gray dashed line denotes the day of TC Trami 125 

passage. Pink dashed lines are the mean values of depth-integrated Chl-a at different 126 

stages. 127 
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