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ABSTRACT

The thermocline shoals in the South China Sea (SCS) relative to the tropical northwest Pacific Ocean
(NWP), as required by geostrophic balance with the Kuroshio. The present study examines the effect of this
difference in ocean state on the response of sea surface temperature (SST) and chlorophyll concentration to
tropical cyclones (TCs), using both satellite-derived measurements and three-dimensional numerical simu-
lations. In both regions, TC-produced SST cooling strongly depends on TC characteristics (including intensity
as measured by the maximum surface wind speed, translation speed, and size). When subject to identical TC
forcing, the SST cooling in the SCS is more than 1.5 times that in the NWP, which may partially explain
weaker TC intensity on average observed in the SCS. Both a shallower mixed layer and stronger subsurface
thermal stratification in the SCS contribute to this regional difference in SST cooling. The mixed layer effect
dominates when TCs are weak, fast-moving, and/or small; and for strong and slow-moving TCs or strong and
large TCs, both factors are equally important.

In both regions, TCs tend to elevate surface chlorophyll concentration. For identical TC forcing, the surface
chlorophyll increase in the SCS is around 10 times that in the NWP, a difference much stronger than that in
SST cooling. This large regional difference in the surface chlorophyll response is at least partially due to a
shallower nutricline and stronger vertical nutrient gradient in the SCS. The effect of regional difference in
upper-ocean density stratification on the surface nutrient response is negligible. The total annual primary
production increase associated with the TC passage estimated using the vertically generalized production
model in the SCS is nearly 3 times that in the NWP (i.e., 6.4 + 0.4 X 10" versus 2.2 = 0.2 X 10> g C), despite
the weaker TC activity in the SCS.
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Each year tropical cyclones (TCs) visit both the South
China Sea (SCS)—a semienclosed sea in the southwest
corner of the North Pacific—and the tropical northwest
Pacific Ocean (NWP; defined here as a region covering 5°—
22°N and 122°-140°E) [see, e.g., Lin (2012) and Mei et al.
(2015a) for the track distribution]. TCs over these two
regions exhibit significant differences in various aspects,
particularly the intensity as measured by the maximum
surface wind speed. Figure 1 compares the distribution of
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FI1G. 1. Proportion of the frequency of TC intensity observations at
6-h intervals over the NWP (blue) and SCS (red).

percentage frequency of instantaneous TC intensity at 6-h
intervals in the SCS and NWP. TCs in the NWP on average
are more intense than those in the SCS, with the former
region experiencing more TCs of intensity above 40ms ™"
in percentage. Given that TCs in these two regions pose
severe threats to a huge population in East and Southeast
Asia, understanding controlling factors for TC intensity in
these regions is of great importance.

While differences in geographic features (particularly
the land surrounding the SCS) may account for some of
the differences in TC intensity, the oceanic state can also
play a role, in addition to atmospheric conditions (such
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as low-level vorticity). Figure 2a shows the zonal-
vertical cross section of ocean temperatures across the
northward-flowing Kuroshio, which anchors a steep
slope of the thermocline across the Luzon Strait with a
much shallower thermocline in the SCS than the NWP.
Local winds also contribute to the interbasin difference
in the thermocline depth [O(10) m; e.g., Jian et al. 2001].
The East Asian monsoon drives strong upwelling and
thereby lifts the thermocline in the SCS (e.g., Xie et al. 2003),
while the large-scale wind forcing favors an oceanic
downwelling in the NWP.

The differences in the upper-ocean condition can
translate into distinct effects on TC intensity by affecting
the magnitude of TC-generated sea surface temperature
(SST) cooling (e.g., Shay et al. 2000; Wu et al. 2007; Lin
et al. 2008, 2009a; Vincent et al. 2014; Mei et al. 2015b). By
mixing the surface warm water with colder water un-
derneath, TCs cool the surface water and warm the sub-
surface water (e.g., Price 1981). The amplitude of the
surface cooling strongly depends on prestorm mixed layer
depth and stratification in the thermocline, in addition to
TC characteristics such as intensity and translation speed
(e.g., Price 1981; Lin et al. 2009b; Knaff et al. 2013; Mei and
Pasquero 2013). Since the mixed layer is in general shal-
lower in the SCS than in the NWP, the TC-generated SST
cooling is expected to be stronger in the former region for
the same atmospheric conditions. Figure 2b shows the SST
cooling generated by Typhoon Nesat in 2011 as an exam-
ple. Nesat moved at a relatively steady speed but produced
significantly different amplitudes of SST cooling in the SCS
and NWP. Although the TC intensity was slightly stronger
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FIG. 2. (a) Cross section of climatological summer temperature (shading and dashed black contours; °C) and meridional velocity (solid
black contours; starting at 0.1 ms~! with an interval of 0.025ms ') averaged between 15° and 22°N. Note that this plot is only for
schematic purposes and it may not satisfy the geostrophic relation in a strict way as the temperature and velocity data are respectively from
the World Ocean Atlas 2009 and ECCO. (b) SST changes (color shading; °C) induced by Typhoon Nesat during 23-30 Sep 2011. Thick
black line shows typhoon track and colored circles denote typhoon intensity. Times of typhoon passage are selectively labeled at
0000 UTC of each day in the form of a two-digit month and day (i.e., mmdd). Note that the colorbar applies only to (b).
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over the NWP than over the SCS, the SST cooling was
generally weaker than 3°C in the former region, whereas
the cooling exceeded 7°C over a large area in the latter.
The TC-induced instantaneous cooling is a negative feed-
back onto TC intensity by reducing air-sea heat fluxes (e.g.,
Brand 1971; Emanuel 1999; Schade and Emanuel 1999;
Bender and Ginis 2000; Cione and Uhlhorn 2003; Bell and
Montgomery 2008; Mei et al. 2012; Vincent et al. 2014). As
shown in Mei et al. (2012), a strong SST cooling generally
tends to reduce the rate of TC intensification and may even
cause the TC to decay. An SST cooling of 3°C barely
allows a TC to intensify. Therefore, a good characterization
of the TC-induced SST cooling may largely help improve
understanding and prediction of TC intensity.

In the past decades, numerous studies have been de-
voted to quantifying and understanding the SST cooling
generated by individual TCs in the SCS and NWP [see Chu
et al. (2000), Lin et al. (2003a,b), Zheng and Tang (2007),
Shang et al. (2008), Tseng et al. (2010), Chiang et al. (2011),
Tsai et al. (2012), and Ko et al. (2014) for cases in the SCS
and Kuo et al. (2011), Lin (2012), and Yang et al. (2012) for
cases in the NWP]. Chu et al. (2000) were among the first to
study the response of the SCS to TCs by examining the case
of Typhoon Ernie (1996) using both observed SSTs and a
20-km horizontal resolution ocean model. They found the
responses in marginal seas (e.g., the SCS in their study)
share many similarities with those in the open ocean, such
as the rightward-biased SST cooling with respect to the TC
track caused by the stronger near-inertial currents on that
side due to the resonance effect. Using more accurate
satellite-derived observations, Lin et al. (2003b) and
Chiang et al. (2011) identified that the local SST cooling
induced by Typhoon Kai-Tak (2000) in the SCS was up to
10°C and showed that such a dramatic cooling is due to the
slow-moving speed of Kai-Tak and the shallow prestorm
mixed layer in the SCS. The TC-generated SST cooling in
the NWP is relatively weak by comparison (e.g., Kuo et al.
2011; Lin 2012; Yang et al. 2012).

These previous case studies have greatly enhanced
our appreciation of TCs’ effect on the SST and advanced
our understanding of the underlying mechanisms (such
as the role of a shallow prestorm mixed layer in pro-
ducing a strong cooling). The amplitude of the cooling
reported, however, varies strongly from case to case
[see, e.g., Lin (2012) for a comparison of 11 cases], and a
climatological assessment is still lacking. This also holds
true for another aspect of TC-induced oceanic response—
elevated chlorophyll concentration, which may serve
as a proxy of ocean upwelling and mixing. Although
many studies have examined the chlorophyll response to
individual TCs (e.g., Lin et al. 2003b; Zheng and Tang
2007; Shang et al. 2008; Zhao et al. 2008; Sun et al. 2010;
Lin 2012; Yang et al. 2012), no studies have addressed
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this issue from a climatological perspective in the SCS
and NWP as has been performed in the North Atlantic
by Hanshaw et al. (2008).

Tofill these gaps, this study systematically characterizes
and compares both the SST and chlorophyll responses to
TCs between the SCS and NWP by performing a com-
posite analysis and using available satellite-derived SST
and chlorophyll data. After introducing the data and
methods in use in section 2, we explore the TC-generated
SST response in both the SCS and NWP and understand
the physical mechanisms responsible for the differences
between these two regions in section 3. We then proceed
to study and compare the response of chlorophyll in
section 4. Section 5 is a summary.

2. Data and methods

a. SST data, chlorophyll concentration data, and TC
track data

The SST data during December 1997-October 2013
derived from the Tropical Rainfall Measuring Mission
(TRMM) Microwave Imager (TMI; Wentz et al. 2000) are
used to calculate the SST anomaly generated by TCs. The
description of this dataset parallels that of Mei and
Pasquero (2013), as follows: This dataset has a spatial
resolution of 0.25° X 0.25°." It has a daily temporal reso-
lution including ascending and descending orbit segments.
The daily average value is obtained by averaging the as-
cending and descending passes or assigning the available
one if only one pass is available; missing values are left
unfilled. On each grid, the obtained daily data are pre-
processed to remove the climatological seasonal cycle and
long-term linear trend before any further calculations.

The chlorophyll concentration during July 2002-
October 2013 estimated from the Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite mea-
surements (Savtchenko et al. 2004) is used to study the
TC-induced chlorophyll response. This dataset has a
spatial resolution of 9km and a daily temporal resolu-
tion. The invalid measurements due to the presence of
cloud cover are not included in our calculations. [Using
data from the Sea-Viewing Wide Field-of-View Sensor
(SeaWiFS) produces very similar results. ]

The TC track data in use are from the Joint Typhoon
Warning Center (JTWC) best-track dataset (Chu et al.
2002). This product provides the location and intensity
of TCs at a 6-h interval, and here, to be consistent with

'Note that the local maximum cooling may not be captured
owing to the not so fine resolution of the TMI data in use. This
effect, however, does not significantly affect our conclusions in this
study, which focuses on relatively large spatial scales.
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TABLE 1. TC groups categorized based on TC intensity and
translation speed. The numbers in the NWP and SCS columns under
case number show the number of 6-h observations, while those in
parentheses show the effective number of observations. The effec-
tive number of observations is approximated as the number of ob-
servations that are separated by at least 150 X v2~212km in
distance or at least 10 days in time.

. Case No.
Translation
TC group Intensity speed NWP SCS
Weak andslow =33ms™ ! =3ms™' 477 (135) 664 (164)
Strong and slow >33ms™' =3ms"! 216 (62) 94 (29)
Weak and fast  =33ms™! >3ms™' 1746 (785) 1094 (479)
Strong and fast >33ms™' >3ms”! 796 (368) 299 (138)

the availability of the SST data, we only use the track
data since December 1997.

b. Methods

We perform composite analysis to obtain the average
features of the SST and chlorophyll response, following
the method described in Mei et al. (2012) and Mei and
Pasquero (2013). For each TC location, we obtain the
temporal evolution of SST and chlorophyll concentration
averaged over a TC-centered 3° X 3° box before, during,
and after the TC passage, using the preprocessed SST
data and the original chlorophyll data. The obtained box-
averaged SST and chlorophyll for each storm location and
time are then used to get the composites of the SST and
chlorophyll evolution in terms of T'C intensity, translation
speed, and/or size, and the anomalies in SST and chlo-
rophyll in the poststorm stage are defined with respect
to a 1-month average prestorm condition at the same
location.” Then the TC-generated SST cooling is defined
as the maximum negative SST anomaly, which usually
appears on the day right after the TC passage. The results
presented in this study are not significantly sensitive to the
size of the box in use for the calculation.

To examine the dependence of TC-produced anom-
alies in SST and chlorophyll on TC intensity and trans-
lation speed, we divide the storms into four groups
shown in Table 1. The limited number of TC cases does
not allow us to use small bins, such as 5ms™! for TC
intensity, as in Mei and Pasquero (2013). We also ex-
plore the dependence of SST response on TC size. The
JTWC TC data provide information on TC size (defined

2 Although we have removed the seasonality and long-term lin-
ear trend before performing composite analysis for the SST data,
there is anomalous warming before the TC passage (see, e.g., Mei
and Pasquero 2013, their Fig. 12). This is the reason why we define
the SST anomaly with respect to a 1-month average prestorm
condition.
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as the radius of the last closed isobar) since 2001 for
around 75% of the 6-h observations. Because of the
limited sample size and considering the positive re-
lationship between averaged TC size and intensity (e.g.,
Mei and Pasquero 2013, their Fig. 6), we restrict this
analysis to TCs with an intensity between 17.5 and
43.0ms™ ' (ie., TCs of tropical storm and category-1
hurricane intensity) and a translation speed between 2
and 6ms ™! and divide the storms into two groups, with
storm size being respectively smaller than 340km and
larger than 360 km.?

To unveil the factors responsible for the differences in
oceanic response between the SCS and NWP, three-
dimensional (3D) numerical simulations are carried out
using two ocean models: the Price-Weller—Pinkel
(PWP) model (Price et al. 1986, 1994) and the Regional
Ocean Modeling System (ROMS; Shchepetkin and
McWilliams 2005). The PWP model is used to study the
TC-induced SST cooling simply because it is computa-
tionally inexpensive and thus allows us to test a wide
parameter space. ROMS is used to explore the difference
in the changes of surface nutrient supply that might be
partially responsible for the difference in the surface
chlorophyll response, since it is easy to implement inert
tracers. A detailed description of the two models and
experimental designs is given in appendixes A and B. It is
worth noting that although the details of the two models
and TC forcing are somewhat different, the model results
are qualitatively similar, suggesting that our main con-
clusions are not sensitive to the model in use.

3. TC-induced SST response
a. Regional comparison

Figure 3a shows the temporal evolution of the com-
posite area-mean SST anomaly induced by TCs of dif-
ferent groups in the NWP. The SST begins to drop a
couple of days before the storm passage, usually reaches
its minimum 1 day after the passage, and then gradually
recovers to its climatologically normal state (e.g., Hart
et al. 2007; Price et al. 2008; Dare and McBride 2011;
Mei and Pasquero 2012, 2013). The effect of both in-
tensity and translation speed on the magnitude of the
TC-induced SST cooling is evident. A weak and fast-
moving TC, on average, generates a 0.5°C sea surface
cooling when averaged over a 3° X 3° box, and the

3We omit TCs with a size between 340 and 360 km in the cal-
culation to better separate the two groups given the uncertainty in
the size estimates. Categorizing the two groups with size being
respectively smaller and larger than 350 km produces very similar
results.
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(a) Tropical northwestern Pacific

0.5 w
0 . -?‘("'5":;;;::&& A M
mzﬂ?‘&@ il \ ‘ /,«anl"m&a@nﬁmﬂﬂ‘e’:‘\{j
~ L N’J |
O -05 Vi
L
>
© -1 1
IS
2
S -1.5¢ 1
&
n -2 A
—weak & slow
o5l —strong & slow||
e weak & fast
—strong & fast
-3 L L T T
-40 -20 0 20 40 60

Days relative to TC passage

JOURNAL OF CLIMATE

VOLUME 28

(b) South China Sea
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FIG. 3. Temporal evolution of composite area-mean SST anomaly in association with the passage of TCs over the (a) NWP and (b) SCS.
Blue, red, green, and black curves, respectively, show the results for weak and slow-moving TCs, strong and slow-moving TCs, weak and
fast-moving TCs, and strong and fast-moving TCs (see Table 1). Error bars are calculated as the standard deviation divided by the square
root of the effective number of observations (i.e., standard error of the mean) and are shown by the width of the green shading and vertical
light red lines for the groups of weak and fast-moving TCs and strong and slow-moving TCs, respectively; the size of the error bar for the
other two groups lies between the sizes of these two. The effective number of observations (Table 1) is approximated as the number of
observations that are separated by at least 150 X /2 ~ 212 km in distance or at least 10 days in time.

cooling produced by a weak and slow-moving TC is
approximately 50% stronger. In contrast, a strong and
slow-moving TC induces a cooling of 2.3°C, more than 4
times that by a weak and fast-moving TC. Note that a
considerable fraction of observations are missing during
the TC passage because of the adverse effect of heavy
rains, particularly for strong TCs [Fig. S1 in the sup-
plemental information; see also a detailed discussion in
Mei and Pasquero (2013)]. This may cause a severe
underestimate of the TC-induced SST cooling.

Results for TCs over the SCS are displayed in Fig. 3b.
For weak and fast-moving, and weak and slow-moving
TCs, the produced SST cooling in the SCS is on average
around 60% stronger than that in the NWP. For the
other two groups with strong TCs, however, the SST
cooling in the SCS is only slightly stronger than that in
the NWP (less than 20%). The discrepancies in the ratio
of the SCS versus NWP SST cooling between the two
intensity groups can be reconciled by the fact that for the
group of strong TCs, the TC intensity in the NWP is
around 10ms ™' stronger than in the SCS (Fig. 4). On the
contrary, TC intensity is comparable between the NWP
and SCS for the group of weak TCs. We then may expect
that the TC-induced SST cooling in the SCS can be 50%
(or more) stronger than that in the NWP, if we assume
TCs have the same characteristics.

We further explore the dependence of SST response on
TC size. As mentioned earlier in section 2, we restrict this
analysis to TCs with an intensity between 17.5 and

43.0ms ™' and a translation speed between 2 and 6ms .

We then divide the storms into two groups with storm size
being respectively smaller than 340km and larger than
360km. Details on averaged TC information are given in
Table 2. Figure 5a shows the SST response for the two
groups of storms both in the SCS and NWP. In both re-
gions, larger storms tend to produce a stronger cooling,
and the cooling induced by large storms is 1.4-1.7 times
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FIG. 4. Mean intensity (measured by the maximum surface wind
speed) and translation speed for TCs over the NWP (open circles)
and SCS (dots) listed in Table 1. Blue, red, green, and black colors
respectively show the results for weak and slow-moving TCs, strong
and slow-moving TCs, weak and fast-moving TCs, and strong and
fast-moving TCs. The bars show the standard deviation of each
individual group.
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TABLE 2. TC groups categorized based on TCsize (for TCs with intensity between 17.5 and 43.0 ms ™! and translation speed between 2.0
and 6.0ms™ ). Values for size, intensity, and translation speed are the mean plus or minus the std dev. The numbers below the case
number column show the number of 6-h observations, while those in parentheses show the effective number of observations.

TC group Size (km) Intensity (ms ™) Translation speed (ms~") Case No.

NWP Small 270.16 = 48.47 26.35 = 6.86 4.16 £ 1.07 313 (146)

Large 433.10 = 62.54 2942 =778 4.04 £ 1.10 230 (107)

SCs Small 272.97 = 45.40 26.40 = 7.67 401 111 298 (130)
Large 412.63 = 81.96 29.24 = 6.36 417 £ 1.04 119 (53)

that by small storms when averaged over a 3° X 3° box
centered at the TC center. For similar TC size, the SST
cooling in the SCS is around 50% stronger than that in the
NWP. We would also like to examine the dependence on
the ratio between TC size and translation speed (i.e., as-
pect ratio). But because of the limited sample size from
observations, we will address this issue later in this sub-
section based on numerical results.

The above analyses show that when the TC forcing is
identical, the generated SST cooling in the SCSis at least
50% stronger than in the NWP. This large difference can
be primarily attributed to differences in the upper-ocean
condition, such as climatological mixed layer depth and
stratification in the thermocline, over these two regions.
To illustrate this, Figs. 6a and 6b compare the vertical
profiles of the climatological temperature and salinity in
the NWP and SCS during the typhoon peak season (i.e.,
July—October).* The mixed layer depth defined ac-
cording to temperature difference [i.e., the depth where
the water temperature is 0.7°C lower than the SST; see
de Boyer Montégut et al. (2004) for various definitions]
is around 30m in the SCS and 50m in the NWP. The
thermal stratification underneath (defined as the vertical
temperature gradient between 50- and 100-m depth) in
the SCS is nearly 2 times that in the NWP. The stronger
vertical gradient in salinity also contributes to a shal-
lower mixed layer in the SCS, but the salinity gradient
below 50-m depth (which corresponds to the mixed layer
depth in the NWP) is generally comparable between
these two regions and thus does not significantly con-
tribute to the stratification difference in the thermocline.

To understand the physical mechanisms for differ-
ences in TC-induced SST cooling between the SCS and
NWP, we conduct simulations using the PWP model
forced by TCs of various intensities and/or translation
speeds. Specifically, we run the model with TC trans-
lation speed Uy, varying between 1 and 10ms ™! and with
intensity varying between 5 and 80ms ! in both regions.

4 Note that although in each individual region both temperature
and salinity profiles have strong seasonal changes, the contrast
between the NWP and SCS appears to be relatively stable (Fig. S2
in the supplemental information).

Figure 7 shows the model-simulated SST cooling as a
function of both intensity and translation speed using
the profiles of temperature and salinity shown in Figs. 6a
and 6b. The model reproduces many observed features
shown in Fig. 3. For example, the model results show
that for an identical TC, its induced SST cooling is
stronger in the SCS than in the NWP. In addition, in both
regions, the observed strong dependence of the SST
cooling on TC intensity and translation speed is also
captured by the model. Note that here we only aim to
qualitatively capture the observed features or relation-
ships, instead of reproducing the observed values be-
cause of the idealized nature of our simulations.

We also examine the dependence of SST response on
TC size and aspect ratio over the two regions using the
PWP model by increasing and decreasing the TC size
L by 50%. Specifically, the radius of maximum wind
(kilometers)/TC size (kilometers) is 27.5/110, 55/220,
and 82.5/330, respectively, in the three simulations; the
one with 55/220 is the control experiment. Figure 5b shows
the TC-induced cooling in the three experiments with a
translation speed of Uy, = 1ms~; the conclusion is similar
for other translation speeds. It is evident that larger TCs
produce a stronger cooling averaged over an area of a
limited size centered at the storm center when the storm
intensity and translation speed are fixed. This is consistent
with observational results shown in Fig. 5a. We then
proceed to examine the dependence of the cooling on the
aspect ratio of storms that is defined as L/U,,. Figure 5c
shows the results from six experiments with L/U,, being
110/1, 220/2, 330/3, 110/2, 220/4, and 330/6km (ms~")~".
The first three experiments have the same aspect ratio,
while the last three experiments have the same ratio, and
the former ratio is twice that of the latter. Understandably,
TCs of the same aspect ratio generate a similar cooling,
and TCs of a larger aspect ratio produce a stronger
cooling.

b. Sensitivity to temperature and salinity profiles

To examine the respective importance of mixed layer
depth and stratification in the thermocline for the re-
gional difference in SST cooling, we repeat the simula-
tions (with fixed TC size but varied intensity and
translation speed) for the SCS with the vertical profile of
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initiate the mixing process before the stratification in the
() O = thermocline comes into play. This regime can be un-
ol derstood using the simple expressions of post-TC mixed
5 S 5 ; layer depth 4 and TC-induced SST cooling (SSTA)
S -4 3 shown in Mei and Pasquero (2013):
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F1G. 5. (a) Temporal evolution of composite area-mean SST
anomaly in association with the passage of TCs of different sizes in
the NWP and SCS (see Table 2): small TCs in the NWP (green),
large TCs in the NWP (black), small TCs in the SCS (blue), and large  where Ay is the depth of the prestorm mixed layer; Ri is
TCs in the SCS (red). (b) PWP-simulated area-mean SST cooling as the bulk Richardson number; p, is the air density; Cy is

a function of TC intensity for TCs of same translation speed (U, = . . . AT
1ms~?) but different sizes L over the NWP: L = 110 (blue), 220 the drag coefficient; V; is the surface wind speed; N is the

(green), and 330 km (red). (c) As in (b), but for different combina-  buoyancy frequency; f is Coriolis parameter; w is the
tions of size and translation speed Uy,: L/U, = 110/1 (blue solid), frequency of the periodic winds; p,, is seawater density; # is
22072 (green solid), 330/3 (red solid), 110/2 (blue dashed), 220/4

(green dashed), and 330/6 km (ms 1) "' (red dashed).
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time; and I' is the prestorm vertical temperature gradient
below the mixed layer. To illustrate the relationships among
h, hemy, t (Which is largely determined by translation speed
for a fixed TC size), and V, we apply the Taylor expansion
to (1) and assume ¢ and/or Vi is extremely small (as
we consider a regime of weak and/or fast-moving storms).
Using the Taylor series expansion twice (both with
{RipZCHN (@ = f)’ p2hi ]} V1 — cosl(w = )i} < 1),
we get the deepening of the mixed layer due to the storm
passage Ah as

2Rip2C% {1 — cos[(w — )]}V
N2(w—f)’p2 Bt .

Ah=h—h ~

©)

It is clear that when Ay is large, a fast-moving (i.e.,
small {1 — cos[(w — f)¢]}) and/or weak (i.e., small V)
storm struggles to produce a considerable deepening of
the mixed layer Ah. This, together with the fact that a
larger amount of surface warm water needs to be cooled
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(b) as dashed black curves.

down for a deeper mixed layer, makes it difficult to pro-
duce SST cooling of a considerable magnitude.

In contrast, when the storm is strong and slow-moving,
there is abundant kinetic energy’ for mixing the surface
warm water with the colder water underneath. Accord-
ingly, the two effects (i.e., increasing prestorm mixed
layer depth and reducing thermocline thermal stratifica-
tion) are comparable (cf. the high-intensity end of the two
curves with a translation speed of 1ms™ " in Figs. 8b,c).

Note that here we only discussed two extreme cases:
weak and/or fast-moving storms and strong and slow-
moving storms. For other cases, such as strong and fast-
moving storms and weak and slow-moving storms, the
results are located in between. In addition, in the discus-
sion of this subsection we did not consider the effect of TC
size. This effect should be similar to that of translation
speed, as both of them determine #; a large TC size has an
equivalent effect as a slow-moving speed, and a small size
has an effect equivalent to a fast-moving speed.

4. TC-induced chlorophyll response
a. Observed chlorophyll changes

Figure 9 shows the temporal evolution of the anomaly
in chlorophyll concentration with respect to the TC
passage for both the SCS and NWP. As the SST, in both

3 The total amount of kinetic energy injected into the ocean by a
storm is equal to the energy input rate (i.e., energy input per unit
time) times the duration of energy input. A strong storm tends to
have a large energy input rate, and a slow-moving storm favors a
longer duration of energy input. Thus, a strong and slow-moving
storm can lead to very large kinetic energy in the upper ocean.

regions chlorophyll responds rather rapidly to the storm
passage, with a pronounced enhancement appearing a
few days after the passage as the biological response takes
time.® And significant differences in the chlorophyll re-
sponse can be found between the two regions. First, for
similar TC forcing, the increase in chlorophyll concen-
tration is around 10 times stronger in the SCS than in the
NWP. This is generally consistent with previous findings.
Second, although in both regions the chlorophyll response
more or less depends on TC intensity and translation
speed, the dependence on these TC properties is more
prominent in the NWP than in the SCS. One possible
explanation for these two observed features is that the
local physical and/or biological upper-ocean conditions in
the SCS are so favorable that the surface chlorophyll
concentration there is sensitive to external forcing and
noise, as evidenced by a stronger background variability
(such as between days —40 and —20) in this region.

An increase in surface chlorophyll content can be
primarily attributed to two processes: vertical advection
and mixing of chlorophyll from below and new pro-
duction of chlorophyll as a result of increased surface
nutrient supply that is in turn caused by TC-induced
vertical mixing. Measurements from a few ocean sites
show that a subsurface chlorophyll maximum exists in
both the SCS and NWP (e.g., Furuya 1990; Liu et al.
2002). A lack of long-term and large-scale observations
of vertical chlorophyll distribution prevents us from
an accurate estimate of the contribution by vertical
advection and mixing of chlorophyll. A rough estimate

% Berdalet et al. (1996) showed that chlorophyll can respond to
nutrient increases after 2 days.



1 AUGUST 2015
0
(a)
-50r 1
E
£ -100- 1
[oX
[0
a
/
—NWP
—1 50 N R SCS M
_SCSmod.dT/dz
SCSmod.MLD
-200 ; ;
15 20 25 30

Temperature (C)

5)
<
(o))
£
S Uh=9
o -8f
% Uh=6
D 10/ Uh=
Uh=1 - C1 C2 C3 C4 C5
BAASEET) 20 30 40 50 60 70 80
Maximum surface wind speed (m/s)
0
—ol (0
oY
<
2 -6/ un=10
S Uh=9
8 g
o Uh=6
D _10F Uh-
~12p 0 . ]
Uh=1 C1 :C2: C3: C4 : C5
-14 — '

10 20 30 40 50 60 70 80
Maximum surface wind speed (m/s)

FiG. 8. (a) Climatological July-October mean temperature
profiles over the NWP (blue), over the SCS (red), over the SCS but
with the thermocline stratification being replaced by the one over
the NWP (black) and over the SCS but with the mixed layer having
the same shape as the NWP (green). See appendix A for a detailed
description. (b),(c) As in Fig. 7b, but with the initial temperature
profile [red curve in (a)] being replaced respectively by the black
and green curves in (a).

MEI ET AL.

5961

using available site measurements (e.g., Fig. 4 in Liu
et al. 2002), however, suggests that this process may
account for a 20%-50% increase in chlorophyll content,
depending on TC features. Such an increase is small
compared to the results shown in Fig. 9, which indicate a
40%-200% and 100%-225% increase respectively for
the NWP and SCS (the prestorm chlorophyll concentra-
tion is around 0.05 and 0.2mgm > for these two regions,
respectively). This discrepancy may be largely attributed
to the effect of the increased surface nutrient supply,
which is examined in next subsection using ROMS.

Before proceeding to understand the underlying mech-
anisms of these regional differences, we show the vertical
profiles of climatological contents of various nutrients in
Figs. 6¢c—e. The nutrients examined here, including nitrate,
phosphate, and silicate, exhibit nearly the same features in
each individual region but have very different structures
between the two regions. For instance, nutrients are rather
uniform in the upper 50 m in the SCS, whereas the uniform
layer extends down to a 100-m depth in the NWP. In ad-
dition, all nutrients have a stronger vertical gradient below
the uniform layer in the SCS than in the NWP.

b. ROMS-simulated changes in surface nutrient
content

Four groups of experiments using ROMS with the
nutrients being included as passive tracers are then
performed to understand the factors for the regional
differences in the changes of surface nutrient supply that
are partially responsible for the regional differences in
surface chlorophyll response. The four groups differ in
the initial temperature and salinity vertical profiles
(from the SCS or NWP) and/or nutrient profiles (from
the SCS or NWP). Each group consists of four experi-
ments that differ in TC forcing, that is, different intensity
(20 or 50ms ") and/or translation speed (2 or Sms™').

Before discussing the simulated changes in surface nu-
trient concentration, we first briefly show the SST cooling
simulated by ROMS. Again, here we do not intend to
accurately reproduce the observed values because of the
idealized nature of our simulations; instead, we pay more
attention to relative values. Consistent with observations
and PWP model simulations, for identical TC forcing, SST
cooling is more than 50% stronger in the SCS than in the
NWP (cf. the first and third columns in Fig. 10a). And in
both regions, the amplitude of the cooling strongly de-
pends on both TC intensity and translation speed.

Figure 10b shows the ROMS-simulated response in
nitrate concentration from experiments with different
initial conditions and/or TC forcing; results are basically
similar for phosphate and silicate. One prominent fea-
ture is that weak TCs are barely able to generate a sig-
nificant response in surface nutrient concentration over
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FIG. 9. As in Fig. 3, but for the anomaly in composite area-mean chlorophyll concentration. Note the different y-axis scales between
(a) and (b).

the NWP because of the very deep nutricline. This is
different from the TC-induced SST cooling but is gen-
erally consistent with the modest changes in chlorophyll
for weak storms in observations.

The most marked feature, however, is that, for iden-
tical TC forcing, the ratio of changes in nutrient con-
centration in the SCS to those in the NWP varies
between three and five (cf. the first and third columns in
Fig. 10b), which is larger than the ratio for SST cooling
(slightly greater than 1.5; cf. the first and third columns
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in Fig. 10a). This is broadly in line with observations. A
comparison between experiments initialized with dif-
ferent temperature and salinity profiles or different
nutrient profiles shows that such a large difference be-
tween the two regions is because of the difference in
nutrient profiles (both the depth of the upper uniform
layer and vertical gradient in the nutricline; cf. the first
and second columns in Fig. 10b); the weaker stratifica-
tion set up by temperature and salinity in the NWP ac-
tually favors a slightly larger increase in surface nutrient
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FIG. 10. ROMS-simulated amplitude of (a) area-mean SST cooling and of (b) increase in area-mean nitrate concentration induced by
TCs of different characteristics [blue indicates weak and slow moving (intensity V, = 20ms™" and translation speed U, = 2ms'); red
indicates strong and slow moving (V, = 50ms ! and U, = 2ms™!); green indicates weak and fast moving (V, = 20ms™ ! and U, =
5ms™"); and black indicates strong and fast moving (V, = 50ms™' and U, = 5ms™")] under different initial conditions of temperature
and salinity as well as of nutrient concentrations. The terminology TS:NWP and TS:SCS indicates that the model is initialized with
temperature and salinity profiles of the NWP and SCS, respectively; and NPS:NWP and NPS:SCS indicates that the model is initialized
with nutrient (including nitrate, phosphate, and silicate) profiles of the NWP and SCS, respectively.
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TABLE 3. VGPM-estimated primary production increase asso-
ciated with the passage of TCs of different characteristics over two
weeks (mg Cm~2). Values for NWP and SCS are the mean plus or
minus the standard error of the mean.

NWwWP

210.61 * 129.87
1148.75 = 202.36
51.18 * 26.40
415.80 £ 44.36

SCS

1595.54 = 271.55
4301.19 = 932.01

776.34 £ 144.02
1588.95 = 273.60

TC group

Weak and slow
Strong and slow
Weak and fast
Strong and fast

concentration, except for strong, slow-moving TCs (cf.
the second and third columns in Fig. 10b).

It is worth noting that the ratio of the surface nutrient
concentration change in the model of the SCS to that in the
model of the NWP is still smaller than that for chlorophyll
in observations (i.e., 3-5 versus 10). This discrepancy may
be because of the following reasons: 1) nutrient availability
is one of the factors limiting phytoplankton growth in the
ocean, but it is not the only one, and light availability as well
as trophic interactions can also play an important role;
2) changes in surface nutrients produced by local processes
may only partially explain changes in surface chlorophyll
concentration, and other processes not included in the
model, such as the vertical advection and mixing of sub-
surface chlorophyll-rich water to the surface, may also
greatly contribute to the surface chlorophyll changes; 3) the
observations may not be that accurate owing to the con-
tamination of satellite signals by clouds and precipitation;
and 4) our simulations are very idealized regarding initial-
ization, forcing, and boundary conditions with many pro-
cesses not being included or well represented (e.g., missing
some of the air-sea interactions and deficiencies in modeled
vertical mixing processes). Further exploration using a
coupled ocean—atmosphere-wave model with both physical
and biogeochemical processes included may be helpful.

c. Estimation of possible changes in primary
production

We further estimate the changes in primary pro-
duction associated with the TC passage using the
vertically generalized production model (VGPM;
Behrenfeld and Falkowski 1997) together with satellite-
derived chlorophyll concentration and SST data used in
the above calculations. We first apply the VGPM to SST
and chlorophyll for each TC location and then compute
the composites. The photosynthetically available radi-
ation (PAR) value in the month when the TC occurred is
used for each specific TC location; the PAR data are
from the NASA OceanColor data website (http://
oceandata.sci.gsfc.nasa.gov/MODISA/Mapped/Monthly/
9km/). Table 3 lists the increase in primary production
over a two-week period right after the storm passage
for TCs of different features. Its dependence on TC
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characteristics is generally consistent with the dependency
of chlorophyll concentration, with strong and/or slow-
moving TCs generating a strong increase in primary
production. For identical TC forcing, the primary pro-
duction increase in the SCS is 5-10 times that in the NWP.
We then compute the total annual primary production
increase associated with the TC passage over these two
regions. The effective number of boxes (which have a size
of 3° X 3° and are used in estimating the area-mean
change in primary production for each TC observation) is
counted using one of the following two criteria: 1) the
distance between the two observations is longer than
150 X v/2~212 km, and 2) the separation between their
occurrence is longer than 10 days. The first criterion aims to
avoid the overlapping of area in calculation, and the use of
the second one is because the increase in primary production
quickly drops after 10 days following the TC passage (not
shown). The total annual primary production increase is
estimated to be 6.4 + 0.4 X 10" and 22 = 02 X 10 gC,
respectively, for the SCS and NWP. The latter value is
broadly in line with the estimate by Lin (2012) for the
western North Pacific subtropical ocean in 2003. This sug-
gests that although the TC activity integrated over time in the
SCS is much weaker than in the NWP, the induced carbon
uptake in the former region is nearly 3 times that in the latter.
As a caveat, part of the satellite-observed TC-induced
increase in surface chlorophyll concentration may be due
to the dilution of the preexisting subsurface chlorophyll
maximum via vertical advection and mixing. This com-
ponent in reality may not lead to new primary production
(instead it only redistributes primary production verti-
cally). Thus, the calculation of primary production changes
based on the VGPM using SST and satellite-derived
chlorophyll concentration may overestimate TC-induced
primary production increase. On the other hand, the sat-
ellite measurements cannot capture TC-induced sub-
surface chlorophyll bloom that has been documented by
cruise survey data (e.g., Ye et al. 2013). The subsurface
bloom is observed to be even stronger and longer lasting
than the surface bloom in case studies. The VGPM does
not consider this contribution and thus may considerably
underestimate TC-induced new primary production.
These two contributions oppose each other, and their
quantification is not feasible at the current stage because
the needed pre- and post-TC in situ profile measurements
are generally unavailable (except for a few cases). Further
in situ research is needed to resolve this important issue.

5. Summary and conclusions

This study has examined the sea surface temperature
(SST) and chlorophyll response to tropical cyclones
(TCs) over the South China Sea (SCS) and tropical
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northwest Pacific Ocean (NWP) between 1997 and 2013
using satellite-derived SST and chlorophyll data and TC
best-track data. Specifically, we have performed composite
analysis conditioned on TC characteristics to investigate
the dependence of TC-induced ocean response on TC in-
tensity, translation speed, and/or size. We have also com-
pared the differences in the response between the two
regions and sought to understand the controlling factors
using three-dimensional (3D) ocean model simulations.

In both the SCS and NWP, TC-generated SST cooling
strongly depends on TC intensity, translation speed, and
size: stronger, slower-moving, and/or larger TCs tend to
produce stronger SST cooling. For the same TC forcing,
the SST cooling significantly differs between these two
regions. Specifically, the cooling in the SCS is more than
1.5 times that in the NWP. This can be attributed to
different upper-ocean states—the mixed layer is shal-
lower and the thermal stratification in the thermocline is
stronger in the SCS than in the NWP—which in turn are
primarily due to the sloping thermocline that is in ap-
proximate geostrophic balance with the Kuroshio. The
different amplitude of TC-induced cooling may be par-
tially responsible for the observation that TCs in the SCS
on average are weaker than in the NWP.”

A 3D Price-Weller-Pinkel (PWP) model is then em-
ployed to identify the main physical mechanisms re-
sponsible for the regional difference in SST cooling. The
model results reveal that for weak and/or fast-moving
storms the shallower mixed layer is the dominant factor.
In contrast, when a TC is strong and moves slowly, the
observed stronger cooling in the SCS is nearly equally
contributed by the shallower mixed layer and stronger
thermal stratification underneath. The effect of differ-
ence in stratification associated with salinity is negligible.

Similar to the SST response, TC-induced increase in
surface chlorophyll concentration, which lags the SST
cooling by a few days, also exhibits strong dependence
on TC characteristics and significantly differs between
the SCS and NWP. A larger increase in chlorophyll
concentration can be observed after the passage of a
stronger and/or slower-moving TC. The dependence on
TC characteristics appears to be more prominent in the
NWP than in the SCS. The response in chlorophyll
concentration in the SCS, however, is nearly 10 times
stronger than in the NWP, when subject to the same TC
forcing. These relationships also apply to the changes in
primary production, as the concurrent decreasing SST

7 The TC-induced SST cooling can negatively feed back onto the
TC intensity by diminishing the sea to air heat flux—the energy
source of TC development. Thus, a stronger cooling tends to have a
stronger negative influence on TC intensity (e.g., Mei et al. 2012).
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[which reduces the POBpt parameter in the vertically
generalized production model (VGPM); see Behrenfeld
and Falkowski (1997) for details] does not affect the net
primary production and the increase in chlorophyll
dominates. The VGPM-estimated, annually cumulative
increase in primary production associated with the TC
passage in the SCS is nearly 3 times that in the NWP,
although the TC activity integrated over time is much
weaker in the former region.

The observed response of chlorophyll concentration
is further understood using simulations based on the Re-
gional Ocean Modeling Systems (ROMS). Observed cli-
matological profiles of silicate, nitrate, and phosphate
during the TC peak season are included as the model
initial conditions and serve as inert tracers to track the
spatiotemporal evolution of nutrients. The model can well
reproduce the observed features in SST cooling, such as
the cooling in the SCS being 1.5 times that in the NWP for
identical TC forcing. By comparing experiments initialized
with different temperature and salinity and/or nutrient
profiles, we show that the stronger chlorophyll increase in
the SCS is partially due to both the shallower nutricline
and stronger vertical nutrient gradient. The initial vertical
distribution of chlorophyll concentration may also con-
tribute through vertical advection and mixing, which has
not been examined here. The effect of upper-ocean den-
sity stratification on the nutrient response by modulating
TC-induced mixing is negligible, with the stratification
in the NWP actually being generally more favorable for
producing a stronger surface nutrient response.

The results presented in this study provide a clima-
tological perspective of the TC-induced response in SST
and surface chlorophyll concentration in the SCS and
NWP, serving as the reference for case studies over
these two regions. It should be kept in mind that here the
response is evaluated as an average over a fairly large
area (i.e., 3° X 3°) and for many cases and thus can be
significantly weaker than the local maximum response
and/or the response in an extreme case [such as the
cooling generated by Typhoon Kai-Tak (2000) in the
SCS]. Our results may also apply to other regions with
strong geostrophic currents, such as across the Gulf
Stream in both the tropics and midlatitudes and across
the Kuroshio in the East China Sea.

The identified dependence of TC-induced oceanic
(physical, biological, and biogeochemical) responses on
upper-ocean thermal stratification may have important
implications on interannual and longer time scales and
within the context of paleoclimate and climate change.
For example, Tseng et al. (2009) and Liu et al. (2013)
recently showed that the state of ENSO can modulate the
strength of chlorophyll response to wind forcing in the
northern SCS. La Nifia conditions generally lead to a
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deepened thermocline in the SCS, which in turn weakens
the efficiency of wind-driven nutrient pumping (Liu et al.
2013). In addition, in a warming climate the ocean will
experience stronger warming in the surface than the
subsurface (e.g., Capotondi et al. 2012; Long et al. 2014).
These changes strengthen the thermal gradient in the
upper ocean and thereby are expected to affect TC-
induced SST response. The changes in mixed layer depth
may also modulate the nutricline and affect TC-generated
biological and biogeochemical response. Given the re-
gional difference in the ocean response to TC forcing, it is
of great interest to examine in which region the TC-
induced ocean response is more sensitive to upper-ocean
state changes on interannual time scales (e.g., Chao et al.
1996; Fang et al. 2006) and under global warming.

Some other open questions are also left for future
studies. First, the ratio of simulated changes in surface
nutrient concentration between the SCS and NWP is only
half of the ratio of observed changes in surface chloro-
phyll concentration (i.e., 3-5 versus 10). It is unclear
whether this is due to the exclusion of vertical advection
and mixing of subsurface chlorophyll to the surface, in-
accuracy in satellite retrieval products (e.g., because of
the contamination of satellite signals by clouds), in-
accuracy in model simulations (e.g., because of the de-
ficiencies in parameterization of mixing), or complicated
biological processes in reality. A fully coupled ocean—
atmosphere-wave model including both physical and
biogeochemical processes is desirable. Second, research is
warranted to quantify how much of the difference in av-
erage TC intensity between the SCS and NWP can be
explained by the difference in TC-induced SST cooling.
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APPENDIX A

Simulations Based on the PWP Model

The three-dimensional PWP ocean model (Price et al.
1986, 1994) is employed to study the TC-induced SST
cooling and its dependency. The model solves for the
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wind-driven, baroclinic ocean response, including a
treatment of turbulent vertical mixing in the upper
ocean. The model domain has a size of 450km (in the
cross-track direction) by 460 km (in the along-track di-
rection) with a 5-km horizontal resolution. The vertical
resolution is 5 m within the upper 100 m and increases to
10 m for the depth between 100 and 200 m and then to
50m for greater depths down to 1000m. Each model
grid point is initialized with the same climatological
temperature and salinity vertical profiles averaged be-
tween July and October (Figs. 6a,b), and thus the ocean
initial condition is horizontally homogeneous over the
whole domain. In the simulation, the TC is moving
within the domain at a constant translation speed Uj. A
maximum wind speed, radius of maximum wind, and U},
are required to characterize the TC in the PWP model.
Note that the intensity and structure of the TC do not
change during the integration. The drag coefficient C; in
use is based on Powell et al. (2003).

To examine the respective importance of mixed
layer depth and stratification in the thermocline for the
difference in TC-induced SST cooling between the
SCS and NWP, we modify the vertical profile of tem-
perature or salinity in the SCS using that of the NWP in
the following three ways and then repeat the simula-
tions for the SCS: 1) We replace the salinity profile in
the SCS with that in the NWP (both are shown in
Fig. 6b) in order to test the contribution of salinity-
determined density stratification difference to the
difference in SST cooling. 2) The mixed layer depth
largely determines how much surface warm water
needs to be cooled down and thus plays an important
role in shaping the amplitude of the SST cooling. The
mixed layer depth defined only using the temperature
profile is ~50 m in the NWP and ~30m in the SCS. To
quantify the contribution of the mixed layer depth to
the regional difference in the TC-induced SST cooling,
we set the mixed layer depth in the SCS to be that in
the NWP by simply replacing the shape of the vertical
temperature profile above 50 m in the SCS with that in
the NWP (green curve in Fig. 8a; the temperatures
below 50m are unchanged). 3) In addition to mixed
layer depth, thermal stratification below the mixed
layer greatly shapes how much surface cooling a TC
can produce, particularly for strong or slow-moving
storms that can generate vigorous mixing to a great
depth. Figure 6a shows that the subsurface vertical
temperature gradient is larger than 0.1°Cm ™! in the
SCS, around 2 times that in the NWP. To determine
the effect of such a large difference in subsurface
thermal stratification, we simply replace the shape of
the temperature profile below mixed layer in the SCS
with that in the NWP (black curve in Fig. 8a).
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APPENDIX B

Simulations Based on ROMS

We run ROMS in an idealized channel configura-
tion on a B plane, forced by TC-like wind stress. The
domain is centered at 15°N in the meridional direction
(f=3.76x107s"! and B =2.205 X 10" s ' m~!) and
has a size of 4960 km X 6640km X 5000m (L, X L, X H),
using periodic east-west lateral boundary conditions
and wall boundaries at the northern and southern edges.
The horizontal resolution is 10km, and there are 100
unequally spaced o layers in the vertical with 20 layers
in the upper 100m. Each simulation is 10 days long,
using a time step of 300s. Third-order upstream-bias
horizontal advection and harmonic horizontal mixing
are used for temperature, salinity, and momentum.
Fourth-order, centered, vertical advection is used for
temperature and salinity. The nonlocal K-profile pa-
rameterization scheme (KPP; Large et al. 1994) is
chosen to parameterize the vertical turbulent mixing.
Note that the mixing parameterization schemes always
have systematic biases relative to the observations in
representing turbulent fluxes that are crucial for ver-
tical heat and nutrient transport. Using different
schemes can lead to significant differences in the am-
plitude of TC-induced SST cooling (e.g., Walsh et al.
2010). But qualitative conclusions are not significantly
altered by the usage of a specific scheme.

The model ocean is initially at rest and is initialized
with horizontally uniform fields of temperature, salinity,
and nutrients shown in Fig. 6. During the integration, the
model ocean is only subjected to wind forcing; short-
wave radiation, longwave radiation, and air-sea turbu-
lent heat fluxes are not included. The lack of heat fluxes
should not significantly affect the main results of this
study according to Morey et al. (2006), although
the detailed numbers may differ. The surface wind field
V, associated with a TC is expressed as a modified
Rankine vortex model:

- .
for r=r ..

(B1)

max’

r a
Viax (—ma") for r>r

where ris the distance from the storm center; ryax 1S the
radius of maximum wind speed; V.« is the wind speed
at rmax; and a is a shape parameter. In our simulation,
I'max 18 50km, and a is 0.6. In nature, the TC in the study
area (i.e., the SCS and NWP) generally moves at a speed
U, in the westward-to-northwestward direction, with U,
being largely determined by environmental flows. Thus,

JOURNAL OF CLIMATE

VOLUME 28

we add uniform easterly winds (i.e., the large-scale en-
vironmental flow) with an amplitude of U, onto the
symmetric TC-like vortex. The added easterly environ-
mental flow respectively strengthens and weakens the
winds on the northern and southern part of the TC,
producing an asymmetry in the wind forcing near the
TC. To avoid large-scale upwelling and downwelling in
the simulations, the addition of environmental flow only
applies within a circle with a radius of 1000 km centered
at the TC center. The drag coefficient used in the cal-
culations of wind stress is adopted from Walsh et al.
(2010, see the red curves in their Fig. 3); we also ran
simulations using drag coefficient from Donelan et al.
(2004) that levels off for wind speed above 33ms™ ' and
obtained very similar results. The idealized storm moves
from the east to the west at Uj,.
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