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[11 Using multiple satellite observations and series of numerical experiments, this work
systematically studied phytoplankton blooms induced by tropical cyclones in the
western North Pacific subtropical ocean (WNPSO) because WNPSO is among the world
oceans where most number of intense tropical cyclones are found. All eleven typhoon
cases passing the study domain in 2003 were examined in detail. It was observed that
only two typhoons (18%) were able to induce phytoplankton blooms (chlorophyll-a
concentration increased from =0.1 mg m > to 0.4-0.8 mg m ) and strong sea surface
temperature cooling of —2.5 to —6°C. The other nine typhoons, including the most intense
tropical cyclone on Earth in 2003 (i.e., supertyphoon Maemi), were not able to induce
phytoplankton blooms and the associated sea surface temperature cooling was weak

(0 to —1.5°C). Using series of numerical experiments, it was found that the presence of
warm ocean eddy can effectively isolate the cold, nutrient-rich water to be entrained to
the surface ocean. Under this situation, even category 5 typhoon Maemi at its peak
intensity of 150 kts could not induce phytoplankton bloom in the WNPSO. The weak
responses of the other eight typhoons were due to insufficient wind intensity and transit
time (caused by relatively small storm size and fast translation speed) in this deep
nutricline/mixed layer ocean. As a result, the total annual primary production increase
induced by typhoons in the WNPSO was estimated to be ~3.27 x 10'% g C (0.00327 Pg),
equivalent to 0.15% of the global annual anthropogenic CO, uptake. This suggests that
though WNPSO has the highest number and intensity of tropical cyclones among the
world oceans, tropical cyclones in the WNPSO have little contribution to enhance
biological carbon fixation in the context of global carbon-climate system.

Citation: Lin, L.-I. (2012), Typhoon-induced phytoplankton blooms and primary productivity increase in the western North
Pacific subtropical ocean, J. Geophys. Res., 117, C03039, doi:10.1029/2011JC007626.

1. Introduction

[2] The western North Pacific subtropical ocean (WNPSO)
is among the world’s oceans where tropical cyclones
(typhoons), both highest in number and intensity, are found
[Lin et al, 2009a; D Asaro et al., 2011]. Since the intense
wind of typhoons can induce strong ocean mixing and
upwelling [Price, 1981; Dickey et al., 1998; Lin et al., 2003a;
Sanford et al., 2011], deeper-ocean nutrients could be brought
to the nutrient-depleted upper ocean to induce ocean biogeo-
chemical response and increase in primary productivity [Lin
et al., 2003b; Babin et al., 2004; Zheng and Tang, 2007;
Shang et al., 2008]. Existing studies in the WNPSO and
neighboring seas primarily focus on individual cases where
evident blooms were observed [Lin et al., 2003b; Zheng and
Tang, 2007; Chang et al., 2008; Shang et al., 2008]. How-
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ever, the many other no-bloom cases were neglected. It is thus
desirable to conduct an objective study to examine all cases
without bias and to explore the overall annual contribution to
primary productivity of all typhoons in the WNPSO in the
context of global carbon-climate system [Falkowski et al.,
2000; Sabine et al., 2004; Lin et al., 201 1a].

[3] In this research, we employed four types of satellite
remote sensing data and three models to conduct our inves-
tigation. The satellite data includes (1) chlorophyll-a (Chl-a)
concentration from the NASA/Sea-viewing Wide Field-of-
View (SeaWiFS) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensors [O 'Reilly et al., 1998;
Carder et al., 1999], (2) sea surface temperature (SST) from
the Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI) and the Advanced Microwave Scanning
Radiometer (AMSR-E) [Wentz et al., 2000], (3) ocean sur-
face wind vectors from the QuikSCAT and the SeaWinds
sensors [Liu et al., 1998], and (4) sea surface height anomaly
(SSHA) data from the TOPEX/Poseidon and JASON-1
altimeters [Fu et al., 1994; Fu and Cazenave, 2001]. The
three models used were (1) the Vertically Integrated Primary
Production (VGPM) model from Behrenfeld and Falkowski
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Figure 1. Tracks of typhoons observed between 2000 and 2005 with the study area depicted in the box.
Typhoon track segments are depicted in color according to intensity (tropical storm—category 1, gray;

category 2-3, blue; category 4-5, red). Data source: best track typhoon data from the U.S. JTWC.

[1997], (2) 1-D ocean mixed layer model based on the work
of Mellor and Yamada [1982], and (3) 3-D ocean mixed layer
model based on the work by Price et al. [1994]. All typhoons
in the year of 2003 passing over the WNPSO were studied.
There were two reasons to choose 2003. First, it is a year in
which most numbers of relevant satellite sensors were oper-
ational in orbit (e.g., QuikSCAT and SeaWinds), thus can
maximize observations. Second, as WNPSO can experience
large interannual variability due to El Nifio/La Nifia events
[McPhaden, 1999; Kug et al., 2009; Kim et al., 2010], a
normal year is chosen to assess the contribution.

2. Data and Method

[4] The study region, WNPSO, is defined as between 15
and 25°N, 127 and 180°E, corresponding to the region
where most number of intense typhoons are found
(Figure 1). In 2003, there were 11 typhoon cases passing
over the domain. The typhoon track, intensity, and size data
are based on the best track data of the U.S. Joint Typhoon
Warning Centre (JTWC) (Table 1).

[5s] Daily Chl-a observations from level 3, 9 km spatial-
resolution SeaWiFS and 4 km resolution MODIS data were
examined to identify changes in biogeochemical response

due to typhoons’ passing. Corresponding SST data from
TRMM and AMSR-E [Wentz et al, 2000] was used to
observe the associated typhoon-induced SST cooling [Price,
1981; Dickey et al., 1998; Lin et al., 2003b; Shang et al.,
2008]. Wind vectors from QuikSCAT and SeaWinds [Liu
et al., 1998] were for typhoon structure. SSHA data from
the TOPEX/Poseidon and Jason-1 altimeters [Fu et al., 1994,
Fu and Cazenave, 2001] were used to observe ocean precon-
dition (e.g., presence of mesoscale eddies) before typhoons’
passing, as well as identifying posttyphoon ocean condition
[Shay et al., 2000; Lin et al., 2005, 2008, 2009b, 2010, 201 1b;
Pun et al., 2007, 2011; Goni et al., 2009; Ali et al., 2012].
Among these satellite data, the SST, surface wind vector, and
SSHA were derived from microwave signals. Thus it had the
advantage of cloud penetration capability and observations
will not be hindered due to presence of cloud cover [Fu et al.,
1994; Liu et al., 1998; Wentz et al., 2000]. The spatial reso-
lutions of the SST and wind vector were both 25 km. The
along-track resolution of the altimetry SSHA was 5.5 km
and the swath gap was 150 km [Fu et al., 1994].

[6] To assess the impact to primary productivity, the
Vertically Generalized Production Model from Behrenfeld
and Falkowski [1997] was used to estimate the increase in
primary production due to typhoon-induced phytoplankton

Table 1. Summary of the 11 Typhoon Cases in 2003, Arranged in Descending Order of Peak Intensity (Based on 1 min Maximum
Sustained Wind Speed From the Best Track Data of JTWC) When Passing Over the Study Domain®

Date/Time of the Observed

Typhoon Maximum Intensity in the Intensity Translation Size in Diameter Transit Initial ASST® AChl-a*
Case Study Domain in kts® Speed Uh (m s~ ') of 64 kts Wind (km)  Time (h) D26 (m) (°C) (mg/m®)

Maemi 0910/00Z 150 (C5) 34 188 15 114 —0.34 0.01
Lupit 1127/12Z 145 (C5) 3.6 257 20 95 ~2.88 0.09
Ketsana 1021/12Z-1022/12Z 125 (C4) 1.7 210 34 93 -3.14 0.06
Chan-Hom 0523/182-0525/00Z 115 (C4) 6 139 6 44 —0.17 0.02
Parma 1029/127Z 115 (C4) 5.7 164 8 39 —1.22 0
Etau 0806/00Z-0806/12Z 95 (C2) 6.5 109 5 61 —1.87 —0.02
Dujuan 0831/12Z 95 (C2) 7.9 189 7 95 0.02 —0.01
Krovanh 0821/06Z-0821/12Z 65 (Cl) 5.7 97 5 70 —0.19 —0.01
Koppu 0927/06Z-0928/00Z 60 (TS) 53 125 7 48 —1.08 0.01
Choi-Wan 0919/00Z 55 (TS) 6.2 83 4 89 -0.3 0.01
Yan-Yan 0119/12Z-0120/00Z 40 (TS) 6 58 3 129 —-0.27 0.01

*The time is the UTC time (denoted as Z). The intensity category is according to the Saffir-Simpson tropical cyclone scale where tropical storm (TS),
34-63 kts; category 1, 64-82 kts; category 2, 83-95 kts; category 3, 96—112 kts; category 4, 113—135 kts; category 5, >135 kts. The seventh column
summarizes the initial subsurface D26 based on in situ profiles. The eighth and ninth columns summarize the along-track-averaged SST and Chl-a

responses based on Figure 3.
PCategory in Saffir-Simpson scale.
After minus before.
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Figure 2. Schematic diagram showing the 1-D MY mixed
layer model simulation of a typhoon approaching a point
location in the ocean. The transit time is calculated as D/U,,
where D is the typhoon’s vortex size in diameter and Uj, is
translation speed [after Lin et al., 2008].

bloom events. With input from the observed satellite Chl-a
concentration and SST (for estimation of the photoadaptive
variables), the integrated primary productivity (IPP) and
total carbon fixation (integration of IPP over bloom area and
bloom period) were calculated [Behrenfeld and Falkowski,
1997; Lin et al., 2003b].

[7] After observations, series of ocean numerical experi-
ments were conducted to explore the mechanistic link
between typhoon parameters (i.e., intensity in wind speed,
translation speed, and size) and ocean’s responses in SST
reduction [Price, 1981; Dickey et al., 1998; Lin et al., 2003a;
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Sanford et al., 2011]. The Mellor-Yamada (MY) 1-D ocean
mixed layer model was run [Mellor and Yamada, 1982;
Jacob et al., 2000] with wind forcing from JTWC’s best
track 10 min maximum sustained wind. The drag coefficient
(C,) was the high wind coefficient from Powell et al. [2003].
Initial inputs were the in situ ocean depth-temperature pro-
files searched from the Argo floats [Gould et al., 2004] and
the U.S. National Oceanic and Atmospheric Administration
(NOAA)’s Global Temperature and Salinity Profile Program
(GTSPP) [Keeley et al., 2003] databases. Profiles were
searched along typhoons’ tracks to within 1° radius and
within 1 week prior to typhoons’ passing. For cases where
no in situ profiles could be found, climatological depth-
temperature profiles from the NOAA/World Ocean Atlas
2001 [Stephens et al., 2002] were used.

[8] The 1-D MY model was run according to the time of
typhoon’s passing, i.e., Tropical Cyclone (TC)’s transit time
(TChransmir—time) [Cione and Uhlhorn, 2003; Lin et al., 2008,
2009]. As explained in detail by Lin et al. [2008] and
depicted in Figure 2, due to differences in typhoon’s size and
translation speed, the time needed for a typhoon to pass over
a specific point location in ocean is different from case to
case [Cione and Uhlhorn, 2003]. As in the work by Cione
and Uhlhorn [2003] and Lin et al. [2008], TC,unsmit—time
can be calculated as

TCtrunsitftime = D/ Uh, (1)

where D is typhoon’s vortex diameter (here the 64 kts radius
is used) and Uj, is translation speed.

[9] For typhoon cases with slower translation speeds
(typically U, <4 ms™ "), the 3-D ocean mixed layer model
[Price et al., 1994] was run in addition to the 1-D MY
model. This is because 1-D ocean mixed layer models only
consider the contribution of entrainment mixing. However,
under slow translation speeds, it is also necessary to consider
the contribution from upwelling in addition to entrainment
mixing [Price, 1981; Lin et al., 2003b]. Therefore for
typhoon cases of U, = 4 ms™', additional numerical
experiments using the 3-D model were conducted to include
the contribution from upwelling.

3. Observations of Pretyphoon Conditions
and Posttyphoon Ocean Responses

[10] According to peak intensity when passing over
WNPSO, the eleven typhoon cases were ranked (Table 1).
Supertyphoon Maemi [Lin et al., 2005] was the most
intense, followed by supertyphoon Lupit. As in Table 1,
both Maemi and Lupit belong to the highest-intensity cate-
gory of 5 in the Saffir-Simpson tropical cyclone scale. As
their peak intensity exceeded 130 kts, they are also called
supertyphoons. The third intense typhoon was Ketsana. It
was an upper category 4 typhoon of peak at 125 kts, only
5 kts below the supertyphoon criterion of 130 kts. Follow-
ing Ketsana were two other lower category 4 typhoons,
Chan-Hom and Parma. Their peak intensity was both 115 kts.
There was no category 3 typhoon found to pass the WNPSO
in 2003. As for category 2, there were two cases (Dujuan and
Etau), for category 1 one case (Krovanh), and lastly, 3 cases
(Koppu, Choi-Wan, Yan-Yan) for tropical storms (Table 1).
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Figure 3. Observations of weekly averaged Chl-a concentration (left) before and (middle) after the pass-
ing of the 11 typhoon cases (tracks overlaid). (right) The corresponding SST difference (posttyphoon SST
subtracted by before-typhoon SST) is depicted. Locations of the depth-temperature profiles are depicted
by triangles. The observed typhoon intensity in Saffir-Simpson scale is depicted by color bullets.

[11] Figure 3 illustrates observations of weekly averaged
Chl-a concentration before (Figure 3, left) and after (Figure 3,
middle) the passing of the eleven typhoons. In Figure 3
(right), the corresponding SST difference (posttyphoon SST
subtracted by before-typhoon SST) is depicted. The eleven
rows in Figure 3 are ordered according to the peak intensity
ranking as in Table 1. Observing Figure 3 (left and middle), it
can first be noted that besides Lupit (Figure 3, panel 2b) and
Ketsana (Figure 3, panel 3b), no evident biogeochemical
responses could be found after the passing of typhoons.
Before typhoons’ passing, Chl-a concentration was predomi-
nantly 0.1 mgm > for all eleven cases (Figure 3, left). After
the passing of t;fphoons, Chl-a concentration increased to
~0.3-0.4 mgm™ " for Lupit case (Figure 3, panel 2b) and to
~0.3-0.8 mgm > for Ketsana case (Figure 3, panel 3b).
However, the posttyphoon Chl-a concentration for all the

other cases showed Chl-a concentration of 0.1 mgm >,

similar to the pretyphoon values.

[12] The corresponding SST cooling maps (Figure 3,
right) show consistency with the Chl-a observations. It can
be observed that the cooling response induced by Lupit was
~—2.5 to —3.5°C (Figure 3, panel 2c¢) and ~—2.5 to
—6.5°C by Ketsana (Figure 3, panel 3c). However, the SST
cooling of all the other cases were mostly around 0 to
—1.5°C (Figure 3, right). In addition, since SST observa-
tions are from cloud-penetrating microwave sensors, it sup-
port the results of the SeaWiFS optical observations that
indeed the responses of Lupit and Ketsana were the strongest
while the responses of the other nine cases were much
weaker.

[13] Why only Lupit and Ketsana could induce significant
biogeochemical and SST cooling responses in the WNPSO?
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Figure 3. (continued)

Why all the other cases, including Maemi [Lin et al., 2005],
the most intense tropical cyclone on Earth in 2003, could not
induce such strong responses? In addition, when comparing
the responses of Lupit and Ketsana, it can be seen that
both SST cooling and Chl-a responses induced by Lupit
(Figure 3, panels 2b and 2c) were weaker than Ketsana
(Figure 3, panels 3b and 3c). However, Ketsana’s intensity
(category 4) was weaker than Lupit’s (category 5) (Table 1).

[14] Examine the along-track SST and Chl-a responses
with respect to the observed typhoon parameters, it was

found that in general, the stronger responses from Ketsana
and Lupit were associated with higher typhoon intensity
(2125 kts, Figures 4a and 4d) and longer transit time (220 h,
Figures 4b and 4e). As for the case of Maemi, though it had
the highest intensity of 150 kts (star in Figures 4a and 4d), its
transit time was shorter (15 h, see star in Figures 4b and 4e)
than the cases of Ketsana and Lupit. In addition, Maemi was
associated with deeper initial subsurface depth of the 26°C
isotherm (D26) of ~114 m, suggesting cold water located
in deeper subsurface and more difficult to entrain the
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Figure 4. Based on Table 1, the observed along-track SST and Chl-a responses with respect to the
observed typhoon parameters. Chl-a responses versus (a) intensity, (b) transit time, and (c) initial D26.
SST responses versus (d) intensity, (e) transit time, and (f) initial D26.

cooling response. Using series of numerical experiments,
these issues were further investigated quantitatively.

4. Numerical Experiments

[15] Figure 5 depicts the results of the 1-D typhoon-
induced SST cooling simulation with respect to transit time.
Consistency can be found as in the observation that Ketsana’s
response was the strongest (dark blue bullet in Figure 5),
followed by Lupit (green bullet), while the responses of the
other cases were weaker. It can be seen that give its 34 h
transit time, the simulated SST cooling induced by Ketsana
was ~—3.1°C, ~—2.5°C for Lupit at its 20 h transit time,
and ~0 to —1.6°C for the other cases (see colored bullets in
Figure 5). In the following, simulation results of each case
are discussed in detail according to the order given in Table 1.
Also, since Lupit represented the baseline case which was
able to induce phytoplankton bloom in the WNPSO, it was
used as a reference in diagnose.

4.1. Supertyphoon Maemi (Peak Intensity: Category 5,
150 kts)

[16] Figure 6a depicts the simulation results of SST
reduction using the 1-D MY model for the Maemi case (red
curve). The simulated SST reduction of Lupit case (green
curve) is also plotted as a reference. It can be seen that
though Maemi’s wind speed was more intense (150 kts) than
Lupit’s (145 kts), the SST cooling induced by Maemi was

Time(hour)
0 6 12 18 24 30

-0.5
-1.01

-1.5

{=—Maemi (C5: 150kts)
= upit (C5: 145kts)
——Ketsana (C4: 125kts)
-2.5 |=——Chan-Hom (C4: 115kts)
=——Parma (C3: 110kts)
1==Dujuan (C2: 95kts)
—Ftau (C2: 95kts)

ASST(°C)
no
o

=——Choi-Wan (TS: 55kts)

Figure 5. Results from the 1-D ocean mixed layer numeri-
cal experiments for the 11 cases. The y axis depicts typhoon-
induced SST cooling response. The x axis depicts typhoon’s
transit time. Color bullets denote the SST cooling at the end
of the transit time for each case.
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Figure 6. (a) Comparison of SST cooling response for Maemi case, Lupit case, and Maemi climatolo-
gical case (i.e., no-eddy run) using the 1-D MY model [Mellor and Yamada, 1982]. The x axis depicts
transit time. Color bullets denote the SST cooling at the end of the transit time. (b) As in Figure 6a but
for simulation results using the 3-D ocean mixed layer model by Price et al. [1994]. (c) Comparison
of the pretyphoon (solid profiles) and after-typhoon (at the end of transit time, dashed profiles) depth-

temperature profiles for the three simulations.

weaker than in the Lupit case. Observing the initial profiles,
one can see that there was a difference in the initial ocean
preconditions. For the Maemi case, the pretyphoon upper
ocean thermal structure (red solid profile in Figure 6¢) was
warmer than in the case of Lupit (green solid profile in
Figure 6¢). It can be seen that Maemi passed by a region not
only with warm SST of 29.2°C, the mixed layer was also
deep, reaching 80 m while the depth of the 26°C isotherm
(D26) reaching 120 m. Why such deep, warm structure?
Based on the TOPEX/Poseidon and JASON-1 SSHA obser-
vations, it could be found that this was due to the presence
of two preexisting prominent warm ocean eddies, as charac-
terized by positive SSHA of 20 to 40 m (Figure 7a). It can be
observed in Figure 7b that even after the passing of super-
typhoon Maemi, the warm ocean eddies were still robust,
as characterized by positive SSHA. In contrast, for the Lupit
and Ketsana cases, the posttyphoon SSHA was characterized
by evident negative SSHA of —20 to —40 cm along the track

140°E

150°E 160°E

(Figures 7d and 7f). Similar comparison in SST observation is
seen that before and after Maemi’s passing, SST dropped
slightly from ~29°C to ~28°C (Figures 8a and 8b). However,
for the Lupit case, SST dropped from ~27-28.5°C to ~24—
25°C (Figures 8¢ and 8f), for the Ketsana case, from ~28.5—
30°C to ~23-24°C (Figures 8c and 8d).

[17] If without the presence of warm eddy, the mixed layer
and the subsurface D26 would be much shallower (e.g.,
mixed layer ~30 m and D26 ~ 70 m), as depicted in the
climatological profile of the same location (black solid pro-
file in Figure 6¢) [Stephens et al., 2002]. In other words,
without warm eddies, the cold, nutrient rich water would be
much closer to the surface than under the warm eddy con-
dition. Using the climatological profile as an initial profile
and forced by the Maemi wind, additional numerical simu-
lation was performed to simulate the “no-eddy” condition.
From Figure 6a, one can see that under the no-eddy condi-
tion, the SST cooling could reach as much as —4°C at transit

140°E 150°E 160°E 170°E

: e —— (CM)

30 -20 -10 -6 -4

6 10 20 30

Figure 7. The (a) before-typhoon and (b) posttyphoon SSHA observation for the Maemi case, (¢ and d)

for the Ketsana case, and (e and f) for the Lupit case.
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Figure 8. (a—f) As in Figure 7 but for the pretyphoon and posttyphoon SST observation.

time of 15 h (black dotted curve), even stronger cooling
response than in the cases of Lupit.

[18] Besides from the presence of warm eddies, the transit
time of Maemi (15 h) was also shorter than Lupit’s transit
time of 20 h (Table 1). Thus there was also more time for
Lupit to induce stronger responses than Maemi (see green
and red bullets in Figure 6a). However, the main factor for
Maemi’s weaker response than Lupit was still the preexist-
ing warm ocean eddy and not the transit time. This can be
seen by additional numerical simulation to prolong Maemi’s
transit time (see dotted part of the red curve in Figure 6a)
that even at 20 h transit time, Maemi’s cooling response was
still weaker than Lupit’s. Finally, because the translation
speeds of Maemi and Lupit were both =4 ms™' (Table 1), an
additional set of simulations using the 3-D ocean mixed
layer model was conducted [Price et al., 1994]. As depicted in
Figure 6b, the results were very similar to the results using the
1-D MY model, also showing the weaker cooling response
of Maemi due to the presence of warm ocean eddy.

Time(hour)

Time(hour)

4.2. Supertyphoon Lupit (Peak Intensity: Category 5,
145 kts) and Intense Typhoon Ketsana (Peak Intensity:
Category 4, 125 kts)

[19] From Figure 3, it can be observed that though both
Ketsana and Lupit could induce blooms in the WNPSO, the
response induced by category 4 typhoon Ketsana (peak
intensity: 125 kts, Figure 3, panels 3b and 3c) was stronger
than the response induced by category 5 typhoon Lupit (peak
intensity: 145 kts, Figures 3, panels 2b and 2c). Figure 9a
depicts the simulation results of these two cases using the
1-D MY model. From Figure 9a, it can be observed that
the cooling responses for these two cases were quite similar
from 0 to 20 h. However, as Ketsana’s transit time was 34 h,
much longer than the 20 h transit time of Lupit (green bullet
in Figure 9a), there was longer time for ocean to be under
the forcing of Ketsana to induce stronger response (red bullet
in Figure 9a). If given Lupit longer response time to 34 h
(green dotted curve in Figure 9a), it was possible for Lupit
to induce similar response as Ketsana.
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Figure 9. (a) Comparison of SST cooling response for Ketsana and Lupit cases using the 1-D MY
model. The x axis depicts transit time. Color bullets denote the SST cooling at the end of the transit
time for each case. (b) As in Figure 9a but for simulation results using the 3-D ocean mixed layer model.
(c) Comparison of the pretyphoon (solid profiles) and after-typhoon (at the end of transit time, dashed
profiles) depth-temperature profiles for the two simulations.
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Figure 10. Based on equation (1), the relationship between
transit time (upper x axis), vortex size D (in 64 kts diameter),
and translation speed U, (y axis) is depicted. The transit time
of the 11 cases are depicted by color bullets.

[20] From equation (1), one can see that transit time is a
function of vortex diameter D and translation speed, Uj,.
This function is plotted in Figure 10 as a reference. It can be
seen that the larger the diameter, the slower the translation
speed, the longer the transit time. It can be found in Table 1
that the reason why Ketsana had longer transit time than
Lupit was mainly due to its slower translation speed and
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not the size because the vortex diameter of Ketsana was
smaller than Lupit’s (Table 1). From Figure 10 and Table 1,
it can be seen that due to Ketsana’s slow translation speed
of U, ~ 1.7 msfl, it had a much longer transit time than
Lupit because Lupit’s U, was ~3.6 ms '. Further, the
slower the translation speed, the stronger the ocean’s cool-
ing response because in addition to entrainment mixing,
upwelling can be induced [Price, 1981]. This can be sup-
ported by additional numerical simulation using the 3-D
model that the SST cooling of Ketsana (dotted red curve)
was much stronger than in the case of Lupit (dotted green
curve) (Figure 9b).

4.3. Category 4 Typhoon Chan-Hom (Peak Intensity:
115 kts) and Parma (Peak Intensity: 115 kts)

[21] From Figure 3, one finds that the responses by the
other two category 4 typhoons, i.e., Chan-Hom (Figure 3,
panels 4b and 4c) and Parma (Figure 3, panels 5b and 5c),
were weaker than Lupit’s responses too. Numerical simula-
tions reflected this situation. Figure 11a depicts the results of
Chan-Hom (red curve). It can be found that though Chan-
Hom’s cooling response (red curve) was stronger than
Lupit’s (green curve) from 0 to 6 h, due to its very short
transit time of 6 h, the cooling response was only ~—1.1°C
(see red bullet in Figure 11a). From Table 1 and Figure 10,
it can be seen that the reason for such short transit time was
due to both the smaller vortex diameter of 139 km and rel-
atively fast translation speed of U, ~ 6 ms™' (equation (1)).
Additional simulation also shows that if increasing Chan-
Hom’s transit time to 20 h (red dotted curve in Figure 11a), it
would be able to reach the same —2.5°C cooling (green
bullet in Figure 10a) as Lupit did. In addition, Chan-Hom’s
wind speed was weaker than Lupit’s. If forcing Chan-Hom’s
profile (Figure 11b) using Lupit’s 145 kts wind, it would

Temperature(°C)
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[
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Figure 11. (a) Comparison of SST cooling response for Chan-Hom case (115 kts), Lupit case (145 kts),
and Chan-Hom case but forced by the 145 kts wind of Lupit. Color bullets denote the SST cooling at the
end of the transit time. (b) Comparison of the pretyphoon (solid profiles) and after-typhoon (at the end of
transit time, dashed profiles) depth-temperature profiles for the two cases.
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Figure 12. (a and b) As in Figure 11 but for the comparison between Parma and Lupit cases.

take even less time, i.e., 9 h to reach Lupit’s cooling
response (blue dotted curve in Figure 11a).

[22] As for Parma case, the situation was very similar
to Chan-Hom’s. In Figure 12a, one can see that due to its
shorter transit time, Parma’s response (red bullet) was
weaker than Lupit’s (green bullet). It can also be noted that
if given the same wind speed of 145 kts, it takes much
shorter time for Parma (4 h) than Lupit (20 h) to reach the
same cooling response of ~—2.5°C (blue dotted curve in
Figure 12a). This is due to difference in the ocean precon-
dition that Parma passed by a region with cold water closer
to the surface than in the Lupit case (Figure 12b). From
Figure 12b, it can be observed that the mixed layer for the
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Parma case was ~30 m with D26 ~ 40 m while in the Lupit
case, the mixed layer was ~60 m and D26 ~ 90 m. In other
words, the preexisting ocean condition of Parma was more
favorable to induce stronger ocean response because the cold
water was closer to the surface. However, due to Parma’s
insufficient wind speed and transit time, it was not able
to induce same amount of cooling as Lupit did (Figure 12a).

4.4. Category 2 Cases: Etau (Peak Intensity: 95 kts)
and Dujuan (Peak Intensity: 95 kts)

[23] Examining the situation for category 2 typhoon Etau,
the weaker ocean’s response was also due to weak wind and
short transit time. It could be found that if using the observed
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Figure 13. As in Figure 11 but for the comparison between Choi-Wan and Lupit cases.
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Table 2. Weekly Primary Production Estimation Based on the VGPM Model for the Ketsana-Induced Bloom Event®

Chl-a Mean® IPP Mean® Total Daily Production Total Weekly SST Threshold
VGPM Ketsana  (mgm )  SST Mean® (°C) Bloom Area (m*) (mgCm 2D ") (mgCD™h Production (mg C) “C)
2003 1026-1101  0.13 (0.07) 25.77 (0.64) 3.85¢e+11 333.16 (120.44) 1.29¢e+14 9.00e+14 26.5
2003 1102-1108  0.07 (0.02) 26.52 (0.32) 3.34e+11 188.52 (39.94) 6.30e+13 4.41e+14 27.0

*The weekly averaged Chl-a (in mg m~), weekly averaged SST (°C), bloom patch area (in m?), weekly averaged integrated primary productivity
(IPP) (in mg C m™> D), total daily primary production (by integrating IPP over the bloom patch area), and total weekly production (by integrating
daily primary production by 7 days) for each of the two weeks are summarized. Total production (mg C): 1.34e+15. As SeaWiFS Chl-a observation
can be obscured by cloud and causes underestimation of the bloom area, the bloom area is estimated based on the area of SST cooling using the

SST threshold.
®Standard deviation is given in parentheses.

category 2, 95 kts wind of Etau and given Etau’s transit time
of only 5 h, the cooling response was very weak, ~—0.7°C.
However, if prolonging the transit time to 20 h as Lupit’s
transit time, even stronger cooling than Lupit could be
induced. If without increase in transit time, another way to
induce strong cooling is through increase in wind speed.
If increasing Etau’s wind speed to Lupit’s 145 kt, it would
only take 4 h to reach the same response as Lupit’s. The
simulation results for Dujuan case was found to be similar to
Etau. Again due to weak wind (category 2) and short transit
time of 7 h, the ocean’s response was weak with SST cool-
ing of ~—1.2°C. Through increase in wind speed or transit
time, it became possible to reach similar amount of cooling
response as Lupit did.

4.5. Category 1 Case: Krovanh (Peak Intensity: 65 kts)

[24] As Krovanh was an even weaker typhoon of only
category 1, the ocean’s response was very small. Given its
transit time of 5 h, the ocean’s response in SST cooling
was only ~0.1°C. Clearly the wind was too weak and transit
time was too short to induce any significant response.
If wind speed and transit time could be increased, stronger
response could be induced.

4.6. Tropical Storm Cases: Koppu (Peak Intensity:
60 kts), Choi-Wan (Peak Intensity: 55 kts), and Yan-Yan
(Peak Intensity: 40 kts)

[25] As for the 3 tropical storm cases (i.e., Koppu, Choi-
Wan, and Yan-Yan), since they were the weakest and their
transit time was also short (3—7 h, Table 1), the responses
were very minimal (Figure 13). The cooling response for
Koppu at the corresponding transit time (7 h) was —0.4°C,
for Choi-Wan was —0.1°C (transit time 4 h, see Figure 13),
and ~0°C (transit time 3 h) for Yan-Yan. It was noted that
though the initial D26 for the Yan-Yan case was the deepest
among all cases (Table 1). Thus together with the very weak
wind of Yan-Yan, the cooling response was ~0°C.

4.7. Discussion

[26] From the series of numerical experiments, it can be
seen that it is necessary to consider four factors. The first

Table 3. As in Table 2 but for the Lupit Event®

is typhoon’s intensity, as it is the wind forcing to induce
ocean’s response. The second and third are typhoon’s
translation speed and size in vortex diameter, because they
determine the transit time. The forth factor is ocean’s pre-
condition, since it determines how deep (or how shallow) the
cold, nutrient-rich water lies. Any one of the above factor
being unfavorable would lead to weakening in response.
Especially in the WNPSO the mixed layer and nutricline
are deep [Garcia et al., 2006]. In other words, even with
intense wind but if the transit time is short or the precondi-
tion was unfavorable, the ocean’s response can still be weak.
On the other hand, even with favorable precondition and
long transit time but without sufficiently strong wind, it will
still not be possible to induce strong ocean response.

[27] The reasons for the weak responses of the nine cases
besides Lupit and Ketsana are summarized. For the case
of Maemi, it was due to unfavorable ocean precondition
because it encountered two prominent warm ocean eddies
which acted as insulators to restrain the cold, nutrient-rich
water to be entrained to the surface layer. Due to insufficient
wind speed and short transit time (caused by small storm size
and/or fast translation speed), the responses of Chan-Hom,
Parma, Dujuan, Etau, Krovanh, Koppu, Choi-Wan, and Yan-
Yan were weak. As a result, only two (Lupit and Ketsana)
out of eleven typhoons passing over the WNPSO in 2003
could induce sufficient biological and SST cooling responses.

5. Impact on Primary Production

[28] Using the VGPM model [Behrenfeld and Falkowski,
1997] with input from satellite-observed Chl-a and SST,
the primary productivity increase induced by Ketsana and
Lupit was calculated (Tables 2 and 3). As illustrated in
Figure 14a, the increase in integrated primary production
(IPP) from the Ketsana event reached 300-800 mg C m >
D! while the climatological IPP of October in the WNPSO
is typically around 140-160 mg C m 2 D' (Figure 14b).
The bloom was found to last for 2 weeks (Figure 15) and the
total primary 1production in carbon fixation was estimated to
be 1.34 x 10" mg C (Table 2). Similarly, due to the impact
of supertyphoon Lupit, the IPP increased to 300-600 mg C

Chl-a Mean® IPP Mean Total Daily Production Total Weekly SST (°C)

VGPM Lupit (mgm™)  SST Mean (°C) Bloom Area (m%*) (mgCm 2D") (mgCDh Production (mg C)  Threshold
2003 1201-1207  0.14 (0.05) 2471 (0.57) 3.96e+11 327.62 (85.19) 1.30e+14 9.08¢+14 255
2003 1208-1214  0.13 (0.06) 24.72 (0.68) 4.59¢+11 318.67 (91.04) 1.46¢+14 1.02e+15 25.6

“Total production (mg C): 1.93e+15. As SeaWiFS Chl-a observation can be obscured by cloud and causes underestimation of the bloom area, the bloom

area is estimated based on the area of SST cooling using the SST threshold.

®Standard deviation is given in parenthesis.
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Figure 14. (a) Increase in integrated primary productivity found after Ketsana’s passing as compared to
(b) climatology.
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Figure 15. Sequence of pretyphoon and posttyphoon SeaWiFS Chl-a observation for the Ketsana case.
The track of Ketsana is overlaid.
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Figure 16. (a and b) As in Figure 14 but for Lupit case.
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m 2 D' (Figure 16a), as compared to the climatological
IPP in December of ~140-200 mg C m 2 D~ (Figure 16b).
This event also lasted for two weeks (Fisgure 17) and the
estimated carbon fixation was 1.93 x 10'> mg C (Table 3).

[29] From above, the total annual primary production
increase b?/ typhoons in the WNPSO was estimated to be
3.27 x 10" mg C (0.00327 Pg), equivalent to 0.15% of the
global ocean annual anthropogenic CO, uptake of 2.2 Pg
and 0.0073% of the global ocean annual primary production
of 45 Pg [Falkowski et al., 1998; Manning and Keeling,
2006; Canadell et al., 2007]. This suggests that though
WNPSO has the highest number and intensity of tropical
cyclones among the world oceans, tropical cyclones in the
WNPSO have little contribution to enhance biological car-
bon fixation in the context of global carbon-climate system.
Furthermore, as typhoon-induced responses involves deeper-
ocean nutrient pumping, deeper ocean CO, could also be
brought to the upper ocean to offset the biological carbon
drawdown [Bates et al., 1998]. As a result, the net impact
could be even smaller.

6. Conclusions

[30] Using multiple remote sensing observations and
series of numerical experiments, this work systematically
investigates typhoon-induced phytoplankton blooms in the
western North Pacific subtropical ocean for 1 year in 2003.
It was found the following.

[31] 1. Among the eleven typhoon cases, only two typhoons
(Ketsana and Lupit) were able to induce phytoplankton
blooms in the WNPSO. In the case of Ketsana, the observed
Chl-a concentration increased from the pretyphoon value of
0.1 mgm > to 0.3-0.8 mgm > and the associated SST
cooling was ~—2.5 to —6.5°C. For the case of Lupit, Chl-a
concentration increased to ~0.3-0.4 mgm > and the associ-
ated SST cooling was ~—2.5 to —3.5°C.

[32] 2. The reason for such low percentage (2/11 = 18%)
was that in addition to wind speed, it was also necessary to
consider typhoon’s translation speed, size (vortex diameter),
and precondition because translation speed and size affect
transit time while precondition determines where cold,
nutrient-rich water lies. Failing to meet any one of the con-
ditions above could weaken ocean’s responses in the
WNPSO because the mixed layer and nutricline are deep. As
such, besides from Lupit and Ketsana, none of the other
typhoons were able to induce sufficient responses.

[33] 3. Due to encountering of two preexisting prominent
warm ocean eddies, even the most intense supertyphoon on
Earth in 2003, i.e., Maemi, was not able to induce phyto-
plankton blooms in the WNPSO. The robust warm eddies
effectively deepened the mixed layer and kept the cold,
nutrient rich water at depth. It acted as an effective insulator
to restrain ocean’s response. Even at the 150 kts category 5
wind, ocean’s SST cooling was restrained to be =—1.5°C
and little biological response could be observed. As such,
the observed two blooms were caused by the second (Lupit)
and the third (Ketsana) intense typhoons passing the WNPSO,
but not the most intense typhoon Maemi.

[34] 4. Due to insufficient wind speed and transit time
(because of fast translation speed and small size), all
the other eight typhoons, Chan-Hom (category 4), Parma
(category 4), Dujuan (category 2), Etau (category 2),
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Krovanh (category 1), Koppu (tropical storm), Choi-Wan
(tropical storm), and Yan-Yan (tropical storm), were not able
to induce phytoplankton blooms. The corresponding SST
cooling was also weak, typically between 0 and —1.5°C.

[35] 5. Based on this work, it was observed that for
typhoons to induce phytoplankton blooms in the WNPSO,
it requires (1) not encountering preexisting prominent warm
ocean eddy; (2) intense upper category 4 or 5 wind speed
of 2125-145 kts; and (3) sufficiently long transit time of
220-34 h (achieved by slow translation speed of =1.7-3.6
ms~' and relatively large typhoon size of 2210-257 km
(based on 64 kts wind diameter)).

[36] 6. The total annual primary production increase
by typhoons in the WNPSO was estimated to be ~3.27 x
10" mg C (0.00327 Pg). This is equivalent to 0.15% of
the global annual anthropogenic CO, uptake of ~2.2 Pg.
Further, as typhoon-induced ocean responses are accompanied
by deeper-ocean pumping, deeper ocean CO, could also be
brought to the surface to further offset the biological CO,
drawdown. This suggests that though WNPSO is the region
where most intense typhoons occur on Earth, WNPSO
typhoons have little contribution to enhance biological car-
bon fixation in the context of global carbon-climate system.
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