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Abstract The responses of the cyclonic eddies (CEs) and anticyclonic eddies (AEs) to typhoon forcing in
the Western North Pacific Ocean (WNPO) are analyzed using Argo profiles. Both CEs and AEs have the
primary cooling at the surface (0-10 m depth) and deep upwelling from the top of thermocline (200 m
depth) down to deeper ocean shortly after typhoon forcing. Due to the deep upwelling, part of warm and
fresh water at the top of AEs move out of the eddy, which leads to a colder and saltier subsurface in the AEs
after the passage of the typhoon. In contrast, the inflow of warm and fresh water heats and freshens the
subsurface in the CEs to compensate the cooling induced by the typhoon. This explains why the observed
strong SST cooling were much less than modeled, since the AEs are more frequent than CEs in the WNPO. It
indicates that there is divergence (convergence) of warm and fresh water in the surface of AEs (subsurface
of CEs). The divergence-convergence effects of the AEs and CEs lead to the secondary cooling center locate
at a shallow layer of 100 m in the AEs and a much deeper layer of 350 m in the CEs. This shallow
divergence-convergence flow could lead a shallow overturning flow in upper oceans, which may potentially
influences the large-scale ocean circulations and climates.

Plain Language Summary The warm and fresh water diverges from anti-cyclonic eddies (AEs) but
converges into the cyclonic eddies (CEs), in response to typhoon forcing. This explains why the observed
strong SST cooling were much less than modeled, since the AEs are more frequent than CEs in the Western
North Pacific Ocean. And it also shift the secondary cooling center to a shallow layer of 100 m in the AEs
and to a much deeper layer of 350 m in the CEs. This shallow divergence-convergence flow could lead a
shallow overturning flow in upper oceans, which may potentially influences the large-scale ocean
circulations, biomass concentration and climates.

1. Introduction

The western North Pacific Ocean (WNPO) is a rich mesoscale eddy field (Figure 1). As the most vigorous
motion in the ocean, the mesoscale eddies dominate the upper ocean kinetic energy with their kinetic
energy about 2 order larger than that of the mean flow [Pascual et al., 2006; Xu et al., 2014]. They also make
large-scale transports of heat, salt, and other tracers (e.g., nutrients) by trapping these passive tracers inside
the eddies [Bennett and White, 1986; Chelton et al., 2011; McGillicuddy, 2011].

The WNPO is also the most active typhoon (tropical cyclone) region. Typhoon typically produces intense
oceanic entrainment and upwelling underneath the storm’s center and relatively weaker and broader
downwelling outside upwelled regions [e.g., Price, 1981; Greatbatch, 1984; Cheng et al., 2015; Jaimes and
Shay, 2015]. Typhoons can also make great impacts on the ocean flows by inputting mechanic energy to
the ocean [e.g., Liu et al., 2008; Knaff et al., 2013], taking out huge heat energy from the ocean through their
strong wind [Sriver and Huber, 2007; Mei and Pasquero, 2013; Cheng et al., 2015], and cooling the sea surface
temperature (SST) [Price, 1981; Price et al., 1994; Shay et al., 2000; Sun et al., 2015]. The SST cooling induced
by typhoons is mainly due to the entrainment of subsurface cold water, the air-sea flux counts only for

LIU ET AL.

RESPONSES OF CE AND AE TO TYPHOON FORCING 1


http://dx.doi.org/10.1002/2017JC012814
http://orcid.org/0000-0003-2923-1964
http://orcid.org/0000-0002-2479-2888
http://onlinelibrary.wiley.com/10.1002/(ISSN)2169-9291/specialsection/ORFTC1/
http://onlinelibrary.wiley.com/10.1002/(ISSN)2169-9291/specialsection/ORFTC1/
http://onlinelibrary.wiley.com/10.1002/(ISSN)2169-9291/specialsection/ORFTC1/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/
http://publications.agu.org/

&JAQGU Journal of Geophysical Research: Oceans 10.1002/2017)C012814

25N+

15N

105E

25N+

15N 1

105E

0.16 0.25 0.4 0.6 1 1.6 25 4 6

Figure 1. Statistics of annual eddy numbers in each 0.25° X 0.25° grid from 2001 to 2014 for (a) both CEs and AEs and (b) ratio of CEs to
AEs.

about 5-15% [Price, 1981]. The entrainment of subsurface cold water can also induce phytoplankton bloom-
ing [Lin et al., 2003; Sun et al., 2010; Foltz et al., 2015]. In addition to the entrainment, the deep upwelling
also can induce cooling the subsurface water above the thermocline (nearly the upper 200 m) according to
the numerical simulations [e.g., Jaimes and Shay, 2015], which may induce a subsurface phytoplankton
bloom stronger and longer than the surface bloom [Ye et al., 2013].

The mesoscale eddies, as main pretyphoon ocean features, can modulate the typhoon-ocean interactions
in the tropical and subtropical regions [Shay et al., 2000; Lin et al., 2008; Vincent et al., 2012]. In general, they
are classed into two types: the cyclonic eddy (CE) with negative sea level anomaly (SLA) and cold water in
the core region, and the anticyclonic eddy (AE) with positive SLA and warm water in the core region. The
AEs and CEs have different responses to typhoon. The relatively shallower warm water comparing to the
background ocean environment in the CEs leads to a relatively unstable thermodynamic structure that eas-
ily elevates cold and nutrient-rich water below [e.g., Walker et al., 2005; Zheng et al., 2010; Mei et al., 2015].
Thus, the SST cooling and phytoplankton blooms induced by the typhoons are more pronounced in the
CEs than in background [Walker et al., 2005; Sun et al., 2010]. Such enhanced SST cooling could in turn make
a negative impact on the passing typhoons.

Although responses of significant SST cooling and phytoplankton blooms to typhoon forcing in the CEs
were found in observations [Walker et al., 2005; Sun et al., 2010; Zheng et al., 2010] and numerical simula-
tions [e.g., Jaimes et al., 2011; Vincent et al., 2013], both the observed strong surface cooling events and phy-
toplankton blooms were much less than expected [Hanshaw et al., 2008]. In the WNPO region, only 2 (Lupit
and Ketsana) of 11 typhoons (18%) had notable impacts on SST cooling and phytoplankton blooms in 2003
[Lin, 2012]. In the period of 2000-2008, only about 10% of CEs were significantly influenced by super
typhoons [Sun et al., 2014]. Although the typhoon characteristics (including intensity, translation speed, and
size) [Vincent et al., 2012; Mei et al., 2015; Lu et al., 2016], typhoon forcing time [Sun et al., 2014], and ocean
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thermal stratification [Walker et al., 2005; Zheng et al., 2010; Mei et al, 2015] are important on oceanic
responses. It seems that some important physical processes might be missed, which could weaken or com-
pensate the typhoon-induced SST cooling in the CEs.

The case study of typhoon Namtheun (2004) provided a good example [Sun et al., 2012]. The water in the
CE was freshened after typhoon forcing. The diagnosed fresh water (225 mm) was about twice of observed
local extreme heavy rain (122 mm) induced by typhoon. It indicates that some warm and fresh water out-
side the CE moved into the CE. The CE induced by typhoon Fanapi (2010) experienced a similar process
[D’Asaro et al., 2014]. The surface of the CE was trapped by a warm layer and thus becomes increasingly
invisible in satellite SST measurements. These two cases imply that the surrounding warm and fresh water
might weaken the SST cooling in the CEs after typhoon. It is still not know whether the process is unique to
those two typhoons, or common processes to all CEs.

In the case of AEs, there is a predominantly downwelling, which favors vertically propagating inertial oscilla-
tion and downward energy propagation [Jing and Wu, 2014; Guan et al., 2014]. The deep warm water col-
umn can prevent significant cooling of the sea surface [Jaimes and Shay, 2015]. The huge heat content
supply in the AEs can maintain or even intensify the passing typhoons [Schade and Emanuel, 1999; Lin et al.,
2008]. The observed vertical structure of interior ocean responses to typhoons by using Argo profiles agrees
with previous numerical simulations in general [e.g., Price, 1981; Jaimes and Shay, 2015], except that there
were two observed cooling centers located at 100 and 350 m depth [Cheng et al., 2015]. These two weaker
cooling centers were speculated to be linked to vertically propagating waves [Cheng et al., 2015]. However,
the low time resolution (7-10 days) of Argo profiles hardly can capture such fast oscillation, other physical
process must be involved.

The purpose of this paper is to evaluate the responses of AEs and CEs to typhoon forcing by a composite of
the merged sea level anomaly (SLA) data and Argo data in the WNPO. A brief description of the data sets,
typhoon model, and relative methods is presented in section 2. The oceanic eddy responses to typhoon
forcing from surface down to thermocline of above 600 m depth are explored in detail in section 3. The
associated studies and biomass responses are discussed in section 4. Finally, the conclusions are made in
section 5.

2. Data and Method

2.1. SLA and Surface Current

The SLA data used here were from the merged and gridded satellite product of Maps of Sea Level Anomaly
(MSLA), which were produced and distributed by AVISO (http://www.aviso.oceanobs.com/) based on
TOPEX/Poseidon, Jason 1, ERS-1, and ERS-2 data. Currently, the products are available on a daily scale with a
0.25° X 0.25° resolution in the global ocean. These data were corrected for all geophysical errors. In this
work, the SLA data used were from 1 January 2001 to 31 December 2014. Recently, this data set was reproc-
essed as DUACS DT14 [Pujol et al., 2016].

The surface currents from a diagnostic data (SUCD) on a daily scale with a 0.25° X 0.25° resolution in the
global ocean is provided by Asia-Pacific Data-Research Center/International Pacific Research Center
(APDRC/IPRC). The data were merged from four different data: AVISO sea level anomaly, Mean Dynamic
Ocean Topography (MDOT), QuickSCAT wind, and Drifter trajectories. More detailed information on these
data can refer to data sheet http://apdrc.soest.hawaii.edu/projects/SCUD/SCUD_manual_02_17.pdf.

2.2. Eddy Distribution

Using above SLA data (DUACS DT14), an eddy is defined as a simply connected set of pixels [Wang et al.,
2003; Chelton et al., 2011] with a mononuclear conception [Li et al., 2014]. They are detected with watershed
strategy and steepest descent algorithm for mesoscale eddy segmentation [Li and Sun, 2015]. The Genea-
logical Evolution Model (GEM) is further used to track the dynamic evolution of mesoscale eddies in the
ocean [Li et al., 2016]. In the study, in order to exclude the major influence of the Kuroshio, we restrict the
study area in 10-30°N, 105-160°E. The space distribution of annual mean eddies detected from 2001 to
2014 is showed in Figure 1. On average, there are about 40-60 eddies detected in each 0.25° X 0.25°grid in
most region of the WNPO in each year, except for the coastal regions and the Kuroshio (Figure 1a). The AEs
are more frequent than the CEs in the WNPO, especially at low latitudes (Figure 1b).
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Figure 2. Typhoon numbers in each (a) year and (b) month.

2.3. Typhoon Data

The “best track data sets” of the WNPO used in this study from 2001 to 2014 were obtained from the Joint
Typhoon Warning Center (JTWC). Each best-track file contains the tropical cyclone center locations, the cen-
tral pressure, and the maximum sustained wind (MSW) speeds, the wind radius, and the radii of the speci-
fied winds (17, 25, 33, or 51 m/s) for four quadrants, at 6 h intervals. There are totally 85 tropical storms/
tropical depression (TS/TD) events and 300 typhoons (Figure 2a) during this period. Only the typhoons are
used in this study, and most of them occurred from July to September (Figure 2b).

The typhoon model used in this study is [e.g., Mei et al., 2015]:

r

V(r) =Vmax (R—> 5 (F < Rma\x)
max
-n
V(r):Vmax <WZX> 5 (I’ > Rmax)

where Viax and Ryay are from the JTWC data. Instead to a fixed n = 0.6 [Mei et al., 2015], the index n is esti-
mated from the radii of the specified wind n=—In <ﬁ>/ln (%), where V,5 and Rys are the velocity of
25 m/s and radii of 25 m/s in the track data. In order to get more accurate wind field of the typhoon, the
typhoon track was linearly interpolated into 10 min interval before applying to the typhoon model.

2.4. Typhoon Works
To calculate the works from typhoon to the AEs and the CEs in the ocean, we first calculate the wind stress
with:

7=(p,CqUr0u, p,CqU10V) )]

where p, is the density of air (constant 1.25 kg/m°) at sea level, Uy is the wind speed 10 m above sea level,
u and v are the zonal and meridional components of the U;q, respectively, and Cq is the drag coefficient as
[Powell et al., 2003]:

1.2X1073 Upo < 11m/s
Ca=1 (0.4940.065XU10)X 1073 11m/s < Uyp < 25m/s 3)
2.115X103U;0 > 25m/s

The total work input to ocean current U, can be estimated as follows:
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Figure 3. (a) The AE and the track of the typhoon Kalmaegi (2014). (b) The total work input into the current by typhoon.

W:J\?- Uc [dt (4)

Typhoon Kalmaegi (2014) as an example is shown in Figure 3. Typhoon Kalmaegi (2014) passed over an AE
in the northern South China Sea in September 2014 [Zhang et al., 2016]. The AE located at the left side of
the typhoon (Figure 3). The input work to ocean currents in the AE region by typhoon Kalmaegi is shown in
Figure 3b.

In previous studies [e.g., Sun et al, 2012; Wu and Chen, 2012; Zhang et al., 2013; Cheng et al., 2015; Foltz
et al,, 2015; Mei et al., 2015; Wang et al., 2016], the region under the influence of typhoon is simply chosen
according to the distance from typhoon center. In this study, the typhoon forcing region is chosen based
on the typhoon work to the ocean current, so that both the distance from typhoon center and the typhoon
forcing time are considered. In the WNPO, the typical total eddy kinetic energy (EKE) within subsurface
water (200 m depth above) is estimated to be about 2 kJ/m? for typical average eddy velocity of 0.1 m/s [Xu
et al, 2014]. Here we choose the region of total work W > 1 kJ/m? is as typhoon forcing region. Such work
approximately equals to a gale of 17 m/s to an eddy current of 0.1 m/s for 6 h.

2.5. Argo Profiles

The Argo float profiles were extracted from the real-time quality-controlled Argo data base of China Argo
Real-time Data center. The Argo data were collected and made freely available by the International Argo
Project and the national programs that contribute to it. Argo profiles that are quality controlled are chosen
in this study. To choose Argo profiles to study the ocean responses to typhoon forcing, we need consider
not only the Argo locations relative to the typhoons but also the typhoon forcing.

The Argo pairs used to calculate oce-
1 anic response to typhoons in eddies
I o= are chosen based on the following
B sc three criteria. First, the Argo pairs
located at the typhoon forcing region
defined previously within the same
eddy. Second, the Argo pair includes
two Argo profiles with time interval
less than 10 days, one pretyphoon and
the other posttyphoon. And the last,
the zonal distance between two pro-
files is less than 0.25° and the meridio-
nal distance is less than 0.5°. The

700

600

500

400

NUM of Argo pairs

200

100

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 number of the chosen Argo pairs in

Year each year is shown in Figure 4. Since
the AEs are more frequent than CEs in
the WNPO as shown in Figure 1, the

Figure 4. The Argo pairs in each year, where CE, AE, and BG represent cyclonic
eddy, anticyclonic eddy, and background, respectively.
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Argo pairs are more frequent in the AEs than CEs. There are about 500 pairs in the CEs, 2100 pairs in the
AEs, and 1000 pairs in the background (regions without eddy).

2.6. Eddy Vertical Profiles

Since we focus on the eddy more than typhoon, we use eddy-center coordinate [Zhang et al., 2013; Wang
et al., 2015] other than typhoon-center coordinate [Wang et al., 2016] for composite analysis in this study.
As a reference, the climatological composition of temperature, salinity, and density profiles of CEs, AEs, and
background (BG) before typhoon forcing are shown in Figure 5. Each Argo profile was interpolated into
given layers. The layers are 10 m each from surface to 200 m depth, and 20 m each from 200 to 600 m
depth. In this study, what we consider is the variations of temperature and salinity. The composite of the
data will largely reduce the noise and uncertainty in the data. In addition, we draw the conclusion only
when both of the temperature and salinity independently present the similar results.

As shown in Figure 5, both temperature and density before the influence of typhoons are monotonic
change with depth. But the salinity has a maximum at about 100 m depth. Such results are similar to previ-
ous observations in the Kuroshio extensions at 35-40°N, 160-165°E [Dong et al., 2014]. Unlike in the Kur-
oshio extensions, the surface water is much fresher in the AEs than the CEs, and the contrary is true in the
Kuroshio extensions. The main density difference between AEs and CEs exists at upper 200 m. The differ-
ence between AEs, CEs, and the background is very small below 200 m depth, where is main pycnocline or
thermocline. Based on the climatological mean states of AEs and CEs under the influence of typhoon and
the previous studies [e.g., Jaimes and Shay, 2015; Sun et al., 2012; Xu et al., 2014; Zhang et al., 2016], the
upper ocean in this study is separated into three continued parts: the surface (0-10 m depth), the subsur-
face (10-200 m depth), and the thermocline (200-600 m depth).

3. Results

3.1. Responses at Surface

When the typhoons passed over the ocean, there is SST (upper 10 m in this study) cooling after typhoon
forcing. The distributions of Argo observed SST cooling in the CEs and AEs are shown in Figure 6 and sum-
marized in Table 1. In the CEs, about 67% of the total samples show cooling after typhoon (Table 1).
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Figure 5. The mean profiles of temperature, salinity, and density from 2001 to 2014 in AE (red), CE (blue), and background (black) under
the influence of typhoons.
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Figure 6. The probability density function (pdf) of SST change in Argo floats after typhoons for the (a) AEs and (b) CEs.

Twenty-two percentage of the Argo pairs observed significant cooling of <—1°C, and only 7% of the Argo
pairs observed the strong cooling of <—2°C (Table 1). Such strong cooling had been observed in previous
studies [Lin et al., 2003; Sun et al., 2010] due to the unstable thermodynamic structure in the CEs [Walker
et al.,, 2005; Sun et al., 2012]. The mean of all cooling samples was —0.86°C, and the rest 33% of Argo pairs
observed SST warming with a mean of 0.526°C. The warming samples reduced the total average SST cool-
ing in the CEs to —0.408°C (Table 2). Comparing to the CES, the SST cooling was more frequently observed
in the AEs (77% in Table 1). But the strong cooling (< —2°C) was rarely seen (1% in Table 1). Only 13% of the

30 T 200 T
(a)CE (b)AE
180 b

251 1
160 1

1401 1
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-05 -0.25 0 0.25 0.5 -0.5 0 0.5 1
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Figure 7. The pdf of SSS change in Argo floats after typhoons for the (a) CEs and (b) AEs.
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Table 1. The Percentage and Means of Different Parts for ASST and ASSS in the CEs and AEs
ASST ASSS

<—2°C(Ratio) <—1°C(Ratio) <0°C(Ratio) <0°CMean >0°CMean <O psu(Ratio) <OpsuMean >0 psuMean

CE 7% 22% 67% —0.860 0.526 55% —0.110 0.099
AE 1% 13% 77% —0.615 0.295 44% —0.109 0.132

Argo pairs had observed significant cooling of <—1°C. The mean of cooling samples was —0.615°C (Table
1) and the total average SST cooling was —0.406°C (Table 2). It indicates that the SST cooling is weaker but
more frequent in the AEs than in the CEs.

Both decreasing and increasing of sea surface salinity (SSS) are observed after typhoon'’s passage (Figure 7). In
the CEs (Figure 7a), more than half (55%) of the SSS samples decreased with a mean of —0.11 psu, the others
(45%) increased with a mean of —0.099 psu (Table 1). On average, the SSS decreased of 0.016 psu (Table 2). The
observed SSS decreasing implies that the freshwater from typhoon precipitation leads the SSS change in CE.

While in the AEs (Figure 7b), the SSS changed in a different way. Forty-four percentage SSS samples
decreased with a mean of —0.109 psu, and the rest (56%) increased with a mean of 0.132 psu (Table 1). The
average SSS increased with 0.023 psu (Table 2). Two possible processes are response for the SSS increase.
One is that the entrainment brings the subsurface salt water up to the surface and surface fresher water
down to the subsurface. In this process, the SSS increases but subsurface salinity decreases. It does not
change the whole vertical column salinity. The other is the evaporation due to strong typhoon wind, which
takes fresher water from surface. This process increases the whole vertical column salinity. The increased
SSS in the AEs indicates the SSS change due to the entrainment and evaporation is larger than that due to
typhoon-induced precipitation.

3.2. Responses at Subsurface
To investigate the responses in eddies at subsurface, the budgets of heat and salinity are derived from the
conservation of the bulk heat Q and bulk salinity S [e.g., Sun et al., 2012],

a—Q:—U-VQ—Qe
ot (5)
s

where U - V is the flux by horizontal advection and/or vertical flows, Qs and S, are the fluxes of heat and
salt due to entrainment, respectively.

The responses of AEs and CEs to the typhoons at subsurface (10-200 m depth) are illustrated in Figure 8.
For the subsurface temperature in the CEs (Figure 8a), it cooled only at a shallow layer about 30-40 m
depth, but warmed at the rest layer of 40-200 m depth. The largest warming located at about 60-70 m
depth. Such warming is mainly due to the entrainment of surface warm water [Price, 1981]. The average
temperature change in whole subsurface water is about 0.016°C, which indicates net heat content gain (13
MJ/m?) in the CEs (Table 2). Unlike in the CEs, the temperature cooled on whole subsurface water depth in
the AEs. The average temperature change in whole subsurface water is about —0.15°C, which means net
heat content loss (123 MJ/m?) in the AEs (Table 2). Although the air-sea flux can be as large as 260 MJ/m? at
certain small location for a category 5 typhoon [Shay et al., 2000], the typical value of air-sea flux was quite

Table 2. The Average Changes of Heat and Salt in the CEs and the AEs, Where E-P Represents Fresh Water Flux (Evaporation Minus
Precipitation)

AE CE
Surface Subsurface Thermocline Surface Subsurface Thermocline
(0-10 m) (0-200 m) (200-600 m) (0-10 m) (0-200 m) (200-600 m)
AT (°Q) —0.406 —0.150 —0.073 —0.408 0.016 —0.036
AH (MJ/m?) —-17 —126 =123 =17 14 —60
AS (psu) 0.024 0.001 —0.004 -0.017 -0.010 —0.002
E-P (mm) 6.8 6.5 —41.8 —47 —59.7 -17.7
LIU ET AL. RESPONSES OF CE AND AE TO TYPHOON FORCING 8
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Figure 8. The mean vertical profile change of temperature, salinity, and density after typhoon at subsurface, where blue, red, and black
present AE, CE, and background, respectively.

smaller, e.g., area average value of the whole forcing region is only about 20-30 MJ/m? [Shay et al., 2000]
and 40 MJ/m? for a category 2 typhoon [Sun et al., 2012]. The annual mean of air-sea flux due to typhoon
forcing on the global scale is 34 MJ/m? (11.05 w/m?) [Cheng et al., 2015]. It implies that such huge subsur-
face heat content loss in the AEs cannot be simply due to the local air-sea interaction.

The subsurface salinity also varied in different ways in the AEs and CEs (Figure 8b). In the CEs, the water
freshened significantly from the surface to 100 m depth. The average salinity decrease in subsurface water
was about —0.01 psu (Table 2). Below 100 m, the salinity increased a little after typhoon’s passage. The
strong freshening of subsurface water implies some net fresh water input in the CEs. The salinity change
was much more complicated in the AEs. The salinity increased above 40 m and at the depth between 100
and 140 m, but decreased on the rest subsurface water. On average, the total salinity increased about 0.001
psu within whole subsurface water of the AEs (Table 2).

The temperature and salinity changes lead to the density change after the typhoon’s passage (Figure 8c). In
the CEs, the water became lighter after typhoon mainly due to the freshening of water. In the AEs, the water
became a little heavier due to the losing of fresh water and heat to atmosphere.

3.3. Responses at Thermocline

Unlike in the subsurface layer, the changes in the thermocline below 200 m are relatively similar in both CEs
and AEs. As shown in Figure 9a, the water cooled about 0.036°C and 0.073°C in the CEs and AEs, respec-
tively (Table 2). The only difference is that the maximum cooling occurred at 350 m in the CEs, whereas the
maximum cooling occurred at subsurface of 100 m depth in the AEs. Previous study also identified the cool-
ing center at 100 and 350 m depth [Cheng et al., 2015]. In this study, only two different cooling centers are
detected in the CEs and AEs.

On average, the salinity in the layer below 200 m depth decreased about 0.0015 and 0.0036 psu in the CEs
and AEs (Table 2), respectively, as shown in Figure 9b. Therefore, the deep water became fresher even with-
out surface precipitation. As the temperature dominates the density variations of sea water, the density
became a little heavier due to sea water cooling (Figure 9c).
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Figure 9. The same as Figure 8 but for water within thermocline (200-600 m depth).

3.4. Upwelling and Downwelling

The ocean responses to typhoon forcing involve complex dynamics in the upper ocean, which include air-
sea flux exchanges, entrainment, upwelling and/or downwelling, etc. The T-S plots for the CEs and AEs are
used to diagnose which process dominates the ocean responses (Figure 10). In the subsurface (200 m shal-
lower), both the temperature and salinity changes are large (Figure 10a). The posttyphoon T-S curves shift
away from the pretyphoon T-S curves from the surface to subsurface water. The stronger the nonadiabatic
processes, the larger the shift distance of the curve. The largest shift locates at the surface, where both the

30 20 T
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24 4 14+ |
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Figure 10. The T-S plot for AE (red), CE (blue), and background (black), (a) for surface to subsurface and (b) for subsurface to upper ocean.
AF and BE mean after typhoon passage and before typhoon passage, respectively.

LIU ET AL. RESPONSES OF CE AND AE TO TYPHOON FORCING 10



@AGU Journal of Geophysical Research: Oceans

10.1002/2017JC012814

O_
2001
g B
£ L
Q
St
a
400~
| downwelling 4 upwelling | downwelling upwelling
’|\\\ [ i R B 1
-10 0 10 -10 0 10
(a) AE h (m) (b) CE h (m)

Figure 11. The upwelling distances of temperature and salinity in the (a) AEs and (b) CEs.

air-sea flux exchanges, entrainment, and vertical mixing were strongest, as shown in Figure 8. The deeper
the water, the closer the two T-S curves. In the thermocline (200 m deeper), the posttyphoon T-S curves
overlap on the pretyphoon T-S curves (Figure 10b). The overlaps of T-S curves indicate that they are the
same water mass with adiabatic motion. The observed temperature and salinity changes (Figure 9) below
subsurface water are only due to the upwelling and/or downwelling of the water.

The method in Sun et al. [2012] is applied to the pretyphoon and posttyphoon profiles to calculate the upwell-
ing distance. Both temperature and salinity profiles are used to calculate the depth independently. For exam-
ple, the temperature profiles pretyphoon and posttyphoon are T;(d) and T,(d), respectively, where d is the
depth below the sea surface. If T1(d)=T,(d—h), then the water at depth of d has an upwelling height of h for
temperature. Positive h represents upwelling while negative value means downwelling. The calculation of h
for salinity is similar to the temperature but with more cautions. Since salinity change is not monotonic with
depth, the calculated depth might be invalid at salinity maximum or minimum. When the water mass involves
upwelling only, the distance from temperature should be identical to that from salinity.

The calculated upwelling distances are shown in Figure 11. The upwelling distances calculated with temper-
ature and salinity are presented with squares and triangles, respectively. In the AEs, two curves were apart
from each other from surface to subsurface water of 200 m depth (Figure 11a). The unexpected value h for
salinity at 180 m depth partly is due to the local salinity maximum. The responses of water subsurface (0-
170 m) depth in the AEs (Figure 8) should be dominated by nonadiabatic processes as vertical mixing.
Below 180 m depth, two curves approximately overlapped within the thermocline, which means that the
adiabatic motion of upwelling dominated the changes within the upper ocean in Figure 9.

The upwelling distance h was largest (~4 m) at the top of thermocline (200 m depth). It decreased linearly
with depth (black line in Figure 11a). Such phenomenon was previously observed by Argo floats, when the
ocean response time was a few days after typhoon forcing [Sun et al., 2012]. As time went on, the upwelling
signal might be propagated with 2 m/h down to the deep ocean, until the whole column reaches to the
same h [Sun et al., 2012]. The final steady state h can also be derived from SLA changes as noted before
[Shay et al., 2000; Sun et al., 2012].
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In the CEs, two curves were apart from each other from surface to subsurface water above 120 m depth sim-
ilar to those in the AEs (Figure 11b). The responses of upper water (0-120 m depth) in the CEs (Figure 8)
should be dominated by nonadiabatic processes as vertical mixing. Below 120 m depth, two curves approxi-
mately overlapped to the whole thermocline, which means that the adiabatic motions dominated the
changes within the upper ocean in Figure 9. It is notable that such adiabatic motions include both upwell-
ing (positive h) at the upper ocean with the largest value (~3 m) at 300 m depth and downwelling (negative
h) at subsurface.

Although downwelling phenomenon was often observed far from typhoon center [e.g., Price, 1981; Cheng
et al, 2015], such phenomenon was only reported in the AEs [Jaimes and Shay, 2015] and was rarely
observed in the CEs before.

3.5. Convergence and Divergence

Although there is generally an upwelling response to typhoon forcing in both AEs and CEs, the responses at
subsurface ocean water are quite different in the AEs from CEs. In the AEs, there is divergence of the warm
and fresh water at the subsurface, which can be concluded from the following facts. First, the water below
subsurface upwells a few meters after typhoons. Part of the upper warm and fresh water within subsurface
moved out the AEs. Second, the huge subsurface heat content loss in the AEs could not be balanced by the
local air-sea interaction. The outflow of warmer water was the only source that could balance the heat con-
tent loss. Third, the outflow of surface fresher water from top and inflow of saltier water from bottom
explained the calcification of subsurface after typhoon.

On the other hand, there is additional convergence of warm and fresh water against the upwelling at sub-
surface ocean in the CEs. First, the water at the bottom of subsurface downwelled a few meters after
typhoons. Part of the cold and salt water at the bottom of subsurface consequently moved out the CEs. Sec-
ond, the inflow of warmer and fresher water from the AEs explained the observed heat content gain and
salinity loss at subsurface in the CEs after typhoons.

The scheme of the responses of the water below the subsurface in the AEs and CEs to typhoon forcing can
be shown in Figure 12. The nonadiabatic processes, e.g., mixing and adiabatic processes, e.g., upwelling
near the surface are not drawn in this figure, which are similar in both AEs and CEs. The responses below
subsurface may be different for AEs and CEs. In the AEs, the outflow (red solid arrows) of warm and fresh
water diverges at subsurface, while the inflow (red dashed arrows) of the water converges at subsurface in
the CEs. Figure 12 extended the previ-
ous schematic diagram of vertical
structure responses in the CEs [e.g.,
Sun et al.,, 2012, 2014].

3.6. Large-Scale Mass Transport

Recent case studies found that
typhoon could modulate the large-
P scale flow, e.g., the Kuroshio via cold
\'7 \'7 eddy intensification [Sun et al, 2009;
upwelling downwelling Wang et al., 2009], which in turn influ-
————————————— . ence the typhoon [Zhang et al,, 2014].
top of thermocline 0 tf|o\t,ep of thermocline e~ The typhoon could influence large-
scale mass transport in varies ways:
5 thermocline directly wind stress curl input to ocean,
c vertical mixing, vertical and horizontal
A A A motions (convergence/divergence). In
this paper, only the vertical motion

Upwelling free Upwelling free inducing mass transport is estimated.

EEEEEEEEEEEEES EEEEEEEEEEEEES Thedivergence—convergenceﬂowat
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Figure 12. The schematic diagram of responses below the subsurface in the (a) ind hall ina S. b
AEs and (b) CEs, where 7 represents the typhoon forcing. The complex processes induce shallow overturning 5, between
above the subsurface are not drawn in this figure. different eddies:

“inflow :
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So=— %whoz ©)
where wy, is the upwelling velocity and D is the diameter of eddy. The average diameter of eddies is
200 km, and that the annual average upwelling velocity (wj, = 1.25 X 10”7 m/s) is estimated as 4 m upwell-
ing within 1 year. This contributes about 0.001 Sv mass transport for each eddy. On average, there are 21.4
typhoons each year in the WNPO (Figure 2). Suppose that each typhoon could influence 3 warm eddies dur-
ing its lifetime. The estimated total mass transport is about 0.6 Sv due to typhoon forcing in each year.

According to the mass transport based on Sverdrup theory [Thomas et al., 2014]:

Sv: - %WhD

where f is the Coriolis parameter and f is the beta effection. Suppose that eddies located at latitude 20°N, it
contributes about 0.06 Sv mass transport for each eddy. The total mass transport in the WNPO is estimated
to be about 4 Sv due to annual typhoon forcing, which is about 10 times of total mass transport (0.4 Sv) in
the South China Sea [Wang et al.,, 2009]. This is also about 5-10% of total contribution to the mass transport
(~40-60 Sv) by the Kuroshio. A similar result was obtained at the Taiwan Strait, where the monthly mean
transport is reduced due to typhoon forcing by up to 0.45 Sv (more than 10% of total value) [Zhang et al.,
2014]. The typhoon activity play a role on large-scale mass transport.

The horizontal convergence/divergence also transported heat/salt from one eddy to another. For example,
at least 80% of the total upper ocean heat loss (250 MJ/m?) in the AEs is transported out to surrounding
regions, which may significantly modulate the surrounding heat/salt distributions, and therefore contribute
to large-scale heat transport [Sriver and Huber, 2007; Cheng et al., 2015].

4, Discussion

4.1. Comparison With Recent Studies

In recent years, two-dimensional composite analyses are employed to ocean thermal structure response to
typhoon forcing. By ignoring the eddies, the max average of SST change in cooling area within 3 days was
about —1.4°C [Wang et al., 2016]. But the max average of SST change (including both cooling and warming)
within the same period dropped to a relatively smaller value of —0.8°C (from —0.5°C to —1.1°C depending
on the wind forcing strength) [Cheng et al., 2015]. The present values are relatively smaller as shown in
Tables 1 and 2.

There are several possible reasons for this difference. The first one is that the previous ones were averages
of the along track direction data while the present value is average of all the horizontal data. So the present
values are reasonably smaller than the max values. The second reason might be the sampling time period.
The timescale is also essential when we discuss the ocean responses. At first (especially very shortly after
typhoon'’s passage), there is entrainment/upwelling near surface which induce SST cooling. Then the sur-
rounding warming water converges into subsurface to supply the upwelled water from subsurface due to
continuity [e.g., Sun et al., 2012; D’Asaro et al., 2014]. The longer the period is the smaller the cooling tends
to be. The max average of SST change in cooling area within 10 days dropped to —1.0°C [Wang et al., 2016],
whereas the max average of SST change within 4-20 days dropped to —0.2°C [Cheng et al., 2015]. The pre-
sent investigation used average within 10 days after typhoon passing, the cooling values should be reason-
ably smaller. And other reasons (e.g., the strength of typhoon forcing) might also be involved. We also
expect that there would be more observation data to reveal the full spatial-temporal response process in
future.

Although the absolute values are smaller in this study, the results are similar. In previous studies, about 43%
(—0.6°C) of total SST cooling (—1.4°C) was compensated by warming water in the forced region including
both the AEs and the CEs. As for a further result, the warming water compensated about 52% (—0.45°C) of
total SST cooling (—0.86°C) in CEs and 34% (—0.21°C) of total SST cooling (—0.62°C) in AEs according to the
present study. It implies that the SST cooling induced by the typhoon in the CEs was compensated much
more easily by warming water from AEs, as there are more AEs in WNPO (Figure 1).
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4.2, Biomass Response

The subsurface upwelling and associated horizontal convergence/divergence can also modulate the
biomass responses in the ocean in other ways. There was a disagreement on typhoon’s contribution to
integrated phytoplankton bloom [Lin et al., 2003; Babin et al., 2004; Hanshaw et al., 2008]. It was esti-
mated that the typhoon-induced phytoplankton blooms may contribute as high as 20-30% of total
annual new production in the SCS [Lin et al., 2003; Sun et al., 2010; Zhao et al., 2017] and threefold in
the North Atlantic [Babin et al., 2004]. But Hanshaw et al. [2008] found the integrated impact of
typhoons on sea surface phytoplankton bloom was only 1% of total annual new production in the
North Atlantic. The underestimated results of Hanshaw et al. [2008] were because of the assumption
that the phytoplankton response is contained within a swath from 1° to the left of the typhoon’s cen-
ter to 2° to the right and within a time period of 2 weeks [Yang et al., 2010; Foltz et al., 2015 and refer-
ences therein]. Under this assumption, phytoplankton changes due to horizontal advection were not
considered. Using the much larger boxes (from 3° X 3° box to 4° X 4° box), the integrated phytoplank-
ton bloom due to typhoons increased significantly [Foltz et al., 2015; Mei et al., 2015]. The results in
this study suggest that in order to include the influence of horizontal convergence/divergence on phy-
toplankton response, a larger area need to be considered.

Since the surface water is warm and oligotrophication in WNPO, especially in the AEs, the inflow of surface
water from AEs suppresses not only the surface cooling but the phytoplankton blooms in CEs. This might
be one of the reasons why the observed strong surface cooling events and phytoplankton blooms were
much less than the numerical simulation expected.

5. Summary

Based on the SLA data and Argo data, the responses of the upper ocean (0-600 m depth) within the
CEs and AEs to typhoon forcing in the WNPO were investigated. At the surface (0-10 m depth), more
than half of Argo profiles had a strong cooling in the CEs, but some of them warmed due to intrusion
of surrounding warm water. While in the AEs, most of the Argo profiles had a relatively weaker cooling
comparing with that in CEs. In consequence, the average SST cooling is almost the same in AEs and
CEs.

At the subsurface (10-200 m depth), there is a strong but shallow cooling in the CEs, weak but deep cooling
in the AEs. The entrainment of surface warm water down to the middle of subsurface, which leads to warm-
ing of subsurface water in the CEs. While in the AEs, there is a notable cooling within whole subsurface layer
due to the heat loss to air and the upwelling of deep cold water. There is weak cooling at the thermocline
(200-600 m depth) in both of the AEs and the CEs.

The budgets of the heat and salinity are calculated for surface, subsurface, and thermocline. The whole
upper ocean water column (0-600 m depth) had huge heat lost in the AEs (—250 MJ/m?) and CEs (—45 MJ/
m?), which cannot be simply balanced by local air-sea flux lose. With T-S plots, both the vertical dynamic
processes and horizontal advection are diagnosed from the data. The scheme of the responses in the AEs
and CEs is presented. It is found that the AEs play as a divergence of warm and fresh water. As the water
below subsurface upwells a few meters after typhoons, part of warm and fresh water at the top of subsur-
face diverge out of eddies after typhoons. On the other hand, the warm and fresh water converges to sub-
surface in the CEs, then downwells to thermocline. The convergence of warm water partly suppresses the
cooling and the phytoplankton blooms near surface in the CEs.

Consequently, there is the secondary cooling center occurred at a much shallow layer of 100 m due to
upwelling of deep cold water in the AEs. While in the CEs, the secondary cooling center locates at a much
deep layer of 350 m depth as downwelling of warm water depressing the upwelling deep cold water. These
two secondary cooling centers in the AEs and CEs agree with the recent finding of weak cooling centers at
100 and 350 m. This shallow divergence-convergence flow could lead to a relatively nonlocally shallow
overturning flow in the upper oceans. The deep upwelling could contribute the large-scale mass and heat
transport. These may potentially influence the large-scale ocean circulations, biomass responses, and
climates.
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