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Abstract A tropical cyclone (TC) induces the oceanic geostrophic response, which perturbs the
underlying ocean eddy field. This study investigates the strength and spatial structure of isopycnal
undulations and potential vorticity (PV) changes linked with the geostrophic response by use of a linear,
two-layer theory and an OGCM. It is found that the strength and cross-track length scale of the geostrophic
response are well compared with those of background eddies, highlighting the ability of a TC to perturb
underlying ocean eddies. More importantly, the TC-induced PV perturbation is confined within the
thermocline between 100 and 300 m depth, causing the 3D quasi-geostrophic evolution of the perturbed
eddies. The length scale of upwelling perturbation (which is ~130 km) is larger than that of PV response
(~50 km). This scale disparity means that the patterns of the TC-induced perturbations are subject to
eddy-TC separation distance. Consequently, the perturbation of a TC to an eddy is significant (negligible)
when the eddy-TC separation distance is less than 80 km (larger than 200 km). This study provides a starting
point for understanding the TC-induced 3D evolution of the perturbed ocean eddy field.

1. Introduction

Roughly 80 tropical cyclones (TCs), that is, hurricanes and typhoons, are generated each year in tropical
oceans (Emanuel, 1991). When moving toward high latitude, TCs inject significant perturbations to the
underlying mesoscale ocean eddy field. In addition to inducing the near-inertial response
(Greatbatch, 1984; Meroni et al., 2017; Niwa & Hibiya, 1997), it is well known that TCs also induce the geos-
trophic response (Geisler, 1970; Price, 1983). However, the geostrophic response is usually ignored because
the power injected by a TC into it is far smaller than that injected into the near-inertial response
(Nilsson, 1995; Price, 1983). Using satellite altimetry data and an OGCM, Lu et al. (2016; hereafter LWS)
revealed that a typhoon with a moving speed of 13.2 km hr™" causes substantial increases in the amplitude
and size of an underlying cyclonic ocean eddy (COE). This significant change is attributed to the geostrophic
response induced by the typhoon. Thus, investigating the details of the TC-induced geostrophic response,
such as its strength and spatial structure, is vital to improve our understanding of the interaction between
TCs and the underlying ocean eddy field.

The geostrophic response consists of both barotropic and baroclinic components (Geisler, 1970) with rather
weak coupling (Ginis & Sutyrin, 1995). The nature of the barotropic geostrophic response is characterized by
a broad along-track sea surface height (SSH) trough along with the weak geostrophic currents (Geisler, 1970;
Ginis & Sutyrin, 1995). In a deep open ocean, the strength of the barotropic component is quite weak and
essentially ignorable, so that the geostrophic response can be assumed to be principally baroclinic
(Ginis, 2002; Ginis & Sutyrin, 1995). The baroclinic geostrophic response manifests as a persistent thermo-
cline ridge in geostrophic balance with the induced currents (Geisler, 1970). In contrast to the much weaker
barotropic SSH trough, a strong along-track baroclinic SSH trough accompanies the thermocline ridge. Since
barotropic signals propagate too fast to be fully captured by satellite altimetry, the baroclinic SSH trough in
an open ocean comprises the altimetry-based observable signal in the data. For example, Figure 1 shows the
SSH trough induced by Typhoon Lupit reported in LWS and its subsequent evolution. In principle, the SSH
response is the combination of the near-inertial and geostrophic components. However, considering that
near-inertial waves are (1) largely filtered away in the gridded, time-delayed data (Dibarboure et al., 2010)
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Figure 1. SSH field prior and later to northwest Pacific Typhoon Lupit. The time of the typhoon is labeled in month/day/hour and the intensity of the typhoon is
shown in (b). Among the eddies, C1, C2, Al, and A2 are preexisting prior to the typhoon while C3 and C4 are generated by the typhoon. A2 is killed by the
typhoon while C1 splits into two COEs (Cla and C1b) finally. The TC-induced geostrophic wakes move westward as Rossby waves, suggesting that 8-induced
quasigeostrophic motion is an important component dominating the post-TC evolution of geostrophic wakes although the evolution is not discussed in this paper.

and (2) typically disperse away from their source location within 2 weeks (Jaimes & Shay, 2010; Shay &
Elsberry, 1987), the SSH trough visible in Figure 1 is largely the signature of the geostrophic response to
the typhoon. As seen in Figure 1, a profusion of eddy activity appears subsequent to the typhoon, which
includes the total disruption of two preexisting anticyclonic eddies (AOEs; Al and A2), the elliptical
deformation of two COEs (C1 and C2), and the generation of two new COEs (C3 and C4). The evolution
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of the isolated COE in LWS is in fact one of the specific cases listed herein (C2). To summarize, the width and
strength of the SSH trough is found to be crucial to the subsequent evolution of any perturbed eddies.

It has been observed that a TC can cause SSH depressions of up to 20-60 cm in satellite altimeter data
(Ginis, 2002; Kudryavtsev et al., 2019), which has also been simulated in numerical ocean models (Shay
et al., 1990). In spite of the strong near-inertial contributions to these SSH depressions, geostrophic compo-
nents, as shown in Figure 1, are also believed to be considerable. By combining altimetry-based and Argo
observations, Sun et al. (2012) showed that Typhoon Namtheun led to an SSH depression of 6 cm and a
simultaneous thermocline cooling of 0.5 ~ 1.0 °C. Sun et al. (2012) also found that these signals last at least
15 days, providing in situ observational evidence of the baroclinic geostrophic response. Given that the mean
amplitude of global mesoscale eddies is 8 cm (Chelton et al., 2011), all of the above-mentioned TC-induced
SSH depressions were likely comparable to the amplitude of the underlying eddies. In the field of eddy-TC
interaction, a great deal of attention has been paid to the modulation of preexisting eddies on the upper
ocean thermal response and on the TC intensity (Jaimes & Shay, 2009; Jaimes & Shay, 2015; Lin et al., 2005;
Shay et al., 2000; Zheng et al., 2010). However, very little work has been devoted to the long-term effects of a
TC on the underlying eddies.

The few studies that have investigated the change of a COE caused by a TC were based on remote sensing
(Shang et al., 2015; Sun et al., 2014; Walker et al., 2014). These studies mainly focused on using the change
in the SSH signals to describe the kinematic change of eddy features such as amplitude, size, and eddy
kinetic energy. From satellite observations, it is generally accepted that a slow-moving or more intense TC
can enhance and enlarge the underlying COEs. Apart from the change of horizontal eddy features, the ver-
tical structure of a preexisting eddy can also be modified by a TC. As revealed in Gordon et al. (2017), a TC
causes a sharp decrease in the AOE amplitude and forms an intra-thermocline eddy in 30-150 m
depth range.

Traditionally, a TC was thought to not inject PV into the underlying thermocline (Gill, 1984; Price, 1983).
However, as shown in LWS, PV injection played a key role in the simulated evolution of the perturbed
COE. It is well known that near-inertial waves do not carry PV, but geostrophic motions do
(Pedlosky, 2003). Hence, the geostrophic response induced by a TC must inject PV into thermocline.
Therefore, to observe TC-induced contributions of the order of the eddy amplitudes necessitates that
TC-induced PV injection has the same order magnitude as those of underlying eddies. To verify this, below
we compare the strength and vertical distribution of TC-induced PV signals with those of a background COE
and/or AOE. Even if the TC-induced PV injection is not strong enough to significantly affect a preexisting
eddy, its perturbation to preexisting PV distribution is still important because PV pattern plays a vital role
in investigating the stability of an eddy (Carton, 2001). For example, if the PV of a preexisting eddy (COE
or AOE) is homogenized, the eddy becomes stable and penetrates more below the thermocline
(Benilov, 2005; Cohen et al., 2015; Cohen et al., 2016).

The principal goal of this study is to quantitatively illustrate strength, cross-track length scale, and vertical
range of upwelling and PV linked with the baroclinic geostrophic response induced by a TC by both linear
theory and OGCM simulations. Hereafter, if not stated otherwise, every variable refers to its baroclinic geos-
trophic component. In section 2, we first present the strength and cross-track length scale of the geostrophic
response based on a two-layer theoretical model. Section 3 describes the OGCM and methodology. Section 4
analyzes the strength and spatial structure of the response in the OGCM simulations and compares them
with background eddies. Section 5 employs a conceptual model to illustrate how the spatial structure of
the geostrophic response dominates the quasi-geostrophic evolution of the perturbed eddies. Finally, the
results are summarized and the study conclusions are provided in section 6.

2. Strength and Length Scale of the Response in a Two-Layer Theoretical Model
2.1. Governing Equations

A method to estimate the barotropic and baroclinic geostrophic response to external forcing has been pre-
sented by Geisler (1970). However, Geisler (1970) applied either an impulse forcing at the TC center or a

block forcing along the track to simulate the action induced by a TC. Therefore, his results cannot com-
pletely reflect the strength and length scale of the response driven by a real TC. For example, Ginis and
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Sutyrin (1995) found that by using an impulse forcing the resulting length scale of the barotropic response
is far broader than the size of the TC, while the response forced by a real TC was confined to a limited
width. Based on the theoretical framework of Geisler (1970), we will isolate the governing equation for
the geostrophic response and analytically solve for the geostrophic response forced by more realistic TC
forcing. Our emphasis is placed on studying the strength and the cross-track length scale of upwelling
and PV signals.

Assuming that a TC with fixed intensity moves westward at a constant speed U, in the TC-centered coor-
dinate system with x = Ut, the TC is fixed and the ocean moves eastward. Then we can write out the
two-layer baroclinic mode equation on an f plane to determine the linear TC-induced interface
undulations:

1/8 8\ (& &\ 1 f
E(a.;_Ua) - (@—Fa_yz) +L_§ w—p—czcurlzr , 1)

where curl;r = dt,/0x — 9t,/dy is the wind stress curl of the TC winds, fis the Coriolis parameter, p is the
seawater density, w is the vertical velocity of the interface, C is the baroclinic mode wave speed, Ly = C/f

is the deformation radius (C = /g H1, where g’ is the reduced gravity), and H, is the unperturbed interface
depth of the first layer. These parameters are chosen according to the case in LWS. The isopycnal o = 24
(H, ~ 150 m) was chosen as the location of the two-layer interface. Based on the method in Jaimes and
Shay (2009), C is estimated to be 2.13 m s~* and Ly = 51.4 km. Equation 1 is the same as Equation 10 in
Geisler (1970), in which both mixed layer processes and air-sea heat exchange are omitted. The interface
undulation, h, of the total response is then determined by

h= " wdt. ©)

In the treatment of Geisler (1970), the geostrophic response is the limit of 2 for t — co. However, this limit
can only be analytically obtained for a block forcing (Geisler, 1970) and not for a more realistic forcing. To
resolve this problem, we first isolate the equation controlling geostrophic response and analytically solve the
response to a realistic forcing.

First, we integrate 1 from —oo to ¢ and substitute 2 into it. Then the governing equation for & can be gained:

1(9 0V _ (& @\ 1
c? \at ox ax2 ) L2

Price et al. (1994) divided the TC-induced response into two stages: the forced and relaxation stages. If the TC
forcing occurs over the time interval [—#, f,], the geostrophic response (as well as the total response) must be
generated during this interval. Therefore, in the relaxation stage, (i.e., t > t,), Equation 3 becomes

1/9 a\* (& & 1 wof
[@ Grvs) - () *L_z]”-fvp—cz"“”z’d‘ @

On the fplane, once the geostrophic response is generated, it does not evolve with ¢. Furthermore, it should
be the same everywhere along the track for the same forcing. For t > t,, applying d(-)/dt = 0 and 6(-)/dx =0 to
4, we can isolate the governing equation for the geostrophic component from the total response,

e f
h= — curl,zdt. 3
Loo o curl,t 3)

&1 f

—+—=h= —jUto curlytdx 5)
o Ly puct U

The quasi-geostrophic streamfunction in a two-layer model is defined as (Carton, 2001)

¥ =—gh/f.

Therefore, 5 can be written as
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Q = W - L—‘Zi'l,b = mj‘ilﬂocurlzfdx, (6)

where Q is the quasi-geostrophic potential vorticity of the response in the upper layer (Carton, 2001).
Equation 6 theoretically confirms that the geostrophic response is associated with a positive PV injection
into the underlying thermocline. As seen from 6, the strength of TC-injected PV is determined by the moving
speed of the TC and its wind stress curl, while the cross-track length scale depends only on the width of posi-
tive TC wind stress curl.

2.2. Ekman Layer in the Upper Layer

Ginis and Sutyrin (1995) hypothesized that physically, the baroclinic geostrophic response is generated by
the steady component of upwelling associated with the Ekman transport induced by along-track wind stres-
ses. We envision that an Ekman layer with thickness H, < H; exists in the upper layer. In the forced
response, where the motion is controlled by wind-driven currents (Price et al., 1994), the momentum equa-
tion of Ekman layer based on Gill (1982) is given by

O(ue + ive)

. . T
3 +if (ue + ive) = — @)

pH,’

where u,+iv, is horizontal Ekman current in complex notation. Ignoring the contributions from the wind
stress divergence (Geisler, 1970), the equation for the vertical velocity, w,, at the base of Ekman layer is

& f
(W +f2) w, = Ecurlzr. (8)
Following the same approach in section 2.1, the steady Ekman pumping can be written for ¢ > ¢, as
1 Uty
h, = Pﬁj_wocurlzrdx, )

where h, = jt_mwedt.

2.3. Wind Stress Profile and Analytical Solution

Because wind stress divergence of radial winds hardly has an effect on geostrophic response (Geisler, 1970;
Price, 1983; Shay et al., 1989), in this study we only consider the oceanic response forced by an axisymmetric
azimuthal wind field. A double-exponential parametric model proposed by Willoughby et al. (2006) is used
for the TC wind field, which only needs the specification of the maximum wind speed (V;,,4,) and the latitude
(¢). In this model, the radius of maximum winds (R,,) is determined by V., and ¢. The wind stresses are
then calculated by the bulk formula

T :PaCDV§7 (10)

where p, = 1.26 kg m™ is the air density, V, is the azimuthal wind speed, and Cj, is the drag coefficient.
Since Cp levels off at high wind speeds (Donelan et al., 2004; Powell et al., 2003), we simply add a cap of
26 X 107> to the celebrated formula in Large and Pond (1981) to form Cp here, that is,
Cp = 107* x min [0.49+0.065Ve,2.6]. The typical parameters used here are Vi = 35 m s,

$=165°N,R,, =356 km, U=132km hr .

Ul
To examine the effect of the TC forcing, we define F = f_[z,[ocurlztdx; where the contributions of the

along-track and cross-track wind stresses are Fy = j‘ihl(;lo — 01y /0ydx and F), = ﬁh&o 0ty /0xdx, respectively.
Both axisymmetric wind stresses and wind stress curl monotonically increase inside the TC eye wall and
rapidly decrease outside it (Figure 2a). However, the integrated forcing F is approximately a constant for |
yI < Ry, (Figure 2b), with F), being infinitesimal and F ~ Fy (Figure 2b); these corroborate the viewpoint of
Ginis and Sutyrin (1995) that the geostrophic response is primarily generated by the steady Ekman upwel-
ling associated with along-track wind stresses. To analytically solve Equation 5, we use a piecewise
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Figure 2. (a) Wind stress (N m72) and wind stress curl (1074 N m73); (b) F(N mfz), F,(N mfz), and the fitted forcing F' (N mfz); (c) interface undulations by
13; serval length scales is plotted in (c) for clarity.

constant function F’ to fit F that is numerically integrated from the wind stress curl in Figure 2a. The fitted
function is given by

317, ¥ £ Rm
F =< —03t,, Ru<[|y <8R, (11)
0, | >8R

where 7, is the maximum wind stress. The coefficients in 11, 3.1 and —0.3, approximate the respective
averages within the intervals Iyl < R, and R,,, < [yl < 8R,,,.

For the piecewise forcing F’, Equation 5 is a one-dimensional Helmholtz equation and can be solved by con-
structing Green's function (Duffy, 2015). The solution can be written as

2pUC f_ Yy )exp ( 4 ;dy |) dy. (12)

Substituting 11 into 12, we obtain an analytic solution:

Ry Y 8Ry, vl
1—3.4 _am h h( X <R
5 f[S 3. exp( Ld)cos ( )+O3exp( La )cos (Ld ) V| < R
Wl 8Rm Wl
h = 3.4sinh —— ] +0.3 - h( — 0.3 R <8Ry, 13
f{ sin ( d)exp( I, exp I, cos I, , m <Y <8Ry, (13)

I o (8Rm ]
Uf{s 4smh( d)exp( L, 0.3sinh L exp L) [¥| > 8Rm

the structure of which is shown in Figure 2c. Correspondingly, the steady Ekman pumping, k., under the
forcing F' is

3. 1— <R
SUf bl <
h, = Tm . 14)
—03—, R, < <8R
0, | >8R

2.4. Strength and Cross-Track Length Scale

Setting y = 0 in 13 gives the maximum upwelling,
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max o Tm (a0 _Rn
"™ ~ oUf {3.1 3.4exp( Ld):|’ (15)

As seen from Figure 2c, the cross-track length scale of h, Ly, is estimated by the junction point of the upwel-
ling and downwelling. Setting & = 0 in 13, we find

Ly =~ LgIn[11.3sinh(Ry,/Lqg)]. (16)

To understand the parameter dependences in 15 and 16, we recall that the mass conservation in TC-induced
upwelling is f:owedy = fiowdy (.e., fiohedy = jiooohdy). This relation is easily verified by substitution
from 13 and 14. From the term fiooohedy, we can see that the strength of the perturbation of the interface
at the base of Ekman layer only depends upon parameters of the TC: 7,,R,,,/Uf. Nevertheless, the thermo-

cline response is also related to local stratification because the diffusion of & in the cross-track direction is
dominated by L. For a fixed forcing, increasing Ly gives a larger L, and smaller b,

For the parameters used here, L;, ~ 110.0 km, while the scale of h, is R,, = 35.6 km. This implies that an
expanded region of upwelling appears from the base of Ekman layer (z = — H,) to the thermocline
(z = — H,). By contrast, the cross-track length scale of the PV injected into the thermocline, L, is also
R,,,. Later we will illustrate these two scales ( L, and L) are the most important scales of TC-induced pertur-
bation to the underlying eddies.

3. Numerical Model and Methods
3.1. Model Configuration and Numerical Experiments

Configuration of numerical model is virtually the same as in LWS except that there are no preexisting COEs.
The flat-bottomed, numerical, f plane, ocean model used here was configured based on the HYCOM model
(Bleck, 2002). The KPP turbulence closure scheme of Large et al. (1994) was chosen to parameterize the ver-
tical mixing. Because the geostrophic response is generated in the forced stage (section 2.1), the effect of
interior vertical mixing associated with high mode internal wave shear (Meroni et al., 2017; Niwa &
Hibiya, 1997) is in fact negligible. The model ocean basin was 4,000 m deep and uses 30 stretched vertical
grids with the first grid interval being 10 m. The oceanic conditions in LWS were taken for the numerical
experiments in this study. The initial quiescent ocean was driven by wind stresses only, and the oceanic stra-
tification is set to the seasonal temperature/salinity field from the World Ocean Atlas 2009 (WOAO09) near
the location of the COE in LWS. The model's latitude was fixed at 16.5 ° N. In order to avoid reflected
near-inertial wave energy from contaminating the simulated geostrophic response, we divide the computa-
tion domain into inner zone and an outer wave-damped zone. The inner zone covers the model domain of
(=1,000 km, 2,000 km) X (—1,300 km, 1,300 km) with a 10 km X 10 km uniform rectangle grid. The
wave-damped zone extends 30 coarse grid points outside the inner zone in —x and +y directions to damp
near-inertial waves. In addition to the above mesh technique, 10-grid point sponge layers were also intro-
duced near the boundaries to suppress wave reflection.

The imposed forcing in the reference experiment was the same as that described in section 2.3. To examine
the effect of the forcing strength, two groups of experiment trials were implemented. One group kept all
other parameters unchanged and varied U from 5 to 35 km hr™". Similarly, the other group only varied
Vimax from 20 to 50 m s~*. Because the effect of the oceanic stratification depends on the geographic location
that a TC passes through, that effect was not considered here.

3.2. Methodology

The near-inertial response dominates the response in the two week period immediately after the passage of a
TC (Shay & Elsberry, 1987). After the near-inertial waves disperse horizontally and vertically, only the geos-
trophic response remains. Because after it is generated, the geostrophic response does not change in the
along-track direction (x), we applied a 42-hr (one inertial period) moving average as a low-pass filter to
smooth the 3-hr simulated output over a cross-track section to obtain the geostrophic response variables.
An extremely weak evolution still exists in the low-pass filtered geostrophic response probably due to

LU ET AL.

7 of 19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016097

nonlinear processes. The section at t = 15 day was used to analyze vertical pattern of geostrophic response.
The potential vorticity (PV) response was calculated in z coordinate grid by

S+fop
=217 17
q o % a7)
where ¢ is relative vorticity. Then the grid calculated PV was interpolated onto the isopycnals at equal iso-
pycnal intervals. Finally, the anomaly of PV (PVA) signal with respect to pre-TC PV field was computed.

Since the baroclinic response cannot perturb the local ocean over the entire water column, it is vital to deter-
mine how deep the geostrophic response can penetrate. The penetration depth of the response to mesoscale
atmospheric forcing depends heavily on the local stratification and the forcing time (Orlanski &
Polinsky, 1983). For simplicity, we defined the penetration depth in HYCOM output, Dpy, as the maximum
depth given by

P,y > ~Fa% as)

po 02

where IPVAI, = o is PVA below the Ekman layer along the track, § is the gradient of planetary vorticity, py is
pre-TC density, and Ly = 50 km. The right-side of 18 denotes the PV contribution of the g effect; thus, 18
means the maximum depth where TC-induced PV contribution is larger than that of the (3 effect. Note that
18 is implemented on isopycnals and Dpy corresponds to the pre-TC maximum depth to which the TC
response can penetrate.

3.3. Background Eddies

To examine the effects of a TC on the underlying eddies, we compared the TC-induced geostrophic pertur-
bation with the eddy structure of a background COE or AOE derived from the 4" x4 Argo composite data
setin Zhang et al. (2013). To do this, we picked a temperature/salinity profile, T(z)/S’(z), from the data set in
the domain of (132°E, 136°E) X (18°N,22°N) that reflects the eddy-perturbed mean features in the oceanic
region shown in Figure 1. After the eddy SSH extreme (3).4qy) of a COE or AOE is prescribed, the
eddy-induced temperature/salinity perturbation of the background eddy is

T'(r, 2) = Neaay T (2) [1 — 0.5(r/R)*|exp[—0.5(r/R)*], (192)

and

"

S"(r, 2) = DoaayS (2)[1 — 0.5(r/R)*|exp[—0.5(r/R)?]. (19b)

where R = 85 km. Combining the eddy-induced perturbation (19) and the seasonal temperature/salinity
field prescribed in HYCOM, we can obtain the temperature/salinity field of the background eddy. The geos-
trophic currents of the background eddy can then be calculated by use of the thermal-wind relation. Finally,
to remain consistent with the simulated geostrophic response, the background eddy was implemented in
HYCOM through a spin-up procedure without forcing. Note that this study considers the perturbed PV pat-
tern of an eddy only by linear superposition. For simplicity, we did not use the TC forcing directly to simulate
the response and evolution of the background eddy in HYCOM. The radius of positive (negative) PVA for a
background COE (AOE) is about 100 km and extends down to a depth of over 1,000 m (Figure 3). The core
with the largest positive (negative) PVA for a background COE (AOE) resides in a depth range of 100-180 m.
For the background eddy-perturbed PVA, Dpy is in fact a representative scale of the eddy depth (Zhang
et al., 2014) and is also calculated to compare with TC-induced perturbations.

4. The Simulated Geostrophic Response
4.1. Spatial Structure of the Geostrophic Response
Both the two-layer theory and numerical simulations show that the horizontal patterns of geostrophic

response are a thermocline ridge with the maximum response centered on the TC track (Figure 4). In parti-
cular, if no low-pass filter is applied to the total theoretical response, the geostrophic component cannot be
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discerned because it is entirely masked by the near-inertial response (Figure 4a). The temperature anomaly
in Figure 4b is nearly identical to that obtained by a composite analysis of Argo data (Lin et al., 2017), which
seems to capture the persistent features of the observed upwelling. The length scale of upwelling revealed in
Figure 4b is about 75 km, which is smaller than that predicted by the formula 16. This is due to the fact that
the scale of the upwelling expands from the base of Ekman layer to the thermocline with the width of
upwelling varying significantly with depth.

As stated in section 1, in the deep ocean, altimetry-based observations of the SSH may serve as an ideal tool
to identify the strength and length scale of baroclinic geostrophic response. Further, on an f plane, the
barotropic and baroclinic SSH can be easily separated within the HYCOM output. The barotropic SSH is esti-
mated by (Ginis & Sutyrin, 1995)

@dy’, (20)

70) = -
where  is the simulated along-track barotropic currents and g is the gravitational acceleration. The barocli-
nic component is then determined by subtracting this barotropic component from the total SSH response.
An SSH trough is clearly visible in the total response with a length scale of approximately 130 km
(Figure 5a). Obviously, both the barotropic and baroclinic SSH patterns manifest as along-track troughs,
but with different magnitudes and length scales (Figures 5b and 5c). The maximum depression and length
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Figure 4. (a) Isopycnal undulations calculated by the two-layer theory. (b) the simulated temperature response by HYCOM at 150 m depth. Contour map denotes
total response while color map denotes the geostrophic component of the response.

scale of baroclinic (barotropic) SSH are approximately —12.8 (—2.2) cm and 110 (600) km, respectively. The
length scale of baroclinic component (~110 km) is slightly smaller than that (~130 km) of the total response
since the weak barotropic component acts to widen the scale of total response. These simulated results show
that the magnitude and length scale of geostrophic response in a deep ocean can be approximately estimated
by altimetry-based measurements.

The cross-track temperature pattern shows upwelling under the TC and downwelling to its flanks (for |
yI > 100 km; Figures 6a and 6b). The temperature response is symmetric about the storm track except for
the rightward bias of sea surface cooling. The isopycnal undulations, represented by the isothermals in
Figure 6a, are similar to the analytical solution in Figure 2c, whereas the width of upwelling varies with
depth (Figure 6b). It is easily deduced that the along-track geostrophic currents and zero cross-track veloci-
ties should be accompanied with the along-track thermocline ridge (Figure 6¢). The magnitudes of these
geostrophic currents clearly decay with depth. If we judge the contributions of the geostrophic response
by these currents, the effect of the TC is roughly confined within [yl < 150 km and z > — 200 m. As predicted
in section 2.1, positive PVA is injected into the thermocline (Figure 6d). Below the base of Ekman layer, the
width of this positive PVA injection is initially narrow, and it expands slightly as depth increases. The length
scale of the positive PVA injection zone is about 50 km, close to the value of R,,, indicated in (6) and (11). The
maximum TC-injected PVA appears at 160 m depth on the track. Here, Dpy & 250 m, suggesting that the
effect of TC-induced PVA is confined in a thin layer between —Dpy < z < — H,. Compared to the background
PVA in Figure 3, for —200 m < z < — H,, the magnitude of TC-induced PVA exceeds that of the background
eddies. By contrast, the TC-induced PVA for z < — 200 m is smaller than that of the background eddies and
becomes negligible for z < — Dpy.
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Figure 5. Simulated SSH (cm). (a) Total response; (b) barotropic component; (c) baroclinic geostrophic response (color) and baroclinic total response (contour).

Due to the similarity of the geostrophic response along the TC track, the structure of the geostrophic
response is essentially a vertical pattern, which is schematically described in Figure 7 based on upwelling.
This pattern can be roughly separated into three layers: the Ekman layer, an expansionary layer, and a con-
tractive layer. In the expansionary layer, both the PVA and upwelling are significant while in contractive
layer upwelling is still perceptible but the PVA signal is negligible. Below the contractive layer (or roughly
z< — 500 m in Figure 6b where the maximum cooling is less than 0.1 °C), both the upwelling and PVA sig-
nals are negligible. A TC first generates steady upwelling in the Ekman layer. Subsequently, an expansionary
upwelling zone forms below the Ekman layer because surrounding seawater compensates for the Ekman
pumping not only from the zone under the Ekman suction but also from the water on both sides of the storm
track. As depth increases, the Ekman pumping decays and only the upwelling near the track is maintained
with the off-track upwelling gradually disappearing. Clearly, the length scale revealed in baroclinic SSH
(Figure 5c) is the mean width of upwelling in the expansionary layer. The TC-induced positive PV injection
occurs in the expansionary layer and the SSH response detected from altimetry-based measurement mainly
reflects the upwelling in the expansionary layer. The upwelling in the Ekman and expansionary layer can be
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Figure 6. Vertical pattern of the simulated geostrophic response. (a) Temperature response (°C), here horizontal dashed lines denote initial temperature; (b)
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symmetry of the response about the track of the TC. The depth in (d) corresponds to the initial depth of unperturbed isopycnals and TC-induced surface mixing
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characterized by equations 14 and 13, respectively. Theoretically, the length scale at the base of Ekman layer
should be R,,,; however, it is perceivably larger than R,, because of the presence of weak stratification at the
base of Ekman layer. Similar to the process in a two-layer model, this weak stratification causes upwelling at
the base of Ekman layer to slightly diffuse laterally, increasing the width above R,,.

4.2. Comparisons Between Geostrophic Response and Eddies

The TC forcing in the reference experiment is relatively stronger in realistic TCs due to higher V,,,, and
slower U, so it is not surprising that the response in section 4.1 is well comparable to the underlying eddies.
It is very important to see whether a general TC can significantly perturb an existing general eddy. According
to 16, the length scale of geostrophic response, roughly 100 km, is insensitive to the strength of a TC and is of
same order as eddy radius. However, as shown in section 2.4, the strength of geostrophic response is domi-
nated by the TC parameter 7,,,R,,,/ Uf. Since the effect of geographic location including the changes of latitude
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Figure 7. Schematic description of geostrophic upwelling.

and local stratification is too complicated and the variations of R,, is relatively small, here we have only
investigated the effect of V,,,, and U on the strength of the geostrophic response (Figure 8).

The simulated maximum SSH depression confirms that the strength of the SSH response changes with V2,
/U (Figures 8a and 8b). Further, all length scales identified from the simulated SSH response are approxi-
mately 130-150 km (figures not shown) and insensitive to the forcing strength. Analysis of
altimetry-based SSH fields show that the global mean amplitude and radius of ocean eddies are roughly
8 cm and 90 km, respectively (Chelton et al., 2011). Even for a low intensity TC with a relatively high moving
speed, the maximum SSHA depression of about 5 cm is also comparable with that of the amplitude of the
weakest eddies (Chelton et al., 2011; Xu et al., 2016). Thus, in comparison with the amplitude and radius
of the underlying eddies, the strength and length scale of the geostrophic response permits a TC to inject
a remarkable perturbation to the underlying ocean eddy field.

To illustrate the vertical discrepancy between the geostrophic response and background eddies, maximum
undulations (|hI™*) on the o = 24 isopycnal surface and Dpy, are compared with those of background eddies
possessing the same maximum SSH depressions and shown in Figures 8c-8f. It is unsurprising that maxi-
mum undulations reflect the same strength change as maximum SSH depressions (Figures 8c and 8d). As
the forcing weakens, the positive PV injection, which can only penetrate to at most 300 m, shows an obvious
decrease in the penetration depth (Figures 8e and 8f). Since PV is injected into a thinner layer between
—Dpy < 7 < — H,, the thickness narrows as the forcing weakens. When compared to the depth scale of
the background eddies (approximately 1,000 m) revealed by Dpy (Figures 8e and 8f), the thin layer of PV
injection is always far smaller than the vertical range of the background eddies. Interestingly, Figures 8c
and 8d show that the TC-induced isopycnal undulations are always 1.5-1.8 times those of background eddies
possessing the same maximum SSH depression. This suggests that significant TC-induced upwelling mainly
appears in the thin thermocline.

The simulated evolution of the COE in LWS confirms that the initial perturbation to the COE by Typhoon
Lupit occurs in a thin layer around the thermocline and the COE below the thermocline is not initially
affected. However, after the passage of the TC, the 3D structure of the eddy adjusts following the perturbed
thermocline. Another potential effect of the vertical structure of the TC-induced perturbations is that
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the corresponding maximum SSH depression in (a) and (b).

TC-generated COEs, for example, C3 and C4 in Figure 1, may only have a maximum eddy depth of 300 m,
inferred from Dpy in Figures 8e and 8f.

5. The Perturbed Eddies
5.1. Conceptual Model for the Perturbed Eddies

The PV and upwelling changes associated with the geostrophic response are essentially linear and injected
into the thermocline, while the underlying eddies are also linear and satisfy geostrophic balance. Therefore,
the TC-induced perturbations can be conceptually described by a linear combination of PV and geostrophic
streamfunction (upwelling) in the thermocline, that is,

q = qrc + Geday and ¥ = P + z/)eddyv (21)

where 1 is geostrophic streamfunction and the subscript “TC” and “eddy” denote the TC-induced and the
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preexisting eddy components, respectively. After the underlying eddies have been perturbed by a TC, their
3D evolution must maintain PV conservation:

dq _

where J is the Jacobian determinant. On an f plane, if there are no TC-induced perturbations, this evolution
does not occur. However, TC-induced PV provides extra dynamical sources to perturb the thermocline, and
as a consequence of 22, the unperturbed eddy part must adjust to the TC-induced changes of the thermo-
cline. The following discussion only considers the adjustment in the thermocline. Since J( ¥rc, @rc) = 0
and J( Yeddys Geddy) = 0, 22 is rewritten to

aa—(f +I( $rcs Qeaty ) +9 (YeaayrOrc) = 0. -

In the context of two-layer model, ) = — g’h/f = gn/f, so that the distribution of ¢ is equivalent to that of SSH.
The horizontal pattern of ¢ and grc in the thermocline is conceptually illustrated in Figure 9. Clearly, the
contours of TC-induced perturbations are parallel with the track, while those of background eddies are con-
centric circles. If background eddies are not far away from the TC track, J( ¥rc, Geday) # 0 and J( Peqay,
qrc) # 0 always influence the perturbed eddies driving them to evolve and adjust. Note that the length scale
of ¢ is not equal to that of ¢ (i.e., Ly, # Lq), which means that the eddy-TC separation distance, s, will be a
crucial factor that regulates the evolution of the perturbed eddies as described by 21.

5.2. The Perturbed Patterns for Different s

The perturbation patterns for different s inferred from the conceptual model (Figure 10) can be divided into
three regions: Is| < S;, S; < Isl £S5, and Isl > S,, where S; ~ 80 km and S, ~ 150 km. This rough division is
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based upon the different combinations of physical processes acting in these regions. Note that the
magnitudes of S; and S, are closely linked to the scales of the geostrophic response and the underlying
eddies. In Figure 10, we ignore the slight right-left asymmetry due to nonlinear advection and only
consider eddies that lie on the right side of a TC track. The features of the three regions are discussed as
follows:

|S| < Sl-

Both the PV and isopycnal uplift of the background COE are enhanced in this case (Figure 10a). A typical
example was the COE perturbed by Typhoon Lupit discussed in LWS. The elliptical deformation of the
COE with an along-track long axis can be ascribed to the along-track TC-induced upwelling. The cyclonic
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rotation of the perturbed COE in LWS can be very easily interpreted by J( ¥eqqy, g7c)- However, contrary to
Typhoon Lupit's effect on the COE, the perturbed AOE is weakened from both the PV and isopycnal undu-
lations (Figure 10b). Interestingly, the geostrophic wakes are pinched off by the preexisting AOE and form
two COEs in front of and to the rear of the AOE. The circular preexisting AOE also incurs elliptical deforma-
tion and its long axis is perpendicular to the track of the typhoon. Meanwhile, the AOE is weakened or
destroyed, depending on the strength of the TC forcing. This can be seen from perturbed SSH patterns of
Al and A2 in Figure 1c.

S; < |S‘ <8S,.

In this case, even though isopycnal undulations are still perturbed, the initial PV fields of the background
eddies are not remarkably affected by TC-induced PV. In Figure 10c, both J( ¥7¢, Geday) and J( Yeday, rc)
drive the positive PV of the preexisting COE to absorb the TC-induced positive PV injection. By contrast,
the negative PV of the preexisting AOE does not interact with TC-induced positive PV injection and the eddy
is merely advected by the geostrophic wakes (Figure 10d).

|S| > Sz.

With the increase of Isl, the perturbations including PV and uplift tend to vanish (Figures 10e and 10f), which
cannot be discerned from altimetry-based SSH observations. However, the geostrophic currents in the ther-
mocline shown in Figure 6¢ decrease from about 7 cm s™* at |yl = 150 km to 3 cm s™* at [yl = 200 km. In this
range of geostrophic currents, the advection of J( {rc, geddy,) seems to be still comparable with the -induced
westward eddy movement (Chelton & Schlax, 1996). However, this process remains uncertain because the
distribution of geostrophic currents depends heavily on the radial profile of the TC wind field and the
forcing strength.

6. Conclusions

A TC perturbs the underlying eddy field through the geostrophic response. Consequently, the features of the
geostrophic response play a key role in the long-term effects of TC-induced changes on the mesoscale and
large-scale ocean circulation. Improving our understanding of the dynamics of these processes will provide
a clearer picture of the role that TCs play in ocean circulation. This study has examined the strength, hori-
zontal scales, and vertical range of upwelling and PV injection linked to the geostrophic response to a TC
based on a two-layer theoretical model and an OGCM. Furthermore, these features were compared to those
of background eddies to highlight the significant contribution of the TC-induced geostrophic response.

Compared to the altimetry-based observations of amplitude and radius of oceanic eddies, the strength (5- to
40-cm maximum SSH depression) and cross-track length scale (approximately 130 km) of TC-induced geos-
trophic response can have long-term effects on the underlying eddy field. It is found that the geostrophic
response is primarily confined to the thin thermocline between 100 and 300 m depth, and this vertical fea-
ture dominates the 3D evolution of the perturbed eddies.

Based on the horizontal scales of upwelling and injected PV, a conceptual model was presented to interpret
the perturbation to an eddy by a TC as a function of the eddy-TC separation distance. Overall, when an eddy
is located within +80 km of the TC track, the perturbation is more significant, while an eddy outside of
+200 km of the TC track will be essentially unaffected.

To our knowledge, this study is the first endeavor to address the spatial features of the geostrophic response
induced by a TC. Our results give a comprehensive physical picture of the TC-induced perturbation to both
COEs and AOEs as a function of cross-track location. However, this study is only the first step in understand-
ing the long-term effects of TCs on the mesoscale eddy field and the general circulation. More work should
be done to investigate the evolution of the perturbed eddy field and the attendant biophysical processes.
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