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ABSTRACT

The response of quasigeostrophic (QG) oceanic vortices to tropical cyclone (TC) forcing is investigated

using an isopycnic ocean model. Idealized oceanic currents and wind fields derived from observational data

acquired during Hurricane Katrina are used to initialize this model. It is found that the upwelling response is

a function of the curl of wind-driven acceleration of oceanic mixed layer (OML) currents rather than

a function of the wind stress curl. Upwelling (downwelling) regimes prevail under the TC’s eye as it translates

over cyclonic (anticyclonic) QG vortices. OML cooling of ;18C occurs over anticyclones because of the

combined effects of downwelling, instantaneous turbulent entrainment over the deep warm water column

(weak stratification), and vertical dispersion of near-inertial energy. By contrast, OML cooling of ;48C

occurs over cyclones due to the combined effects of upwelling, instantaneous turbulent entrainment over

regions of tight vertical thermal gradients (strong stratification), and trapping of near-inertial energy that

enhances vertical shear and mixing at the OML base. The rotational rate of the QG vortex affects the dis-

persion of near-inertial waves. As rotation is increased in both cyclones and anticyclones, the near-inertial

response is shifted toward more energetic frequencies that enhance vertical shear and mixing. TC-

induced temperature anomalies in QG vortices propagate westward with time, deforming the cold wake.

Therefore, to accurately simulate the impact of TC-induced OML cooling and feedback mechanisms on storm

intensity, coupled ocean–atmosphere TC models must resolve geostrophic ocean eddy location as well as

thermal, density, and velocity structures.

1. Introduction

Upper-ocean thermal structures encountered by trop-

ical cyclones (TC) are seldom uniform. These storms

usually move over energetic, deep, warm western bound-

ary currents and warm- and cold-core geostrophic eddies

(WCEs and CCEs, respectively; Fig. 1), where horizontal

thermal gradients tighten over distances of O(10) km.

Starting with the studies of Leipper (1967) and Shay

et al. (1992), the presence of geostrophic oceanic fea-

tures has been shown to impact the efficiency of TCs to

cool the oceanic mixed layer (OML), modulating sea

surface temperature (SST) cooling and the ensuing air–sea

fluxes into the TC (i.e., negative feedback; Chang and

Anthes 1978). In warm oceanic geostrophic features,

OMLs are deep and the associated ocean heat content

values relative to the 268C isotherm depth often exceed

100 kJ cm22. Reduced OML cooling response has been

observed in these warm features, thereby providing a

sustained heat flux that, under neutral to favorable at-

mospheric conditions (e.g., weak atmospheric shear),

contributes to rapid TC intensification (Jacob et al. 2000;

Shay et al. 2000; Jacob and Shay 2003; Lin et al. 2005;

Shay and Uhlhorn 2008; Wada and Chan 2008; Jaimes

and Shay 2009, hereafter JS09; Shay 2009). Numerical

models have reproduced this positive impact of high

oceanic heat content and reduced cooling on TC in-

tensification (Schade and Emanuel 1999; Hong et al.

2000; Lin et al. 2005; Wu et al. 2007). By contrast, shal-

low OMLs, less ocean heat content, and more vigorous

OML cooling response in CCEs may contribute to

rapid TC weakening (Walker et al. 2005; Halliwell
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et al. 2008; JS09). Understanding this contrasting OML

thermal response of geostrophic oceanic features to

wind stress forcing is thus important for predicting

accurate TC intensity changes in coupled numerical

models.

Recent numerical studies differentiated the OML

thermal response of warm oceanic features and a quies-

cent ocean to TC wind forcing for various OML turbu-

lence closures (Jacob and Shay 2003). Realistic simulations

of the ocean response to Hurricane Ivan (2004) illustrated

the critical importance of correctly initializing WCEs and

CCEs to correctly simulate the contrasting magnitude

and pattern of SST cooling (Halliwell et al. 2008, 2011). A

unique dataset acquired in the Gulf of Mexico during

TCs Katrina and Rita (Rogers et al. 2006; JS09; Shay

2009) allowed assessment of the contrasting OML cool-

ing response of WCEs and CCEs to major TCs, during

the forced stage (relatively short time scale when the TC

is overhead) and relaxation stage in the wake of the storm

[formally a geostrophic adjustment process where near-

inertial oscillations (NIOs) propagate away from the

storm track; Gill 1984; Shay et al. 1989, 1990]. Based on

these observational data and a theoretical model (Stern

1965), JS09 hypothesized that contrasting OML cooling

levels can develop over geostrophically balanced eddies

because the upwelling response is a function of the un-

derlying geostrophic relative vorticity zg. Upwelling

(downwelling) regimes were predicted to predominantly

develop in regions where the wind stress vector is with

(against) geostrophic OML currents (JS09). The impact

of zg extended to the relaxation stage: contrasting NIO

dispersion was found to be a function of zg that affected

the distribution of momentum, vertical shear, and mix-

ing in the upper ocean. The OML cooling response was

reduced over regions of anticyclonic zg, as near-inertial

shear instability vanished because NIOs rapidly propa-

gated into the thermocline. By contrast, cooling induced

by vertical mixing was intense over regions of cyclonic

zg because NIOs were trapped in OMLs that increased

vertical shear instability at the layer base (Jaimes and

Shay 2010, hereafter JS10).

Several important issues are still open. First, pertain-

ing to the TC-driven upwelling is whether the upwelling/

downwelling response inside CCEs/WCEs is affected by

the angle of approach of the storm to the geostrophic

vortex, because this would impact the projection of the

FIG. 1. (top) Distribution of all tropical cyclone trajectories on record (hurricane intensity

level), from the National Hurricane Center and Joint Typhoon Warning Center databases;

trajectory segments with higher storm intensity level are on top. (bottom) Typical global dis-

tribution of sea surface height anomaly (SHA), from a daily composite of the Archiving,

Validation, and Interpretation of Satellite Oceanographic data (AVISO) product. Blue (red)

shades are for cyclonic (anticyclonic) ocean eddies; contours are for SHA 5 615 cm.
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wind stress vector on the prestorm OML velocity vector.

In association with near-inertial current shear-driven

cooling, another question is whether the rotational con-

straints in geostrophic vortices can impact the vertical

structure of forced baroclinic modes and shear-driven

mixing in the wake of TCs (Shay et al. 1989). The impact

of the relative vorticity of mesoscale features (e.g., Kunze

1985; Danioux et al. 2008) and geostrophic kinetic energy

(Young and Ben Jelloul 1997) on the structure of baro-

clinic modes and the vertical propagation of near-

inertial energy were earlier explained, but the effect of

differing rotational rates of the wave-supporting medium

(geostrophic vortex) on near-inertial shear-driven mix-

ing in the wake of TCs still needs to be resolved. An-

other aspect of the near-inertial current response to TC

forcing considers the spatial structure of the cold wake

of TCs over geostrophic oceanic features. In quiescent

ocean regimes, the cold wake usually extends over a

distance of O(103) km and the maximum response is

displaced to the right side of the storm track because of

vertical shear–induced mixing or asymmetries in the sur-

face wind field due to storm speed (Chang and Anthes

1978; Price 1981; Greatbatch 1984). However, after the

passage of TCs Hilda (Leipper 1967), Ivan (Walker et al.

2005; Halliwell et al. 2008, 2011), and Katrina and Rita

(JS10) over the Gulf of Mexico’s CCEs, the larger

TC-induced cooling levels were measured on the left

side of the storm’s track a few days after storm passage,

which suggests that the internal wave wake of these TCs

was trapped and advected by westward-propagating

geostrophic CCEs.

To address these issues, aspects of the ocean response

to TCs—generally well understood under quiescent ocean

conditions—are investigated here with a series of nu-

merical experiments initialized with cyclonic and an-

ticyclonic oceanic quasigeostrophic (QG) vortices. Ocean

model, wind forcing, and experimental approach are de-

scribed in section 2. Using measurements acquired during

TCs Katrina and Rita as the ground truth, the interest is

on QG WCEs and CCEs with Rossby number (Ro)

ranges characteristic of the Gulf of Mexico (Ro , 0.1).

The TC-induced upwelling response in a QG vortex

is addressed in section 3. The deepening of the OML

by the wind-driven frictional velocity during the forced

stage and OML deepening induced by vertical shear

instability during the relaxation stage are assessed in

section 4 [Jacob and Shay (2003) investigated TC-induced

OML deepening in a geostrophic anticyclone; here we

consider OML deepening in QG cyclones and anticy-

clones]. In section 5, the near-inertial velocity response

is isolated in these differing vortices. Results are dis-

cussed in section 6, followed by a summary with con-

cluding remarks in section 7.

2. Ocean model

Given that vertical entrainment is an important aspect

of the problem investigated here, an isopycnic ocean

model [Miami Isopycnic Coordinate Ocean Model

(MICOM)] is used to reduce spurious vertical mixing.

Isopycnic coordinate models suppress the spurious nu-

merical diapycnal dispersion of material and thermo-

dynamic properties. This allows MICOM to preserve

its water mass characteristics and prevents warming of

deep-water mass that has been shown to occur in models

framed in Cartesian coordinates (Griffies et al. 2000).

MICOM consists of four prognostic equations for the

horizontal velocity vector, mass continuity, or layer

thickness tendency and two conservative equations for

salt and heat (Bleck and Chassignet 1994). A non-

isopycnic mixed layer forms the top layer of the model.

A modified version of MICOM (Herbette et al. 2003;

Morel et al. 2006; Chérubin et al. 2006) is used to include

a fourth-order scheme for the nonlinear advective terms

in the momentum equations and biharmonic horizontal

diffusion. This modified version reduces numerical noise

associated with dispersive effects and the development

of shocks in frontal regimes (Morel et al. 2006). The

model approach is as follows:

1) Buoyancy fluxes are ignored both in the density

equation and in the turbulent kinetic energy (TKE)

equation (for consistency) because the interest is

to isolate the OML response due to internal oceanic

processes, which have been proven to drive most of

the TC-induced OML cooling (Price 1981; Greatbatch

1984; Shay et al. 1992, 2000; Hong et al. 2000; Jacob

et al. 2000).

2) The turbulence closure for the OML only considers

(i) instantaneous wind erosion by the wind-driven

frictional velocity w* 5 (t/r0)1/2 (Kraus and Turner

1967) and (ii) TKE production by vertical shear

instability at the OML base and over the stratified

ocean below (Price et al. 1986). These turbulence

closures were chosen because of their mathematical

simplicity and because they provide direct physical

insight on important mixing process observed over

the thermocline inside a CCE impacted by Katrina

(JS09; JS10).

3) Idealized vortices (WCEs and CCEs) are initialized

with an analytical model and density structures from

direct measurements obtained during Katrina and

Rita; these vortices satisfy the QG approximation

(section 2b).

4) An f plane is used to prevent self-propagation of the

QG vortices, which facilitates analyzing the near-

inertial response at fixed points inside the stationary

vortex. This approach cancels horizontal dispersion

OCTOBER 2011 J A I M E S E T A L . 1967



of NIOs by meridional gradients in planetary vortic-

ity (Gill 1984). Any resulting horizontal wave dis-

persion is purely driven by zg.

a. Numerical domain

The computational domain is a 2000 km 3 2000 km

square ocean with an initially circular QG vortex (CCE

or WCE) of ;150–300 km in diameter located at the

center; these horizontal scales are representative of Gulf

of Mexico’s CCEs and WCEs (Table 1). The central

latitude of the domain is 26.98N, which allows the re-

production of near-inertial responses at the latitude of

moorings used in JS09 and JS10. The horizontal grid

resolution is 10 km, allowing the resolution of horizon-

tal wavelengths larger than 20 km, which is adequate for

resolving CCEs and WCEs and is also adequate to re-

solve the basic eye and eyewall structure in the atmo-

spheric forcing fields (Halliwell et al. 2011). The bottom

is flat, and lateral boundary conditions are closed.

Three vertical resolutions were used: 12, 23, and 47

layers (Fig. 2). In every case, the model’s top layer is the

OML, and, with the exception of an initially quiescent

isopycnic bottom layer of 4000 m in thickness, the rest of

the layers represent the QG vortex. The thickness of

both the OML and isopycnal layers—and so the vortex’s

vertical length—is determined by the analytical model

(section 2b) as a function of the radius of the vortex, the

target maximum azimuthal velocity, and the realistic

background stratifications presented in Fig. 2. For a given

WCE/CCE, the initial OML thickness is nearly the same

for every vertical resolution. Given that experiments with

higher vertical resolution improve the representation of

the stratified ocean below the OML, OML cooling, and

vertical dispersion of near-inertial energy, the discussion

focuses on the 47-layer numerical experiments that have

vertical resolution of 10 m between the OML and the

thermocline, allowing the model to resolve vertical

wavelengths larger than 20 m. (The vertical sampling

grid in the moorings used in JS09 and JS10 is ;8 m.)

b. Analytical model

The model vortex is constructed by introducing a po-

tential vorticity anomaly (PVA) in a stack of initially

unperturbed isopycnic layers (Fig. 2). The layer’s PVA

is the departure from ambient potential vorticity and is

defined by the quantity (Morel and McWilliams 2001;

Herbette et al. 2003; Morel and Thomas 2009)

PVAk 5 Hk

zg 1 f

hk

2
f

Hk

 !

5
Hk

hk

zg 2
f (hk 2 Hk)

Hk

�
,

�

where k is a layer index, f /Hk is ambient potential vor-

ticity on the assumed f plane, hk is instantaneous layer

thickness, and Hk is constant and represents the un-

perturbed layer thickness (Fig. 2). Note that PVA has

units of vorticity, its value at rest is zero, and because it is

a linear function of potential vorticity PV 5 (zg 1 f )/hk

it has the same properties of Lagrangian conservation

(Morel and Thomas 2009).

An initial PVA profile is defined that satisfies the QG

approximation and the condition that the vortex is iso-

lated (the area integral of zg vanishes at all depths; Flierl

1987). In the case of Gulf of Mexico’s WCEs and CCEs

from MICOM simulations, these conditions are fulfilled

by using a continuous-power exponential radial profile

and annular shielding in the PVA for the isopycnic layers

above 700-m depth (Chérubin et al. 2006),

PVAk 5 DQk 1 2
a

2

r

R

� �h ai
exp 2

r

R

� �h ai
, (1)

and a power exponential radial profile for isopycnic

layers extending between the 700- and 950-m depths

where the annular shielding vanishes (L. Chérubin 2011,

personal communication),

PVAk 5 DQk exp 2
r

R

� �h ai
, (2)

where PVAk 5 0 in the bottom layer, DQk is the maxi-

mum PVA in layer k and measures the vortex strength,

R is the vortex radius, r the radial distance from the

vortex’s center, and the parameter a determines the

width of the vortex shield (i.e., the horizontal shear at

TABLE 1. Characteristics of geostrophic features in the Gulf of Mexico. The LC is an anticyclonic feature.

Parameter

Obs Modeled

LC/WCE CCE WCE1 WCE2 CCE1 CCE2

U (m s21) 1–2 0.5–0.8 0.95 1.5 0.6 0.8

L (km) 200–400 100–150 250 300 150 150

OML (m) ;80 ;30 ;65 ;80 ;30 ;25

Ro (U/fL) 0.05–0.1 0.05–0.08 0.06 0.08 0.06 0.08
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FIG. 2. Initial background stratification used in experiments with (left to right) 12, 23, and 47 isopycnic layers for

(top) CCEs and (bottom) WCEs. The QG vortex is constructed by introducing a PV anomaly [Eqs. (1) and (2)]

into these unperturbed background stratifications. The circles represent the background model density, and the

bold line is the observed density profile (smoothed via polynomial fit). The horizontal lines represent the initial

layer thickness outside the QG vortex. The top layer is the OML, and the bottom layer is not shown.
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the vortex boundaries). These profiles ensure that (i) the

vortex is stable and (ii) the total circulation is zero for

any a in each layer (Carton and Legras 1994). For fixed

a and R, DQk is determined so that the set of Eqs. (1)

and (2) reproduces, via potential vorticity inversion, the

maximum vortex azimuthal speed observed in WCEs

and CCEs. Background stratification in the idealized

vortex is defined from density fields derived from pre-

Rita observational data (JS09).

c. Wind forcing

To keep the numerical experimentation as simple yet

as realistic as possible, the ocean model is forced with

idealized wind fields derived from the H*Wind product

produced by the National Oceanic and Atmospheric

Administration’s Hurricane Research Division (http://

www.aoml.noaa.gov/hrd/data_sub/wind.html). The wind

field of TC Katrina at maximum intensity over the Loop

Current (LC) system is used (category-5 hurricane at

2230 UTC 28 August 2005; JS09). Based on this snap-

shot, constant wind fields were derived with a drag co-

efficient Cd computed from the Large and Pond (1981)

relationship but capped at maximum value of 2.6 3 1023

based on recent results indicating a saturation value of

Cd between 27 and 35 m s21 wind speeds (Powell et al.

2003; Donelan et al. 2004; Shay and Jacob 2006; French

et al. 2007; Vickery et al. 2009). The saturation level of

Cd is set at a wind speed of 27 m s21. The storm moves

along a straight track at an angle of 458 from true north

(Fig. 3). Katrina and Rita propagated at an angle of 33.78

and 63.48 from true north over the Loop Current system,

respectively. Using a realistic, constant translation speed

of Katrina of 6.3 m s21, wind fields were constructed

at 30-min intervals along the storm track. Linear in-

terpolation from these 30-min wind fields is used to force

the model every baroclinic time step (180 s).

d. Experiments

Based on observed characteristics of Gulf of Mexico’s

WCEs and CCEs, four QG vortices are reproduced

(Table 1 and Fig. 4): WCE1 (Ro 5 0.06), WCE2 (Ro 5

0.08), CCE1 (Ro 5 0.06), and CCE2 (Ro 5 0.08). These

vortices are initialized in model runs with parameters

summarized in Table 2. After introducing the corre-

sponding PV anomaly in every layer via Eqs. (1) and (2),

the initial vertical length of WCE1, WCE2, CCE1, and

CCE2 is approximately 1270, 1350, 700, and 610 m, re-

spectively (Fig. 4e). These values are consistent with

vertical scales reported for Gulf of Mexico’s WCEs

(.1200 m; Elliot 1982) and CCEs (Hamilton 1992)

based on direct measurements. The model initial OML

thicknesses (Table 1 and Figs. 4a–d) are comparable to

observed values during Hurricanes Katrina and Rita

(Fig. 1.2 of Jaimes 2009). The main focus is on CCE2 and

WCE1, because these model vortices are similar to eddy

features that interacted with Katrina (CCE) and Rita

(Loop Current bulge).

3. TC-induced upwelling in a QG vortex

Under quiescent ocean conditions, wind-driven hor-

izontal current divergence produces a shallow OML

under the TC’s center and a deeper OML outside the

center. Upwelling of cold thermocline water compen-

sates this horizontal flow divergence under the storm’s

eye. The region of maximum upwelling is confined to

within twice the radius of maximum wind stress (O’Brien

and Reid 1967; O’Brien 1967). By considering a standard

10-m wind speed U10 5 27 m s21 (assumed saturation

level of the drag coefficient in the present treatment),

drag coefficient Cd 5 2.6 3 1023 (Powell et al. 2003),

air density ra 5 1.2 kg m23, seawater density r0 5

1025 kg m23, OML thickness h 5 45 m (typical value

away from eddies in the Gulf of Mexico), and a latitude

of 278N ( f ; 6.62 3 1023 s21), the Ekman current u
e
ffi

t/r0 fh (where t 5 raCdU2
10) that one could expect is

;0.75 m s21, which is comparable to OML geostrophic

FIG. 3. Constant wind field used to force the ocean model (from

the H*Wind product). Vectors are wind stress calculated with

a drag coefficient capped at a standard 10-m wind speed of 27 m s21

(saturation level in the present treatment). External and inner

bold contours are for tropical storm winds (20 m s21) and winds

at saturation level, respectively. The straight line is the storm

track. The large and small thin circles are 0.2 m s21 contours of

prestorm OML currents for model WCEs and CCEs, respectively.

Here, IP 5 0 represents the time when the storm’s eye is over the

WCE’s/CCE’s center. Black dots are model moorings on the cross-

track direction.
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FIG. 4. Initial conditions of the four types of model vortices: (a) WCE1, (b) WCE2, (c) CCE1, and (d)

CCE2. Color is the initial OML thickness, vectors are OML geostrophic currents, the black line is the storm

track, L is the vortex’s radius, and black dots are model moorings on the cross-track direction. (e) Initial

vertical length of the QG vortices based on the vertical structure of the effective Coriolis parameter

fe 5 f 1 zg/2 (Kunze 1985) normalized by f at the vortex’s center, where zg is geostrophic relative vorticity. In

(e), the top 46 isopycnal layers are shown, and the symbols represent the depth of the layer’s center after

introducing the PV anomaly [Eqs. (1) and (2)] into the initially unperturbed stratifications presented in Fig. 2.
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currents in CCEs (Table 1) and smaller than OML

geostrophic currents in WCEs and western boundary

currents (1–2 m s21). Under strong background flow

conditions, the prestorm surface currents can instanta-

neously influence wind-driven frictional OML currents.

Observational evidence (JS09) and theoretical arguments

(Stern 1965) suggest that the upwelling response is a

function of the underlying OML geostrophic flow. This

should be an expected result, because the wind stress and

OML geostrophic currents are vectors that interact with

each other. The upwelling velocity w 5 (k 3 t/r0 f 2) � $zg

predicted by Stern’s (1965) theory in a QG vortex re-

sembles classical Ekman pumping. However, it is not

associated with the wind stress curl but with the curl of

wind-driven current acceleration along isopycnal sur-

faces when the vertical position of these surfaces varies

in geostrophically balanced features.

To address this hypothesis, a series of numerical ex-

periments are presented in which the same wind stress is

applied on WCEs, CCEs, and eddy-free ocean (EFO)

conditions [i.e., initially quiescent ocean and stratifica-

tion from Gulf Common Water (GCW)]. The approach

is to neglect vertical entrainment velocities across the

OML base (no turbulence closure for the OML) so that

changes in OML thickness are produced only by hori-

zontal current divergence. Mathematically, this assump-

tion is represented as following. For rather direct physical

insight, the discussion focuses on OML bulk models,

which are based on the density and momentum equa-

tions, given by

›r

›t
5

B

r0gh
1

dr

h

›h

›t
and (3)

›y

›t
5 2k 3 (f v) 1

t

hr0

1
dv

h

›h

›t
, (4)

respectively, where B 5 gr0[a0Q0 1 b0S(E 2 P)] is the

air–sea buoyancy flux, E 2 P is evaporation minus pre-

cipitation, h is OML thickness, and the rest of the

TABLE 2. List of experiments. The symbol r indicates the type of density field used to initialize the ocean model (GCW stands for Gulf

Common Water and represents EFO conditions). KT and PWP stand for the Kraus–Turner and Price–Weller–Pinkel turbulence closures

for the OML, respectively. Here, b indicates b plane. Control experiments are in italic bold, and changed parameters are in bold. Here, Rc

is the critical limit for both bulk and gradient Richardson numbers, and DQk is maximum PVA.

WCE

DQk U L b

Expt (31025) s21 Vortex r m s21 km Ro KT PWP Rc (310211) s21 m21

wce1_01 25.77 WCE1 WCE 0.95 250 0.06 — — — 0

wce1_04 25.77 WCE1 WCE 0.95 250 0.06 Yes — — 0

wce1_05 25.77 WCE1 WCE 0.95 250 0.06 Yes Yes 1 0

wce1_06 25.77 WCE1 WCE 0.95 250 0.06 Yes Yes 0.65 0

wce2_01 28.50 WCE2 WCE 1.50 300 0.08 — — — 0

wce2_02 28.50 WCE2 WCE 1.50 300 0.08 Yes — — 0

wce2_03 28.50 WCE2 WCE 1.50 300 0.08 Yes Yes 1 0

EFO

Expt DQk Vortex r U L Ro KT PWP Rc b

efo1_01 0 — GCW 0 0 0 — — — 0

efo1_02 0 — GCW 0 0 0 Yes — — 0

efo1_03 0 — GCW 0 0 0 Yes Yes 1 0

CCE

Expt DQk Vortex r U L Ro KT PWP Rc b

cce1_01 6.05 CCE1 CCE 0.6 150 0.06 — — — 0

cce1_04 6.05 CCE1 CCE 0.6 150 0.06 Yes — — 0

cce1_05 6.05 CCE1 CCE 0.6 150 0.06 Yes Yes 1 0

cce1_06 6.05 CCE1 CCE 0.6 150 0.06 Yes Yes 1 2.04

cce2_01 8.17 CCE2 CCE 0.8 150 0.08 — — — 0

cce2_02 8.17 CCE2 CCE 0.8 150 0.08 Yes — — 0

cce2_03 8.17 CCE2 CCE 0.8 150 0.08 Yes Yes 1 0

cce2_04 8.17 CCE2 CCE 0.8 150 0.08 Yes Yes 1 2.04
cce2_05 8.17 CCE2 CCE 0.8 150 0.08 Yes Yes 0.65 0

cce2_06 8.17 CCE2 CCE 0.8 150 0.08 — — — 2.04
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notation is conventional. Notice that the first term on the

right-hand side of Eq. (3) is ignored in the present

treatment. The additional equation to close the system is

(Niiler and Kraus 1975)

›h

›t
5 2$ � (vh) 2 we, (5)

where we is the vertical entrainment velocity, which will

be discussed in section 4a but is neglected here. There-

fore, the OML thickness is governed by horizontal cur-

rent divergence,

›h

›t
5 2$ � (vh),

where t is the only source according to Eq. (4).

As shown in Fig. 5, for the same wind forcing, wind-

driven horizontal current divergence is a function of the

underlying geostrophic flow, as suggested by direct ob-

servations (JS09) and theoretical predictions (Stern 1965).

Notice that Ro has negligible influence on the upwelling

response during the first quarter of the inertial period

(IP) and becomes more important afterward (relaxation

stage), impacting near-inertial pumping and the cou-

pling of the OML with the thermocline. In the EFO case,

the amplitude of the upwelling response exhibits in-

termediate levels compared with WCEs and CCEs.

Outside the QG vortex, the vertical velocity response

reproduces the classical pattern, where the region of

minimum OML thickness extends under the storm’s eye

and within 2Rmax (Rmax is the radius of maximum winds)

and the OML is deeper outside this region (Fig. 6).

However, a dipole in the vertical velocity emerges in

the vortex’s interior, in both WCEs and CCEs. Down-

welling development under the storm’s eye in WCEs is

striking (Figs. 6a–c). Regions of maximum upwelling/

downwelling extend along streamlines of maximum az-

imuthal geostrophic velocity, in both WCEs and CCEs.

By shifting the storm track westward, this region of max-

imum upwelling/downwelling moves radially toward more

energetic geostrophic streamlines, because the inner

vortex region becomes influenced by stronger winds

(cf. regions of maximum downwelling in Figs. 6d–f at the

second mooring from left to right). In terms of horizontal

extension, upwelling (downwelling) regimes predominate

inside CCEs (WCEs). However, the confined counterpart

vertical velocity is stronger and the area integral of the

vertical velocity nearly vanishes over the OML, which

satisfy mass conservation principles in the vortex’s in-

terior, in both WCEs and CCEs.

Morel and Thomas (2009) evaluated Stern’s (1965)

theory in a series of numerical experiments; they found

that the dipole in the vertical velocity emerges in QG

vortices even when these features are influenced by a

uniform wind stress with no curl. In these experiments

(and so in Stern’s theory), the curl of wind-driven accel-

eration of geostrophic currents drives the dipole. This curl

emerges where the initial OML thickness is not uniform

(as in WCEs and CCEs). Under these circumstances, the

strong gradient of geostrophic vorticity acts like a beta

effect that creates secondary potential vorticity anomalies

in the inner vortex region. Differential advection of geo-

strophic vorticity by the wind stress is the mechanism that

creates the dipole or beta gyres (Morel and Thomas 2009).

4. OML deepening

To reproduce more realistic OML thicknesses, now

we use the full version of Eq. (5) that considers OML

deepening by the vertical entrainment velocity we.

a. Entrainment model

The vertical entrainment velocity we at the OML base

is calculated with a turbulence closure based in the model

of Niiler and Kraus (1975). In this closure, it is assumed

that the rate of TKE production less dissipation equals

the rate of work done by turbulence against buoyancy.

By neglecting air–sea fluxes (i.e., adiabatic ocean), the

steady-state balance obtained by vertical integration of

the TKE equation over the OML is (parameterized form)

g
dr

r0

h

2
we 5 m1w3

* 1 m2we

dy2

2
, (6)

FIG. 5. Evolution of layer thickness anomaly h by horizontal

current divergence in the top layer of the ocean model at mooring

a (see Fig. 3), where h(IP) 5 h(IP) 2 h (IP 5 21.5) and h is the

instantaneous OML thickness. Mooring a was under the storm’s

eye approximately from IP 5 20.25 to IP 5 0.25. The model initial

state corresponds to IP 5 21.5.
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where the term on the left-hand side is the rate of po-

tential energy increase caused by entrainment processes,

m1w3
* is instantaneous turbulence production by the

wind-driven OML frictional velocity [w* 5 (t/r0)1/2],

and the second term on the right-hand side is turbulence

production by vertical shear instability of horizontal

currents. Empirical parameters m1 and m2 represent the

mixing efficiency of the entrainment sources. A common

FIG. 6. OML thickness anomaly h by horizontal current divergence in (left) WCE1 and (right) CCE2, where

h 5 h(IP 5 3) 2 h(IP 5 21:5) and h is the instantaneous OML thickness. (b),(e) The storm track is shifted 0.58 to the

west, and (c),(f) the track shifting is 18. Circular contours are the initial magnitude of OML geostrophic currents; the

contour interval is 0.2 m s21. The values of h are between 220 and 235 m in blanked regions. Vectors are for wind stress.
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practice in bulk OML models is to set m
2

5 R
b

5

(g9h/dy2) 5 1 as a critical stability criterion, where Rb is

the bulk Richardson number, g9 is reduced gravity com-

puted at the OML base, h is OML thickness, and dy is the

vertical shear of horizontal currents at the OML base.

Under this assumption, there will be no entrainment at

subcritical (Rb . 1); however, there will be so much at

supercritical (Rb , 1) that an adjustment back to critical

is forced.

Integration of Eq. (6) for a time step Dt gives

weg
dr

r0

hDt 5 Dt(E1 1 E2), (7)

where E
1

5 2m
1
w3

* and E
2

5 5 3 1024R24
b dyg9h is the

parametric form of the vertical shear term of Eq. (6),

which was derived from laboratory experiments valid

for R
b

# 1 (Price et al. 1978). For cases where OML

deepening involves mixing over the stratified ocean

below the layer, the model of Price et al. (1986) is more

convenient to represent E2. In this model, vertical shear

mixing occurs to satisfy stability criteria that require (i)

›r/›z $ 0 for static stability; (ii) R
b

$ 0:65 for mixed

layer stability; and (iii)

Rg 5 g
›r/›z

r0(›y/›z)2
$ 0:25

for vertical shear flow stability, where z 5 0 at the sur-

face and increases downward and Rg is the gradient

Richardson number. Given that the original Price et al.

(1986) model cannot be implemented in MICOM, the

modified version of Chen et al. (1994) was used. This

modified version was used to calculate the fraction of

TKE production by vertical shear instability E2, which

has to be removed from the velocity profile to keep

a stable velocity structure. This fraction is given by

R 5 (Rc/Rg)1/2
2 1, where Rc is the critical limit of the

Richardson number and Rg is evaluated between two

contiguous isopycnic layers. As in Chen et al. (1994), the

entrainment sources E1 and E2 are merged in a hybrid

model (E
1

1 E
2
) that yields an exact expression for the

number of isopycnic layers the OML will entrain before

the finite energy supply E 5 E1 1 E2 is exhausted. Stan-

dard entrainment/detrainment algorithms of MICOM

(Bleck et al. 1989) are used to adjust the OML thickness

and density in terms of the total E source. These standard

entrainment/detrainment algorithms take care of the static

stability criteria and of the thickness of isopycnal layers

below the OML.

The model components E1 and E2 in Eq. (7) are named

Kraus–Turner (KT) and Price–Weller–Pinkel (PWP),

respectively. Two general cases are investigated here:

(i) instantaneous wind erosion only (KT) and (ii) verti-

cal entrainment caused simultaneously by KT and shear-

driven mixing (KT1PWP). Two stability criteria are

used: Rc 5 [1, 0.65] (Table 2).

b. Wind erosion during the forced stage

Compared with cases that consider upwelling only,

KT produced additional OML deepening from about 20

to 25 m in WCE1 and from 10 to 15 m in CCE2 (Fig. 7).

Cooling associated with this OML deepening is about

0.38, 1.58, and 38C in WCE1, EFO, and CCE2, re-

spectively (Fig. 8). OML cooling of less than 0.58C, to-

gether with significant layer deepening of about 25 m,

indicates that most wind erosion in WCE1 takes place

over a nearly homogeneous and deep warm water col-

umn. Weak stratification at the OML base of this warm

feature (Table 3) facilitates wind erosion.

c. Shear-driven entrainment

The incorporation of TKE production by vertical

shear (KT1PWP with critical limits of Rb 5 Rg 5 1 in

PWP) reproduced additional average OML cooling of

about 0.18C on the right side of the storm track inside

WCE1 (Figs. 9a,c). Maximum cooling of about 0.78C was

reproduced by KT1PWP in the vicinity of the moorings,

compared with maximum cooling of ;0.58C by KT. The

small difference between KT and KT1PWP indicates

that, in this warm anticyclone, most of the cooling was

driven by instantaneous wind erosion and near-inertial

vertical shear was not an important cooling mechanism,

in accord with observational evidence presented else-

where (Shay and Uhlhorn 2008; JS09; JS10). In the case of

CCE2, PWP caused additional cooling of more than

1.28C that confirms the importance of near-inertial ver-

tical shears for OML cooling in this oceanic cyclone (Figs.

9b,d). Inside CCE2, near-inertial vertical shear instability

impacted both the magnitude of the cooling and the

horizontal extension of the region of cooling.

5. Near-inertial velocity response

Given the importance of near-inertial wave kinematics

for the OML thermal response (JS10), we now investi-

gate the near-inertial velocity response in QG vortices.

a. Decay of OML near-inertial currents

During the first half of the IP, near-inertial OML

currents in WCE1 and EFO experiments are nearly in

phase (Fig. 10a). Subsequently, the velocity response

becomes subinertial in WCE1 and, after the first 3 IPs,

NIOs in this warm feature exhibit a phase lag of ;1808

with respect to NIOs in the EFO experiment. By con-

trast, NIOs in CCE2 present a phase lag of ;908 with
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respect to the EFO experiment only after 10 IPs (Fig. 10b).

However, the most striking difference is the OML en-

ergy decay rate. Compared with EFO conditions, OML

near-inertial energy decays much faster in WCE1 and

much slower in CCE2 (Figs. 10a,b). This contrasting

energy decay is consistent with observational data (Shay

and Uhlhorn 2008; JS09; JS10), theoretical predictions

(Kunze 1985), and numerical experiments (Lee and

FIG. 7. OML deepening during the forced stage in (a)–(c) WCE1 and (d)–(f) CCE2. (a),(d) Prestorm OML

thickness. (b),(e) Change of layer thickness by horizontal current divergence. (c),(f) As in (b),(e), but plus KT.

Vectors are for wind stress.
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Niiler 1998). Moreover, the OML velocity responses in

WCE1 are nearly identical with KT and KT1PWP (Fig.

10a), which indicates that near-inertial vertical shears

are not necessarily important for OML energy decay in

this warm feature. This result is consistent with obser-

vational evidence acquired during TCs Isidore and Lili

(Shay and Uhlhorn 2008) and during Katrina and Rita

(JS09; JS10). By contrast, near-inertial vertical shear

instability (KT1PWP) in CCE2 reduced OML velocity

amplitudes by about 40% over the first 6 IP (Fig. 10b).

Gill (1984) ignored turbulence production in the

OML and considered the energy decay in the layer as

a problem of internal baroclinic mode separation where

the relevant time scale is t
n

5 2pf /l2c2
n (or the time for an

1808 phase difference to develop in the OML), l 5 2p/l

is the horizontal wavenumber, l is the horizontal scale of

the wind stress forcing, and cn is the phase speed of the

nth baroclinic mode. In Gill’s treatment, the amplitude

(sum of individual wave components) of OML near-

inertial currents decreases as baroclinic modes become

out of phase. The values of cn and tn considered in this

study (Table 4) qualitatively explain the faster (slower)

OML energy decay in WCE1 (CCE1); the EFO exper-

iment has values of cn and tn between WCE1 and CCE2

experiments. These predicted values of tn could be

questionable because the definition of tn is valid for

lcn/f � 1 (Gill 1984), and this ratio is 1.4, 0.9, and 0.7 for

c1 in WCE1, EFO, and CCE2, respectively.

Note that Gill’s definition of t
n

only considers the ef-

fect of the ocean stratification (via cn) and neglects the

contribution of zg on the decay of OML near-inertial

energy. Nevertheless, zg could have an important effect

on the horizontal distortion of OML near-inertial

motions, which impacts the vertical structure of the

baroclinic modes and the vertical dispersion of near-

inertial energy (e.g., Kunze 1985; Young and Ben Jelloul

1997; Lee and Niiler 1998; Danioux et al. 2008). In this

study, the OML velocity oscillations in CCEs are at

higher frequencies for smaller Ro. For example, after 10

IPs, there is a phase difference of about 458 between the

leading NIOs inside CCE1 (Ro 5 0.06) and those inside

CCE2 (Ro 5 0.08) (Fig. 10d). Given that stratification

and the vortex’s horizontal scale are the same in these

cyclones, this result indicates that the rotational rate

of the QG vortex impacts the near-inertial wave fre-

quency response in OMLs (and so vertical dispersion of

near-inertial energy into the thermocline). This result is

consistent with analytical predictions that show that geo-

strophic kinetic energy changes the dispersive properties

of NIOs (Young and Ben Jelloul 1997). Similarly, in the

case of the WCEs, the OML NIOs are shifted toward

higher frequencies for smaller Ro. NIOs inside WCE1

(Ro 5 0.06) lead the velocity response and, after 6 IPs,

there is a large phase difference of about 1808 with re-

spect to WCE2 (Ro 5 0.08) (Fig. 10c). This difference in

the near-inertial response between WCEs could also

be a consequence of the horizontal scale being smaller in

the experiment with smaller Ro (WCE1).

b. Vertical structure of near-inertial currents

Given that variations in the Brunt–Väisälä frequency

cause an internal NIO to change its amplitude and its

vertical wavelength as it propagates vertically through

the water column, it is convenient to normalize each ve-

locity profile by using a time mean Brunt–Väisälä fre-

quency N(z) at the moorings (Leaman and Sanford 1975).

This type of normalization is equivalent to the usual

Wentzel–Kramers–Brillouin–Jeffreys (WKBJ) approx-

imation; it enables comparison between different strat-

ification environments (WCEs, CCEs, and EFO) and, in

this particular case, facilitates the study of the effects of

zg on the near-inertial response through the water col-

umn because buoyant effects are isolated. WKBJ-scaled

velocities are presented in Fig. 11 (see JS10 for a de-

scription of the normalization method). One of the more

salient aspects is the downward propagation of the NIO

FIG. 8. OML cooling during the forced stage at moorings a, b,

and d, using the KT turbulence closure; dT(IP) 5 T(IP) 2 T(IP0 5

21.5) for IP 5 20.5:0.125:1.

TABLE 3. Stratification characteristics of model QG vortices,

with g9 5 g(r
2

2 r
1
)/r

0
. Here, r

1
is the initial OML density, r

2
is

a vertically averaged density from the OML base to a depth of

100 m (approximate depth of the thermocline in CCE2), and r0 is

a reference density of 1025 kg m23.

Vortex r1 (kg m23) r2 (kg m23) r0 (kg m23) g9 (m s22)

CCE2 1024.4 1026.0 1025.0 16 3 1023

WCE1 1022.7 1023.7 1025.0 9 3 1023
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beams inside WCEs (Figs. 11a,b). This characteristic,

together with rapid OML near-inertial energy decay

(Fig. 10), confirms that in these anticyclones a larger

amount of the kinetic energy injected by TCs propagates

downward out of the surface mixed layer. By contrast,

fewer NIO beams are present below OMLs in CCEs

(Figs. 11c,d) because near-inertial energy is trapped in

upper layers, where it increases mixing and entrainment

(Fig. 10). This contrasting wave vertical dispersion is in

agreement with observational evidence acquired during

Katrina and Rita (JS09; JS10).

Inside WCEs, surface and bottom currents are 1808

out of phase during the first 5 IPs (Figs. 11a,b), which is

consistent with the velocity structure of the first forced

baroclinic mode. The velocity inflection point is located

at about 600-sm (stretched meters) depth, which sug-

gests that the vertical length of this mode is ;1200 sm

(or the approximate vertical length of WCEs in the

present treatment). Motion at the bottom is possible as

soon as the forcing is turned on, presumably caused by

reflection of the first mode structure (Gill 1984; Kundu

and Thomson 1985). Both in WCE1 (Ro 5 0.06) and

WCE2 (Ro 5 0.08), the velocity field below the OML is

affected by the first baroclinic mode even during the first

IP, in agreement with the predicted time t1 5 0.5 IP

(Table 4). CCEs also exhibit velocity structures consis-

tent with the first forced baroclinic mode that prevails

during the first 15 IP (Figs. 11c,d). In this case, the

change of current direction occurs at ;300-sm depth,

corresponding to a vertical scale of about 600 sm for the

first mode. The first baroclinic mode structure is ap-

parent since the first half of the first IP, in both CCE1

and CCE2; this time scale is shorter than the predicted

value t1 5 2.3 IP (Table 4). Again, given that the vortex’s

horizontal scale and stratification are the same in these

cyclones, only the different Ro causes the differing

baroclinic velocity structure between CCE1 and CCE2.

The conventional thought is that vertical dispersion of

OML near-inertial energy is governed by separation in

the near-inertial modes and that this mode separation is

FIG. 9. OML cooling dT in (top) WCE1 and (bottom) CCE2, in terms of (a),(b) the KT turbulence closure and

(c),(d) KT1PWP, where dT 5 T(IP 5 3) 2 T(IP 5 21:5). Notice the difference in temperature scale between (top)

and (bottom).
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a function of the horizontal scale of the wind forcing

(Gill 1984). Here, however, near-inertial mode separa-

tion is also a function of Ro. This result is in agreement

with theoretical developments showing that geostrophic

kinetic energy Kg causes a rapid loss of phase coherence

between near-inertial vertical modes, which greatly in-

creases the vertical propagation of these motions (Young

and Ben Jelloul 1997). In Young and Ben Jelloul’s (1997)

treatment, the dispersion of NIOs is governed by

vn 5 (1/2)c2
nf (k2 1 l2) 2 Kg/fc2

n. In this context, a more

rapid vertical dispersion of near-inertial motions is

predicted as Kg is increased at higher Ro.

Mode separation is more evident in WCEs, as the

number of velocity inflection points increases with time

because of dispersion of higher modes. From 10 to 15 IPs

and for each IP, the current structure inside WCE1

(Ro 5 0.06) exhibits two flow reversals with depth that

suggest a velocity structure consistent with the second

baroclinic mode (Fig. 11a). In the more rapidly rotating

WCE2 (Ro 5 0.08), the second mode separates faster

even when the vortex’s horizontal scale is larger (Fig. 11b).

Moreover, higher modes (not present in WCE1 during the

first 15 IPs) dominate near-inertial wave activity in WCE2

after 10 IPs. This result suggests that separation in the

modes increases with Ro, in accord with Young and Ben

Jelloul (1997). By contrast, only the first mode is no-

ticeable in CCEs; this mode is more energetic in CCE2

(Figs. 11c,d).

In short, as NIOs rotate clockwise in the Northern

Hemisphere while CCEs rotate anticlockwise, only the

more energetic vertical near-inertial modes can overcome

the counterrotating background flow in QG cyclones. By

FIG. 10. OML near-inertial velocity response at mooring b. (a),(b) Sensitivity to the turbulence closure for the OML.

(c),(d) Sensitivity to Ro.

TABLE 4. Phase speed of the first three internal baroclinic modes

cn and time tn 5 2pf /l2c2
n for an 1808 phase difference to develop in

the OML (Gill 1984), where f (278N) 5 6:621 3 1025 s21; l 5 2p/l;

and l 5 168 km based on the horizontal scale of the wind stress

curl, which is assumed to be l 5 4Rmax, with Rmax 5 42 km. This

scale of l is comparable to the horizontal scale of CCE2 (150 km)

but smaller than the horizontal scale of WCE1 (250 km).

n

WCE1 EFO CCE2

cn (m s21) tn (IP) cn (m s21) tn (IP) cn (m s21) tn (IP)

1 2.47 0.5 1.60 1.2 1.17 2.3

2 1.21 2.1 0.90 3.9 0.68 6.9

3 0.73 5.9 0.56 10.1 0.42 18.0
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contrast, the corotation of NIOs and WCEs should fa-

cilitate vertical dispersion of near-inertial energy in QG

anticyclones. Moreover, the presence of baroclinic modal

structures inside QG vortices suggests that, rather than

the vertical scale of the full water column, the vortex’s

vertical length determines the vertical scales and struc-

ture of forced modes.

6. Discussion

a. Critical layer in CCEs

NIOs forced by Katrina in a Gulf of Mexico’s CCE

produced a critical layer that extended between the 100-

and 150-m-depth levels (JS10). Given that amplification

of near-inertial kinetic energy over this water column

produced important vertical shear and mixing events, it

is of interest to know whether KT and PWP at different

Ro can reproduce this critical layer. In this context,

vertical distributions of time-averaged perturbation ki-

netic energy K9 are computed from the numerical exper-

iments. Perturbation velocities were obtained by removing

vertical and time averages from 8 to 11 IPs. Perturbation

kinetic energies K9 were then calculated from these per-

turbation velocities at 3-h intervals (time span of model

outputs). Finally, K9 was time averaged from 8 to 11 IPs

as in JS10.

The KT model alone does not reproduce the observed

layer of maximum K9 (subsurface critical layer; JS10)

below the OML, in neither CCE1 (Ro 5 0.06) nor CCE2

(Ro 5 0.08) (Fig. 12). By incorporating TKE production

by vertical shear instability over the stratified ocean,

higher values of K9 are attained in CCE1 (Fig. 12a).

However, PWP reproduced more realistic values of K9

at higher Ro (CCE2), particularly at lower values of the

critical limit of the gradient Richardson number (Fig. 12b).

There is more vertical shear instability in CCE2 because

the near-inertial response is more energetic (Figs. 11c,d);

that is, the more energetic QG cyclones are more efficient

near-inertial mixers of the upper ocean. The KT experi-

ments reproduced higher energy levels than KT1PWP at

deep waters (below the 200-m-depth level), in both CCE1

and CCE2. This result is a consequence of the KT model

FIG. 11. WKBJ-scaled cross-track velocity u at mooring b (KT1PWP closure); the units of u are normalized m s21

(see text for details). Note that depth is stretched [units in stretched meters (sm)]. These velocity fields are in-

terpolated into a regular vertical grid. The bold vertical line represents the passage of the storm’s eye over the

vortex’s center.
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not mixing over the stratified ocean below the OML;

hence, more perturbation kinetic energy propagates

downward. To reproduce critical layers similar to that

triggered by Katrina, numerical models have to represent

vertical shear instability and mixing over the thermocline.

b. Trapped cold wake

Under quiescent ocean conditions, the cold wake of a

TC is typically observable on the right side of its track

during several weeks after its passage and over a distance

of O(103) km. However, several days after the passages

of TCs Hilda (Leipper 1967), Ivan (Walker et al. 2005;

Halliwell et al. 2008, 2011), and Katrina (JS10) over

CCEs in the eastern Gulf of Mexico, the region of max-

imum TC-induced OML cooling was observed to the left

of the storm track, which suggests that these cold tem-

perature anomalies were advected westward by propa-

gating CCEs. To evaluate this idea, two numerical

experiments were conducted, one for CCE1 and another

for CCE2, in which the b plane is turned on at IP 5 1, or

a few hours after the direct TC–CCE interaction. There

are two corresponding f-plane experiments to compare

with (Table 2). To evaluate the effects of the TC wind

stress on the propagation speed of CCE2, another b-plane

experiment was conducted for this vortex in absence of

wind forcing.

In the case of f-plane experiments, the region of max-

imum TC-induced OML cooling remained stationary

with the CCE during the first 15 IPs (Figs. 13a,c). That is,

the TC wind stress did not move the CCE from its original

position, which is not surprising, given the fast translation

speed of the storm (6.3 m s21). By contrast, in b-plane

experiments, the CCE drifted northwestward about

100 km from its original position during the first 15 IPs,

and it carried the TC-induced temperature anomaly with

an average speed of roughly 6 km day21 (Figs. 13b,d).

The position of CCE2 at IP 5 15 is basically the same for

both the wind-forced and nonwind-forced b-plane ex-

periments. Thus, in the case of a fast moving storm, the

impulsive wind stress did not have an important impact

on the propagation speed of CCE2.

Another possibility is that the cold wake patch that

was observed on the left side of the real Katrina’s track

was caused by the presence of a prestorm CCE that

FIG. 12. Vertical distribution of time-averaged (from 8 to 11 IP) perturbation kinetic energy K9 at mooring b: (a)

CCE1 (Ro 5 0.06) and (b) CCE2 (Ro 5 0.08). Bold lines are from direct measurements inside the CCE that in-

teracted with Katrina (JS10). Here, Rc is the critical limit of bulk and gradient Richardson numbers.

OCTOBER 2011 J A I M E S E T A L . 1981



extended to the west of the storm’s track (at 288N, 908W

in Fig. 1b of JS10). To explore this idea, the original

storm track was shifted 18 to the east of the CCE2’s

center in an f-plane experiment. As shown in Fig. 14, in

this case the TC produced OML cooling between 18 and

1.58C in CCE2; this vortex was mostly influenced by

wind forcing at tropical storm intensity level.

7. Summary and concluding remarks

Thermal and near-inertial velocity responses of QG

vortices to TC forcing were investigated in an isopycnic

ocean model, for both cyclones and anticyclones and for

Ro numbers representative of geostrophic features that

interacted with TCs Katrina and Rita in the Gulf of

Mexico. A turbulence closure for the OML was used that

considers (i) instantaneous wind erosion by the wind-

driven OML frictional velocity (KT closure) and (ii) TKE

production by vertical shear instability at the OML base

and over the stratified ocean underneath (modified PWP

closure).

During the forced stage (first half of the inertial pe-

riod), wind-driven horizontal current divergence is also

a function of underlying geostrophic relative vorticity as

well as the wind stress curl. For the same wind stress curl

forcing, independent of the angle of approach of the storm

to the QG vortex, upwelling (downwelling) regimes pre-

dominantly develop under the storm’s eye when the wind

stress vector is with (against) the geostrophic OML ve-

locity vector. Rather than just a function of the wind

stress curl itself, upwelling/downwelling velocities are a

function of the curl of wind-driven acceleration of OML

geostrophic currents. This curl emerges where the initial

OML thickness is not uniform (as in WCEs and CCEs);

differential advection of geostrophic vorticity by the

wind stress is the mechanism that creates this curl. This

FIG. 13. TC-induced OML cooling dT in CCEs in (top) the f plane and (bottom) the b plane, where

dT 5 T(IP 5 15) 2 T(IP 5 21:5) and the OML turbulence closure is KT1PWP: (a),(b) CCE1 (Ro 5 0.06) and

(c),(d) CCE2 (Ro 5 0.08). Circular black contours are the magnitude of OML currents at t 5 21.5 IP (initial

conditions). Red contours in (d) are the magnitude of OML currents at t 5 15 IP for CCE2 in the b plane, in absence

of wind forcing.
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result is consistent with observational data (JS09), the-

oretical predictions (Stern 1965), and more realistic

numerical experiments (Halliwell et al. 2008).

Instantaneous wind erosion produced most OML

cooling in WCEs. Reduced cooling of less than 18C in

these warm features results because turbulent mixing

takes place over a warm, deep, and nearly homogeneous

surface water column and because near-inertial shears

do not develop as OML near-inertial energy is rapidly

dispersed into the thermocline. This result underscores

the importance of the oceanic heat content (relative to

the 268C isotherm depth) for possible feedback mecha-

nisms to storm intensity over warm oceanic features. In

CCEs, upwelling of cold water and instantaneous wind

stirring produced OML cooling of about 2.28C during

the forced stage, and near-inertial shear-driven entrain-

ment produced additional OML cooling of about 1.68C

during the relaxation stage. Considering TKE production

by vertical shear instability and higher vertical resolution

over the stratified ocean below the OML reproduced

more realistic TC-induced cooling levels. Modeled cool-

ing levels were consistent with observed OML cooling

induced by TCs Katrina and Rita over geostrophic oce-

anic eddies (JS09; JS10).

Background geostrophic relative vorticity clearly mod-

ulates vertical dispersion of OML near-inertial energy.

The near-inertial velocity response is shifted toward more

subinertial and energetic frequencies inside WCEs, where

rapid vertical dispersion prevents accumulation of kinetic

energy and momentum in the upper ocean, thereby re-

ducing vertical shear development and entrainment at

the layer base. By contrast, near-inertial oscillations are

dampened in OMLs of CCEs, which enhances vertical

shear and mixing at the layer base. This contrasting

dispersion of near-inertial energy is consistent with ob-

servational evidence acquired during Katrina and Rita

(JS10), theoretical developments (Kunze 1985; Young

and Ben Jelloul 1997), and numerical experiments (Lee

and Niiler 1998; Danioux et al. 2008). Numerical models

that neglect geostrophic features can significantly un-

derestimate or overestimate OML cooling, because they

fail to accurately represent OML near-inertial energy de-

cay, which affects the amount of kinetic energy available

for vertical entrainment at the layer base.

Rotational and translation characteristics of QG vor-

tices have an important impact on the tridimensional

structure of near-inertial wave wakes produced by TCs.

As Ro increases, the near-inertial response is more en-

ergetic and strengthens vertical shears and mixing in

both CCEs and WCEs. The rotational rate and vertical

length of the QG vortex (rather than the full depth of

the water column) presumably determine the vertical

structure of forced baroclinic modes. Observed charac-

teristics of the wake of Katrina inside a CCE (JS10),

such as the critical layer and vertical structure of near-

inertial currents, were better reproduced at higher Ro.

Moreover, the temperature anomaly caused by TCs in

QG vortices is carried away westward with time. This

process, together with the presence of QG vortices on

the west side of the TC’s tracks, produce important cold

wake patches on the left side of the track. Numerical

models used to investigate the effects of TCs on climate

that do not resolve geostrophic oceanic eddies will not

reproduce this patchiness and trapping of the cold wake

by geostrophic vortices. Therefore, they will not re-

produce feedback mechanisms to atmospheric processes

in the right place. This can be a critical issue over western

boundary currents and their meanders and geostrophic

vortices.

The presence of geostrophic features clearly impacts

the contribution of wind-induced NIOs to the global in-

ternal wave power and vertical mixing below the OML:

WCEs are efficient near-inertial chimneys (Lee and

Niiler 1998) and CCEs are efficient near-inertial mixers

of the upper ocean. Recent estimates indicate that nearly

70% of the wind-induced near-inertial energy is not

available to generate diapycnal mixing at great depth,

because this amount of energy is lost to turbulent mixing

over the top 200 m (Zhai et al. 2009), in agreement with

the case of CCEs presented here and observational ev-

idence acquired during TCs Katrina and Rita (JS09;

JS10). More research is needed to assess the role of

FIG. 14. TC-induced OML cooling dT in CCE2 (Ro 5 0.08) in

the f plane, where dT 5 T(IP 5 0:25) 2 T(IP 5 21:5) and the

OML turbulence closure is KT1PWP. Circular black contours are

the magnitude of OML currents at t 5 21.5 IP (initial conditions).

The storm track is shifted 18 to the east with respect to the vortex’s

center. Vectors are for the wind stress.
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geostrophic ocean features in modulating the contribu-

tion of wind-induced near-inertial energy to the global

meridional overturning circulation.

In conclusion, for models to realistically reproduce

TC-induced OML cooling, near-inertial energy disper-

sion, and feedback mechanisms to storm intensity and

atmospheric processes, they should (i) accurately resolve

the stratified ocean between the OML base and the

thermocline; (ii) yield TKE production by vertical shear

instability over the stratified ocean below the OML; and

(iii) be initialized with a fair representation of geostrophic

features, including position, and velocity, thermal, and

density structures.
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