
A Simplified Model for the Baroclinic and Barotropic
Ocean Response to Moving Tropical Cyclones:
1. Satellite Observations
Vladimir Kudryavtsev1,2 , Anna Monzikova1, Clément Combot3, Bertrand Chapron1,3,
Nicolas Reul3, and Yves Quilfen3

1Satellite Oceanography Laboratory, Russian State Hydrometeorological Unversity, Saint‐Petersburg, Russia, 2Remote
Sensing Department, Marine Hydrophysical Institute, Sebastopol, Russia, 3Laboratoire d'Oceanographie Physique et
Spatiale, Institut Français de Recherche pour l'Exploitation de la Mer, Plouzané, France

Abstract Changes of sea surface temperature and height, derived from 20‐day passive microwave and
altimeter measurements for three tropical cyclones (TCs), Jimena, Ignacio and Kilo, during the 2015
Pacific hurricane season, sampling different stages of intensification, wind speeds, radii, Coriolis parameter,
translation velocities, and ocean stratification conditions, are reported and analyzed. As triggered along
the path of moving TCs, very large interior ocean displacements can occur to leave prominent sea surface
height (SSH) anomalies in the TC wake. Resulting surface depressions can reach 0.3–0.5 m, depending upon
size, translation speed, and ocean stratification conditions. These signatures can be quite persistent, that is,
more than few weeks, to possibly be intercepted with satellite altimeters. To interpret sea surface
temperature (SST) and SSH anomalies, a semiempirical framework is adopted, based on the heat and
momentum conservations laws for the upper wind driven mixed layer. As interpreted, SSH anomalies
provide direct estimates to evaluate the upwelling impact, that is, the upwelling amplification on the SST
wake. For the reported cases, the influence of the upwelling is found rather moderate, of order 10–40%. More
promising, the proposed bottom‐up approach can help document the resulting wind forcing and practical
drag coefficient under extreme TC conditions. As found for these three TCs, a marked drag reduction for
wind speed higher than 35 m/s is inferred to ensure consistency with the measured SSH and SST anomalies.

1. Introduction

Thanks to multiple satellite remote sensing observations and improved available in situ measurements, the
upper ocean responses to moving tropical cyclones (TCs) are today often very well captured and monitored
(e.g., Shay, 2010, and references therein). TCs generate a variety of responses: asymmetrical sea states (e.g.,
Hwang & Fan, 2017; Kudryavtsev et al., 2015, Wright et al., 2001), internal motions at superinertial and
inertial frequencies (Geisler, 1970; Gill, 1984; Longuet‐Higgins, 1965; Meroni et al., 2017; Price, 1983),
geostrophically balanced motions, and turbulence, all contributing to irreversible vertical mixing through
the combination of surface stirring, shear at the base of the mixed layer, and convective cooling. As results
of all these interactions and adjustments, upper ocean responses to extreme wind forcing by moving TCs still
remain difficult to fully elucidate.

From a satellite perspective, distinctive features of these upper ocean transient and localized impacts attract
considerable attentions. Quite systematically, TCs passages exhibit measurable persistent signatures in TC
wakes, for example, changes of the sea surface temperature (SST; e.g., Cornillon et al., 1987), ocean color
(e.g., Babin et al., 2004; Huang & Oey, 2015), and/or salinity (Grodsky et al., 2012; Pudov & Petrichenko,
2000). Vigorous hurricane‐induced mixing and intense upwelling act to entrain cool thermocline water into
the upper oceanmixed layer, stirring warm surface waters with colder waters from below. Consequently, the
wake produced by the passage of a TC is generally characterized by a surface cold anomaly, accompanied
with nutrient blooms and a subsurface warm anomaly (Jansen et al., 2010). As also reported, passage over
freshwater plumes can cause strengthening of hurricanes due to localized enhanced SST, and minimization
of the cold‐water intrusion from below, due to the presence of a barrier layer effect (e.g., Balaguru et al.,
2012; Reul et al., 2014).

In the Northern Hemisphere, a more or less pronounced rightward bias also occurs, consequent to TC
forward motion, resulting in resonant couplings between surface winds and clockwise inertial currents,
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accelerated (respectively decelerated) on the right‐side (respectively left side). Mixed layer stirring and
entrainment from below the thermocline are thus amplified (Huang & Oey, 2015; Price, 1981;
Skyllingstad et al., 2000). Overall, TC‐induced ocean cooling has then been reported to be more pronounced
when the storm is intense, the mixed layer shallow with a sharp thermocline, and is slowly moving (e.g.,
D'Asaro et al., 2014; Lin et al., 2009; Mei et al., 2012). For the later conditions, the resulting sea state is more
symmetrical, as trapped fetch effect mostly occurs for a fast‐moving TC (Kudryavtsev et al., 2015). For slow‐
moving TCs, the circular wind pattern will further trigger Ekman pumping, driving surface water away from
the storm center, with associated isopycnal uplifts that can typically reach 50–100 m (Babin et al., 2004;
Walker et al., 2005).

Consequently, as mostly governed by these isopycnal displacements, TCs can also leave prominent sea
surface height (SSH) anomalies in their wakes (Ginis, 2002, Figure 3). Resulting surface depressions near
the storm centers, as trenches behind TCs, can reach 0.3–0.5 m, depending upon size, translation speed,
and ocean stratification conditions. Following geostrophic adjustment, such a signature (encompassing
barotropic and baroclinic effects) can be quite persistent, that is, more than fewweeks. Accordingly, building
on the actual satellite altimeter constellation (presently up to six satellites are available), satellite SSH
measurements may likely cross such trenches, to provide quantitative sea surface trough amplitudes in
the wakes of TCs.

In the present paper, our motivation is to essentially dwell on this overlooked capability and to report on the
potential to combine SST and SSH satellite observations to analyze the ocean responses to TCs. Hereafter,
this capability is demonstrated using 20‐day satellite observations intercepting three major TC events,
namely Jimena, Ignacio, and Kilo, developing and traveling over the central and eastern parts of the
Pacific Ocean, simultaneously reaching category 4 on 29–30 August 2015 (Reul et al., 2017; Figure 7). As
gathered, multisensor observations provide a comprehensive data set on local changes of SST (derived from
passive microwave measurements) and SSH (altimeter measurements) along the TCs paths, sampling differ-
ent stages of intensification, wind speeds, radii, Coriolis parameter, translation velocities, and ocean interior
conditions. Description of the data is given in section 2. Analysis of the SST and SSH anomalies and their
dependencies on TC and environment parameters, and parameterizations are discussed in section 3. In
section 4, the potential to infer the hurricane‐wind forcing is presented, and in section 5, the influence of
the upwelling is discussed. A summary of the results is given in section 6.

2. Data

The 2015 Pacific hurricane season was the second most active one on record: 31 tropical depressions, of
which 26 became named storms, and 11 major hurricanes. As already reported (Reul et al., 2017), three of
these major hurricanes, namely Jimena, Ignacio, and Kilo, developed in between 20 August and 10
September. Hurricane/Typhoon Kilo became one of the longest‐lived tropical cyclones on record, with a
total lifespan of 22 days.

2.1. SST Wakes

Combining mult‐sensor satellite measurements, daily averaged SST, at 25‐km resolution (http://data.remss.
com/sst/daily_v04.0/mw/2015/), are produced using optimal interpolation. For 4 September 2015, Figure 1
illustrates such a Microwave Optimally Interpolated Sea. Surface Temperatures (MW OISST) field, where
black dots indicate TCs positions on this day.

While well expressed for this day, significant spatial and temporal variability of the background SST field
can prevent the proper identification of these SST wakes. Commonly, differences between the SST field
after and before TC passages are usually performed. The SST field averaged over 10–15 days before TC
passage is then considered as the background SST field (e.g., Reul et al., 2014; Vincent, Lengaigne,
Madec, et al., 2012). Yet for long time scales of order of weeks, as for the case of long‐living TCs, it can
be necessary to reduce as much as possible the contribution of the SST field variability. This helps focus
on local features of the wake during the forced stage of its formation. Figure 2 shows fragments of the daily
MW OISST data, corresponding to 3 days, 5 to 7 September 2015, around TC Kilo. For each day, its
position is indicated by black dots. As revealed and anticipated, a rapid evolution of the SST wake is clearly
taking place on daily time scales.
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To best evaluate the SST anomaly, Δθs, generated by a TC on a given day, t, we thus consider the difference
between the SST fields, corresponding to the day after cyclone passage, θs(t+1), and 1 day before, θs(t − 1):

Δθs tð Þ ¼ θs t þ 1ð Þ−θs t−1ð Þ: (1)

As an example, Figure 3a illustrates a field of SST anomalies (on day t corresponding to 6 September) using
equation (1) and the difference between the SST fields on 7 and 5 September, shown in Figure 2. We then
consider transects of the SST anomalies in the direction perpendicular to the hurricane track. Transects
are then averaged along the track direction. The averaging window approximately corresponds to the dis-
tance traveled by TC during a day, Figure 3a. The averaged transect of the SST anomaly is shown in
Figure 3b. The following parameters are then defined: magnitude of the SST anomaly, δθs, corresponding
to the minimal value of the Δθs(t) transect; right‐biased offset of the anomaly, δx, defined as the distance
between δθs location and TC track positions; and the anomaly width, l, defined as the distance between
the isotherms equal to half δθs, see Figure 3b formore explanation. Since SST anomalies are sufficiently aver-
aged, we introduced the minimum value,δθmin

s , as an extra characteristic of the SST wake. It is defined as the
minimal value of the SST anomaly Δθs(t) found inside the averaged transect region and δθmin

s ≤δθs.

As illustrated Figure 4, these resulting SST wake parameters can significantly vary over the course of the
TCs, corresponding to a wide range of changes in TC characteristics (i.e., maximum wind speed, translation
velocity and size) and environmental conditions (i.e., ocean stratification and the Coriolis parameter). To

note, the minimal value of the SST anomalies, δθmin
s , well follows variations of the minimum of the

(averaged) SST anomalies, δθs, but displays some local offsets (up to about 2°).

Figure 1. Daily averaged sea surface temperature field fromMicrowave Optimally Interpolated Sea Surface Temperature data for 4 September 2015. The black lines
are the tropical cyclonesTCs’ tracks according to the Best‐Track Data. Black dots indicate positions of the tropical cyclone on 4 September 2015.

Figure 2. Daily averaged sea surface temperature fields fromMicrowave Optimally Interpolated Sea Surface Temperature data for (a) 5 September, (b) 6 September,
and (c) 7 September 2015. Black lines is the tropical cyclone Kilo track and black dots indicate its positions within the given day.
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2.2. SSH Wakes

The SSH anomalies are investigated using multisatellite altimeter measurements. For the study, altimeter
data from three missions are used: Jason‐2, CryoSat‐2, and SARAL/AltiKa. The Jason‐2 Geophysical Data
Records (GDRs) are provided by the National Oceanographic Data Center (NODC; http://www.nodc.
noaa.gov/). The CryoSat‐2 data are available at the European Space Agency (ESA) Earth Online website
(https://earth.esa.int/). The SARAL/AltiKa GDRs are distributed through the Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) portal (http://www.aviso.altimetry.fr/).

Operating at high frequencies (i.e., Ku‐ and Ka‐band), radar altimeter measurements are sensitive to preci-
pitations, and data affected by TC rain bands can often be lost. Yet as SSH anomalies are expected to be long‐
living surface features, possibly persisting for several weeks, the time difference between altimeter

Figure 3. (a) Sea surface temperature (SST) anomaly field on 6 September and (b) profile of SST anomaly along cross
section AB. The vertical dashed line crossing 0 on x axis corresponds to the position of the tropical cyclone track.
Distance between two dashed lines indicates offset of the SST anomaly from tropical cyclone track; l is the width of the SST
anomaly defined as distance between isotherms equal to half the SST anomaly.

Figure 4. Time‐evolution using coordinate system moving with tropical cyclone (TC) of (a–c) the sea surface temperature (SST) anomaly magnitudes (solid line
corresponds to averaged SST anomaly and dashed line to the minimal value inside the averaging window), (d–f) offset of the SST anomaly from TC's track, and
(g–i) width of the anomaly for TCs Jimena (a, d, and g), Ignacio (b, e, and h), and Kilo (c, f, and i).

10.1029/2018JC014746Journal of Geophysical Research: Oceans

KUDRYAVTSEV ET AL. 3449

http://www.nodc.noaa.gov/
http://www.nodc.noaa.gov/
https://earth.esa.int/
http://www.aviso.altimetry.fr/


measurements, also controlled by each altimeter cycle, can be relaxed. In total, 53 altimeter passes crossing
TC tracks (after a TC passage) have been selected. As selected, SSH anomalies correspond to measurements
for which the time differences between altimeter crossing a TC track and the time of its passage did not
exceed 6 days. Figure 5 shows examples of SSH anomalies with well expressed depressions around the TC
track. Apparent oscillations apart from the TC are also revealed, to possibly be interpreted as TC baroclinic
wake signatures and/or residual SSH anomalies left by other preceding TCs, previously traveling in the same
area before. The maximum magnitudes of these SSH anomalies are then collected to be compared with TCs
characteristics and environmental conditions.

2.3. Best Track Data

TCs trajectories and main characteristics are taken from the Best Track (BT) data (http://ftp.nhc.noaa.gov/
atcf/), that is, maximum wind speed, um, and its radius, Rm, with translation velocity, V, derived from the
TCs coordinates, Figure 6. For instance, Kilo peaked in intensity on 30 August as a category 4 hurricane with
120‐kt winds. After peaking in intensity, Kilo fluctuated between categories 3 and 4, as it slowly moved
northwest, before weakening below major hurricane status as conditions became less favorable. More

Figure 5. Examples of sea surface height (SSH) anomalies obtained from the altimeter passes crossing (a, d, and g) tropical cylone (TC) Ignacio, (b, e, and h) TC
Jimena, and (c, f, and i) TC Kilo. Vertical dashed lines crossing 0 on the x axis indicate position of TC track taken from Best Track data. Magnitude of SSH anomaly is
further defined as minimum of the surface height around TC track.
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detailed comparisons between BT estimates and low‐frequency passive radiometer satellite measurements
can be found in Reul et al. (2017).

Among key parameters to determine impacts on the upper ocean layers, the dimensionless TC translation
velocity is often considered

Ro ¼ V
Rmf

(2)

also termed as the TC Rossby number, f is the Coriolis parameter. This parameter divides TCs in two groups:
“slow” if Ro < 1 and “fast” if Ro > 1. Reported observations revealed that SST anomalies generated by slow
TCs are systematically larger than those generated by fast ones (Mei et al., 2012). As already mentioned
above, contrarily to slow TCs, fast TCs generate right (left)‐biased SST wakes in the Northern (Southern)
Hemisphere (Cornillon et al., 1987).

For each TC case, evolutions of the translation velocities and Rossby numbers are given in Figure 7. As
obtained, Ro widely varies, from almost 0 to about 10. During most of their life span, the three TCs can be
classified as fast ones, and only rarely as slow TCs. Changes of TC size can impact Ro, and in some case,
for example, for TC Jimena around 29 August, the marked decrease of the TC radius leads to Ro behavior
opposite to the translation velocity trend. Note, these TCs were all generated in the equatorial region to then
travel northward. As such, the Coriolis parameter varies by a factor 3, also contributing to strongly
modulate Ro.

2.4. Ocean Interior

As anticipated and often reported (D'Asaro et al., 2014; Lin et al., 2009; Mei et al., 2012), resulting SST
anomalies also significantly depend on the local upper ocean stratification under the moving TC. To
specify a background stratification, that is, before a TC passage, ocean interior conditions are evaluated
from the monthly averaged temperature and salinity data provided by the World Ocean Atlas 2013 version
2 (https://www.nodc.noaa.gov/OC5/woa13/). As a comparative ground‐truth data set, ISAS‐15 gridded (1/2°
resolution) monthly fields and climatology of temperature and salinity is also employed, which are

Figure 6. Along‐track evolution of (a) maximumwind speed, (b) radius of maximumwind, and (c) translation velocity derived from best track data for Hurricanes
Kilo (solid line), Jimena (dashed line), and Ignacio (dotted line).

Figure 7. Along‐track evolution of (red) the tropical cyclone‐Rossby number, Ro = V/(Rmf), and (blue) the translation velocity, V, calculated from the best track
data for (a) Jimena, (b) Ignacio, and (c) Kilo.
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constructed from ARGO profilers on 152 levels ranging from 0‐ to 2,000‐m depth and entirely based on these
in situ measurements (Kolodziejczyk et al., 2017). Resulting vertical cross sections of the ocean temperature
and salinity along the TCs tracks are shown in Figure 8. As found, temperature stratification significantly
varies along the TC tracks. For instance, at their initial stage of developments, Jimena and Ignacio traveled
over an area with shallow thermocline, to then pursue over an ocean area exhibiting deep and smeared ther-
mocline conditions. As also revealed, the sharp temperature drop at the end of Kilo's track, is likely related to
inflow of cold freshened Arctic waters through the Bering Strait, reaching the eastern coast of Japan.

The density, ρ, is evaluated using a linear approximation for the UNESCO sea water state equation in
the form

ρ ¼ ρ0 1−α θ−θ0ð Þ þ β s−s0ð Þ½ � (3)

where α = 2.7 × 10−4 1/ ° C and β = 7.6 × 10−41/‰ are thermal and salinity expansion coefficients cor-
respondingly, θ is the water temperature in °C, s is salinity in per mille, and ρ0 = 1,025 kg/m3 is the refer-
ence density with θ0 = 22 ° C and s0 = 36‰. From density, two stratification parameters are determined:
Brunt‐Väisälä frequency, N, of the upper ocean below the mixed layer, and phase velocity of long gravity
internal waves contributing to the baroclinic response.

To infer these parameters, the local vertical ocean stratification (at each point of TC track) is approximated
with a three‐layer stratification model, adjusting the seasonal and the main pycnoclines with linear approx-
imations of density over the depth, and the abyssal part with constant density. The fit parameters (Brunt‐
Väisälä frequency, N, in the seasonal pycnocline and its depth, d) are derived using a least squares method.
It ensures adjustment of the model density profile in the seasonal and main pycnocline to the observed pro-
file in the layer h < z < D, where h is the mixed layer bottom (identified as the maximum of the second deri-
vative of the density profile), andD is the depth of the lower boundary of the main pycnocline, defined as the
depth of the layer containing 95% of the total observed density drop. Examples of adjustments for “shallow”
and “deep” pycnoclines are given in Figure 9. As a measure of the ocean stratification, Figure 10, the vertical
gradient of the water temperature in the seasonal pycnocline, that is, in the layer h < z < d prescribed by the
three‐layer model, is further estimated. It also demonstrates quite strong along‐track variability.

Figure 8. Vertical cross sections of the (a–c) temperature and (d–f) salinity of the upper 400 m of the ocean along the tropical cyclones tracks: (a and d) Jimena,
(b and e) Kilo, and (c and f) Ignacio. The data are taken from ISAS‐15 gridded (1/2° resolution) monthly fields.
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Finally, the phase velocities, Ci, of inertial‐gravity internal waves (IW) corresponding to the first three modes
defined within the frame of the three‐layer stratification model along the TC tracks are given, Figure 11. IW
phase velocities, Ci, for each of the modes do not significantly vary. As a transient and intense extreme event,
a TC will trigger baroclinic response when its translation velocity exceeds the IW phase speed,U > Ci. From
Figure 11, it may appear that TC Ignacio, during most of its life span, is relatively fast and capable to generate
baroclinic responses formed by the composition of the first three IW modes. At variance, TCs Kilo and
Jimena are slower during about half of their life spans, with translation velocities below the first IW mode,
and sometimes even below the second mode.

Figure 9. Solid lines are (a and b) density and (c and d) squared Brunt‐Väisälä frequency profiles for the (a and c) shallow
and (b and d) deep pycnoclines. Dashed lines in the upper row indicate fit of the density profiles by three‐layer model,
and corresponding three‐layer models for N2 are shown in plots (c) and (d).

Figure 10. Along‐track evolution of the local vertical gradient of the ocean temperature in the seasonal thermocline calculated from (solid lines) WORLD OCEAN
ATLAS and (dashed lines) ISAS‐15 gridded (1/2° resolution) monthly fields for (a) Jimena, (b) Ignacio, and (c) Kilo.
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3. Analysis and Scaling of SST and SSH Anomalies: Dependencies on TC and
Environment Parameters
3.1. SST Anomalies

At first, estimated SST anomalies, δθs, can be compared with concomitant maximumwind speed, translation
velocity, and/or temperature gradient in the seasonal thermocline. As found (not shown), no remarkable
correlation is emerging from these comparisons. An overall wind trend, that is, the higher the winds, the
larger the SST anomalies, could still be revealed. This is in qualitative agreement with previously reported
observations (e.g., D'Asaro et al., 2014; Lin et al., 2017). Such a weak correlation with these individual
variables clearly invites to consider more elaborated combinations of parameters, to best interpret
SST anomalies.

Vincent, Lengaigne, Madec, et al., 2012, Vincent, Lengaigne, Vialard, et al., 2012) introduced two variables,
the Wind Power index (WPi) and the Cooling Inhibition index (CI). The WPi characterizes the strength of
the TC forcing on the upper ocean and is based on the power dissipated by friction at the air‐sea interface
(Emanuel, 2005). It combines in a single measure, the maximum wind, TC size, and translation speed:
WPi∝ um(Rm/V)

1/3. WPi is a proxy to estimate the available amount of kinetic energy contributing to mixing
in the upper ocean and thermocline erosion, leading to surface cooling. As cooling also depends on the ocean
background stratification, that is, type of the thermocline—shallow/sharp or deep/broad, CI is introduced to
characterize the conversion of kinetic energy to potential energy by vertical mixing. This helps identify the
possible inhibition of mixed layer deepening in presence of a strongly stratified background. From their
numerical experiments, Vincent, Lengaigne, Vialard, et al. (2012) demonstrated that TC‐induced SST
anomalies are largely controlled by WPi and CI, with CI affecting the cooling amplitude by up to an order
of magnitude.

For the present analysis, we advocate a more straightforward scaling, based on classical upper mixed layer
concept. Similar to Vincent, Lengaigne, Vialard, et al. (2012), maximum wind speed, um, its radius, Rm,
and translation velocity, V, are considered as TC governing parameters, defining the upper ocean forcing.
As also expected, governing environmental parameters are, prestorm values of the Brunt‐Väisälä frequency,
N, temperature gradient, Γ, in the seasonal pycnocline, and Coriolis parameter, f. Considering the ocean
temperature and the density to linearly vary with the depth in the seasonal pycnocline, the SST, θs, satisfying
a 1‐D heat conservation equation reads

θs ¼ θ0s−1=2Γ hm þ δhð Þ (4)

where θ0s is the conventional “calm condition” SST of the ocean, hm is the mixed layer depth, and δh is the
displacement of the water masses at z= hm due to the TC‐induced upwelling effect. In equation (4), the solar
heating and other components of the heat balance are ignored, and equation (4) is thus best valid during the
initial stage (forced stage) of the transient TC impact on the upper ocean. Under enhanced wind forcing,
equation (4) suggests that cooling results through mixed layer deepening, caused by an intensification of
turbulent mixing (this corresponds to 1‐D ocean model), and through the upwelling associated to the
resulting vorticity of the surface stresses. Under a three‐layer approximation of the ocean stratification (see
Figure 9), the vertical velocity in the upper seasonal thermocline layer, with constant N, reads:

Figure 11. The along‐track evolution of (thick solid lines) tropical cyclone translation velocity and internal waves phase velocity for three first modes (thin solid,
dashed, and dash‐dotted lines correspondingly) for tropical cyclones (a) Jimena, (b) Ignacio, and (c) Kilo.
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w(z) ∝ sin (Nz/c) (see, e.g., Appendix A in Kudryavtsev et al., 2019). If the TC‐induced displacement of the
main pycnocline, δD, is chosen as a leading parameter, then δh is evaluated as δh = (hmN1/c)δD, where we
simplify, sin(hmN1/c) ≈ hmN1/c. Then equation (4) can be rewritten as

δθs ¼ −
N2

2αg
hm 1þ N1=cð ÞδD½ � (5)

where δθs is the SST anomaly, and we assumed that the vertical gradient of the ocean temperature largely
controls the amplitude of Brunt‐Väisälä frequency, that is, Γ ≈ N2/(αg).

Following the concept of a critical regime for the mixed layer deepening (e.g., Price et al., 1986), the mixed
layer may be postulated to evolve as to maintain the bulk Richardson number at a constant (critical) value:

Ricr ¼ Δρ=ρð Þghm=v2m (6)

where Δρ/ρ is the relative density drop over the mixed layer base, and vm is the magnitude of the wind drift
current velocity in the mixed layer. The parameterization of hm by equation (6) explains the possible offset of
the SST anomalies from the TC track, since inertial drift currents are amplified to the right from the track
where wind stress rotation coincides with the rotation of inertial currents (Price et al., 1986). Introducing
the volume transport by the wind‐driven current as Mw = vmhm, and estimating Mw from the momentum
conservation as Mw = (τ/f)φ(fRm/V), we further use Δρ/ρ = (1/2)hmN

2/g, to suggest

hm ¼ u*= fNð Þ1=2φ1=2 fRm=Vð Þ (7)

where we took (2Ricr)
1/4 ≈ 1. For fRm/V > > 1, the dimensionless function φ(fRm/V) shall become con-

stant, and equation (7) reduces to a classical relation for the mixed layer depth. For fRm/V < < 1, corre-
sponding to a fast TC, function φ(fRm/V) shall tend to φ ≈ fRm/V. Then TC induced SST anomalies from
equation (4) with equation (6) shall follow

δθs≈ u*N
3=2= gαf 1=2

� �h i
φ1=2 fRm=Vð Þ 1þ N1=cð ÞδD½ � (8)

The term [1+(N1/c)δD] in equation (8) can be interpreted as an amplification factor of the SST anomalies
due to the upwelling mechanism. Yablonsky and Ginis (2009) already pointed out that upwelling can play
a significant role in the formation of SST anomalies: for a slow TC, with translation velocity less than
5 m/s, it becomes crucial. For very slow translation velocity, that is, 1–2 m/s, SST anomalies are dominated
by the upwelling mechanism, and a classical 1‐D ocean turbulence mixing model would not solely explain
observations. As a first guess, we can thus assume the function φ1/2(Ro)[1+(N1/c)δD] to mainly depend on
the translation velocity, or on the TC Rossby number Ro = V/fRm in our notation. Introducing
φθ(Ro) ≡ φ1/2(Ro)[1+(N1/c)δD] and scaling u* as u* ∝ um, TC‐induced SST anomalies in equation (8) shall
thus well be parameterized as

δθs= δθsh i∝φθ Roð Þ (9)

where ⟨δθs⟩ represents an overall scaling of the SST anomalies:

δθsh i ¼ umN
3=2= gαf 1=2

� �
(10)

In Figure 12, observed SST anomalies, δθs, scaled by ⟨δθs⟩ are compared to TC Rossby numbers. As obtained,
the suggested scaling seems to well apply. Consistent with results numerously reported in literature, the
higher the wind speed and the shallower the thermocline, larger shall be the SST anomalies. As well, the
slower and larger the TC, more pronounced will also be the SST anomalies. While satisfactorily, clear scatter
is still noticeable. It suggests that the overall ⟨δθs⟩ is additionally impacted by other factors, in particular (as
mentioned above) by the TC‐induced upwelling impact.

Shown in Figure 13, SST wake offset, δx, and width, l, scaled by the radius of maximum wind speed are pre-
sented as a function of TC Rossby numbers. Again, conforming to previously reported observations (e.g.,
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D'Asaro et al., 2014), SST offsets (to the right from TC track) demonstrates
a clear trend, increasing with increasing translation velocity.

3.2. SSH Anomalies

For the ocean surface height anomalies, δhs, two contributions can be trig-

gered: barotropic, δhbts and baroclinic, δhbcs , as δhs ¼ δhbts þ δhbcs . For deep

ocean conditions (depth about 5,000–7,000 m), δhbts can be postulated

much smaller than δhbcs (Geisler, 1970; Ginis & Sutyrin, 1995), and the
barotropic contribution is further ignored in our analysis.

Invoking the pressure continuity condition at the surface, the following
relationship is suggested between the surface vertical velocity, ws, and

the vertical velocity gradient, w
0
z, beneath the surface:

ws ¼ C2=g
� �

w
0
z

��
z¼0 (11)

where C is the phase velocity of long internal waves (see, e.g., equation
(3.9) from Kudryavtsev et al., 2019). For a two‐layer approximation
(Geisler, 1970), with a very shallow upper layer, and constant densities
in each layer, relation (11) can be simply estimated, using C2 = g(Δρ/ρ)
D andw

0
z

��
z¼0 ≃ wD/D as follows: ws = (Δρ/ρ)wD, where Δρ/ρ is the density

difference between layers scaled by the mean density value and wD the vertical velocity of the pycnocline.
Accordingly, compared to the pycnocline displacement, the surface displacement is attenuated by a factor
Δρ/ρ. As already discussed (see equation (5)), under a three‐layer approximation, with constant density gra-
dient in each layer, the vertical velocity in the upper seasonal thermocline layer becomes w(z) ∝ sin (Nz/C),
and equation (11) gives:

δhbcs ≈ NC=gð ÞδD (12)

where δD is the displacement of the base of the main pycnocline. As an estimate of this displacement, we
follow Geisler (1970). For a two‐layer ocean response to moving hurricanes, the amplitude, δD, (Geisler,
1970; equation(37)) becomes:

δD∝τsRm= CVð Þ (13)

where τs is the surface stress scaled by water density: τs ¼ ρa=ρwð ÞCdu2m , Cd the surface drag coefficient.
Accordingly, equation (12) becomes

Figure 12. Observed sea surface temperature anomalies scaled by
⟨δθs⟩ = umN

3/2/(gαf1/2) versus tropical cyclone‐Rossby number Ro = V/
(fRm). Color indicates maximum wind speed. Solid line is the fit δθs/
⟨δθs⟩ = 1.1 × 10−3Ro−1.

Figure 13. (a) Offset of sea surface temperature anomaly from tropical cycloneTC's track and (b) width of SST anomaly
scaled by radius of maximum wind speed versus dimensionless translation velocity Ro = V/(fRm) (the tropical cyclone‐
Rossby number). Color indicates wind speed. Solid lines are fits to the data by least squares method.
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δhbcs ∝ τs=gð ÞRmN1=V (14)

Assuming to first‐order τs∝u2m, SSH anomalies shall scale as

δhbcs g=u
2
m∝RmN=V (15)

Dimensionless SSH anomalies as a function of parameter RmN/V are
shown in Figure 14. In spite of a rather large scatter, essentially caused
by residual SSH anomalies left by mesoscale activities and other possible
preceding TCs, previously traveling in the same area, the data demon-
strate a clear trend. A fit to correlate dimensionless SSH anomalies versus
parameter RmN/V, gives

δhbcs g=u2m ¼ 6:9×10−6 RmN=Vð Þ1:04 (16)

The fit exponent is close to 1, and the proportionality constant scales very
well with a surface drag coefficient of order Cd ∝ 10−3 multiplied by ρa/
ρw ∝ 10−3. This is further discussed in the next section.

4. Hurricane‐Force Wind Forcing

Proper definition of the drag coefficient at high wind speed condition, above 30 m/s, is still a fundamental
issue. As generally recognized, the relation for Cd valid for moderate winds must not be extrapolated to
hurricane‐force wind conditions. Scanty amount of observations indeed demonstrates that Cd levels off
and/or falls at wind speeds above 30 m/s (e.g., Powell et al., 2003).

From the present analysis, equation (14) may well provide unique opportunities to assess drag coefficients

from observed TC‐induced SSH anomalies, δhbcs . To further dwell on this anticipated property, it is thus
tempting to infer a drag coefficient dependency as function of the TC maximum winds, as

Cd∝ ρw=ρað Þ V=NRmð Þ ghbcs =u2m
� �

(17)

Adjusted with a proportionality constant equal to 1/6, the predicted drag coefficients are reported in
Figure 15. As proposed, this analysis bears strong resemblance with the bottom‐up approach applied
by Jarosz et al. (2007). These authors infer estimates of drag coefficients using ocean current profile
measurements. Though the collected SSH anomalies are rather scattered, due to presence of residual
SSH anomalies associated to mesoscale eddy activities and/or left by other previous TCs traveling in
the same area before, the “su”ggested direct dependency (17) remarkably recovers an apparent drag
reduction for wind speed higher than 35 m/s. This is in line with estimates reported by Powell et al.
(2003) and Jarosz et al. (2007). Estimates also favorably compare with a top‐down approach using obser-
vations of the height of the planetary boundary layer (Powell et al., 2003, Figure 2; Kudryavtsev, 2006,
Figure 9).

Moreover, calculations of the surface stress, τs = Cdu
2, shown in Figure 15b, reveal remarkable feature—the

surface stress has a clear trend to level off at hurricane‐force wind conditions. Model simulations by
Kudryavtsev (2006) and Kudryavtsev and Makin (2011) provide some theoretical grounds to interpret this
behavior. From the present analysis, the surface stress can be parameterized as

τs ¼ τ−ms0 þ τ−mst
� �−1=m

(18)

where τs0 is a reference stress calculated with the drag coefficient corresponding to the Charnock roughness
length z0 ¼ 0:012×u2*=g , and τst is a threshold value of the stress, m is a tuning exponent. Surface stress
parameterization in equation (18) and corresponding drag coefficient, Cd ¼ τs=u2m calculated for m = 2
and τst = 3 m/s are reported in Figure 15; it fits the “cloud” of data and reproduce previously reported trends
in the surface drag and the wind stress data.

Figure 14. Dimensionless sea surface temperature anomalies, δhbcs g=u
2
m ,

versus parameter RmN/V (symbols). Solid line is the fit to the data using
least squares method. Color indicates tropical cyclone maximal wind speed.
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5. Coupling Between SST and SSH Anomalies: Upwelling Mechanism Influence

As further interpreted, SSH anomalies provide direct estimates of the pycnocline upwelling associated to the
passage of a TC. It can then be used to evaluate the upwelling impact, that is, the upwelling amplification, on
the SST wake, equation (8). Using equation (12), this amplification factor can be expressed in terms of the
SSH anomalies as

1þ N=Cð ÞδD½ � ¼ 1þ gδhs=C2 (19)

For the considered cases, SSH anomalies range from 0.1 to 0.5 m, and the IW phase velocities from 3 to 4m/s,
leading the amplification factor (1+gδhs/C

2) to vary between 1.1 and 1.5. The influence of the upwelling
mechanism to control the strength of the SST wake is thus rather moderate. Nevertheless, the initial
parameterization can now be extended, to explicitly introduce this upwelling factor as

δθs= δθsh i ¼ ch 1þ cu
u2m
C2

N
f
Ro−1

� �
Ro−1 (20)

with, ⟨δθs⟩ = umN
3/2/(gαf1/2) representing an overall scaling of the SST

anomalies, and ch and cu the empirical constants: ch = 0.8 × 10−3

cu = 6.9 × 10−6.

Observed versus predicted SST by equation (20) anomalies are reported in
Figure 16. An overall agreement is clearly achieved, suggesting that
equation (20) correctly includes fundamental mechanisms governing the
expected strength of the SST wake. Deviations are likely caused by numer-
ous other factors, that is, the precise TC shape, estimated radius of maxi-
mum winds and associated wind stress spatial distribution, departure of
the vertical gradient from a constant value, etc. Peculiar upper ocean
salinity distribution can also contribute to build potential energy barrier
to mixing, thus reducing the cooling magnitude (Balaguru et al., 2012).
Precise prediction of SST anomalies should thus certainly be performed
using a more elaborated approach. Yet, to first order, accounting for all
mentioned factors may not seem fully necessary, as essential constraining
parameters are included within the proposed parameterization.

Figure 15. (a) Drag coefficient versus wind speed at 10‐mheight. Dashed line is Cd calculated for the roughness scale pre-
dicted by the Charnock relation:z0 ¼ 0:12×u2*=g; black squares are data by Powell (2006), compiled from his Figure 7, layer
20–160 m; stars are data by Powell et al. (2003) compiled from their Figure 3, layer 20–150 m; black solid line, fitted
quadratic curve to the empirical data by Jarosz et al. (2007), their Figure 3; triangles are estimates by Kudryavtsev (2006);
open circles show Cd derived from the altimeter SSH anomalies. (b) Corresponding surface stress versus wind speed
calculated using Cd shown in Figure 12a.

Figure 16. Scatter plot demonstrating relation of observed SST anomalies
versus anomalies predicted by (20).
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6. Summary

In the present paper, a consistent‐parameterization framework has thus been developed to motivate a more
systematic combination of SST and SSH satellite observations to analyze the ocean responses to TCs. This
framework is demonstrated using 20‐day satellite observations intercepting three major TC events, namely
Jimena, Ignacio, and Kilo, developing and traveling over the central and eastern parts of the Pacific Ocean.
As gathered, multisensor observations provide a comprehensive data set on local changes of SST (derived
from passive microwave measurements) and SSH (altimeter measurements) along the TCs paths, sampling
different stages of intensification, wind speeds, radii, Coriolis parameter, translation velocities, and ocean
interior stratification conditions.

To first order, measured SST and SSH anomalies do not exhibit clear dependences on any “individual” TC
characteristic (e.g., maximal wind speed, size, translation velocity), or environment interior condition, for
example, stratification. Yet, as suggested, scaled SST and SSH anomalies can still be robustly predicted
and combined.

As derived, a semiempirical relation to interpret SST anomalies can essentially build on the heat and
momentum conservations laws for the upper wind driven mixed layer (ML). Considering that the bulk
Richardson number of the ML deepening (combining drift current, temperature change over the ML
base, and ML depth) keeps a constant (critical) value, the following relationship to explain SST anoma-
lies writes:

δθs= δθsh i ¼ φθ V=Rmfð Þ
where ⟨δθs⟩ = umN

3/2/(gαf1/2) is a scale of the SST anomalies, and φθ, a function of the dimensionless TC
translation velocity, V/Rmf, found empirically as φθ = 1.1 × 10−3(V/Rmf)

−1. The offset of the SST anomalies
from the TC track is then mostly governed by the TC translation velocity: offsets are larger for faster TCs.

As collected, TC passages have further been found to strongly imprint the ocean surface height. For the
considered TC cases, expected amplitudes of the barotropic responses to the TC transient forcing were
expected to be small, limited to about 1 to 5 cm. This is much smaller than the reported SSH anomalies.
Therefore, for these cases, SSH anomalies must essentially be governed by the ocean baroclinic response.
Following Geisler (1970), scaling arguments to estimate the thermocline displacement induced by a moving
TC, lead to the following relationship of SSH anomalies with TC and ocean interior parameters:

ghbcs =u2m∝RmN1=U

As demonstrated, this relationship may well provide unique opportunities to document the TC wind forcing
and to assess drag coefficient from observed TC‐induced SSH anomalies. From the collected SSH anomalies,
a drag reduction is remarkably recovered for wind speed higher than 35 m/s, in line with estimates reported
by Powell et al. (2003), Powell (2006) and Jarosz et al. (2007).

As interpreted, SSH anomalies thus provide direct estimates to evaluate the upwelling impact, that is, the
upwelling amplification, on the SST wake. For the cases studied, the influence of the upwelling mechanism
has been found to be rather moderate, of order 10–40%.

Building on the actual satellite altimeter constellation (presently up to six satellites are available), the
proposed interpretation framework can thus guide the combined use of SST and SSH amplitude changes
measured in the wakes of TCs. It can help to analyze the ocean response to TCs, and to first‐order inform
about the resulting strength of hurricane‐induced mixing and upwelling. As mentioned above, the
bottom‐up approach can also guide future investigations to help document the resulting wind forcing
and practical drag coefficient under extreme TC‐conditions. In that context, it can also be anticipated that
next NASA's Surface Water and Ocean Topography (Fu et al., 2012), with unprecedented 2‐D altimeter
mapping capabilities, certainly promises to greatly improve the analysis of TC‐induced SSH wake:
improved knowledge of the air‐sea exchanges under TCs might thus be an unexpected outcome of
this mission.

The proposed simplified framework is further extended in a 2019. It provides a more complete analytical
description of ocean response to moving TC, especially detailing the wind‐driven current field, ML
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cooling and its evolution, and associated space–time variability of the pycnocline caused by TC‐induced
baroclinic motions.
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