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ABSTRACT

Tropical cyclones instigate an isolated blast of vigorous mixing in the upper tropical oceans, stirring warm
surface water with cooler water in the thermocline. Previous work suggests that the frequency, intensity, and
lifetime of these storms may be functions of the climate state, implying that transient tropical mixing could
have been stronger during warmer equable climates with higher concentrations of carbon dioxide. Stronger
mixing of the tropical oceans can force the oceans’ meridional heat flux to increase, cooling tropical
latitudes while warming higher ones. This response differs significantly from previous modeling studies of
equable climates that used static mixing; coupling mixing to climate changes the dynamic response. A
parameterization of mixing from tropical cyclones is developed, and including it leads to a cooling of
tropical oceans and a warming of subtropical waters compared with control cases with fixed mixing. The
mixing penetration depth regulates the magnitude of the response.

1. Introduction

Around the rim of the Arctic Ocean, fossilized re-
mains of ancient conifer forests, plants, and animals
intolerant of frost lie scattered across the barren tundra
(e.g., Dawson et al. 1976; Schweitzer 1980; McKenna
1980; Eberle and Storer 1999). During the Paleocene–
Eocene thermal maximum �55 million years (Myr) ago
Arctic sea surface temperatures (SSTs) may have ex-
ceeded 20°C (Sluijs et al. 2006), and above-freezing
temperatures at polar latitudes were common through a
significant fraction of the Phanerozoic eon (see Huber
et al. 2000). Contemporaneous tropical temperatures
varied less but were warmer than today during the
warm periods of the Late Cretaceous and early Ceno-
zoic era (Pearson et al. 2001; Tripati et al. 2003).1 Taken

together, there is persuasive evidence that the surface
meridional temperature gradient was weak during
these warm, equable climates. The evidence of weak
gradients has presented a challenging problem for dy-
namicists: the intensity of the atmospheric baroclinic
eddies, which are principally responsible for transport-
ing enthalpy poleward in the present climate, itself
varies monotonically with the surface temperature gra-
dient (e.g., Stone and Miller 1980). When the meridio-
nal temperature gradient is weak, it is unclear what
mechanisms would be able to provide the strong heat
fluxes needed to maintain a weak surface gradient.
Given the strong evidence for a weak planetary-scale
meridional temperature gradient and the inability of
any obvious mechanism to provide sufficient heat
fluxes to maintain it, equable climates have posed a
paradox for climate researchers. Several hypotheses
have been proposed to address this. These include ra-
diative forcing from high concentrations of carbon di-
oxide (CO2; Barron and Washington 1985), strong
ocean heat transport (Barron 1983; Emanuel 2002;
Korty 2005), polar stratospheric clouds (Sloan et al.
1992; Kirk-Davidoff et al. 2002), and extratropical con-
vection (Abbot and Tziperman 2008). CO2 has varied
through the Phanerozoic eon, with higher concentra-
tions often found during times when the earth was ice
free (Crowley 2000), but supplying climate models with
enough CO2 to maintain above-freezing temperatures
at the poles produces tropical temperatures that exceed

1 The Phanerozoic eon covers the most recent 540 Myr of earth
history. The Cenozoic era began at the conclusion of the Creta-
ceous 65 Myr, and the Paleocene (65–55 Myr) and Eocene (55–34
Myr) were the first two epochs of this era.
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those derived from proxy evidence (e.g., Sloan and Rea
1996). While the more recent estimates of warmer
tropical temperatures (Pearson et al. 2001; Tripati et al.
2003) have reduced the disagreement with models,
some discrepancy remains. Explaining weak pole-to-
equator temperature gradients has proved to be a vex-
ing problem.

Many of the above studies have focused on mecha-
nisms that keep polar temperatures warm, but another
possibility is that higher levels of CO2 coupled with a
mechanism to cool the tropics. Emanuel (2001) first
proposed that the mixing induced by tropical cyclones
might drive a substantial portion of the oceans’ ob-
served heat flux. Tropical cyclones induce vigorous
mixing of warm, surface layer water with colder, denser
water from the upper thermocline. This mixing leads to
the spectacular reductions of SSTs observed in the
wake of tropical cyclones (Leipper 1967; Price 1981)
and simultaneously mixes heat down the water column.
The recovery of these wakes is complicated, but Eman-
uel (2001) has shown that the warm anomalies left at
depth may persist long after the surface temperatures
have recovered, which entails a net heating of the
ocean. In equilibrium, much of this warm anomaly
could be transported out of the tropics and given up to
the atmosphere at higher latitudes.

While much of the literature has focused on the mag-
nitude and role of abyssal mixing (see review paper by
Wunsch and Ferrari 2004), work by Scott and Marotzke
(2002), Boccaletti et al. (2005), Korty (2005), and
Bugnion et al. (2006) has shown that the oceans’ heat
flux can be affected by mixing confined to the upper
ocean alone. Mixing induced by tropical cyclones is
confined to the upper water column, although internal
waves generated by the passage of a storm propagate
into the ocean interior (Price 1983); these waves may
carry a significant amount of energy into the interior
locally (Nilsson 1995). Calculations using the observed
record of tropical cyclones indicate that the amount of
net column heating required to restore the cold surface
wakes left by these storms is on the order of the oceans’
poleward heat flux (Emanuel 2001), rendering this a
potentially important interaction. But the uncertainties
associated with such calculations are large, making con-
clusive evidence for a dominant role elusive. Direct
measurements of the tropical thermocline have re-
vealed that little mixing occurs there in the present cli-
mate (e.g., Gregg 1987), but more recent measurements
have found that mixing may be nearly nonexistent
when the wind stress is too weak to push the local Rich-
ardson number below a critical value (Raymond et al.
2004). This suggests that mixing in the tropical ther-
mocline is a highly transient event, and it leaves open

the possibility that more mixing occurs here episodi-
cally than has been observed directly.2 There remains
considerable uncertainty regarding the role of tropical
cyclones in ocean dynamics in the present climate, but
it is clear that the mixing they induce occurs where
ocean models are most sensitive to it—the tropical ther-
mocline (Scott and Marotzke 2002; Bugnion et al.
2006). A consequence of this is that if tropical cyclones
were more frequent, stronger, and longer lasting in past
warm climates, their cumulative impact on the oceans
was likely more substantial than it is today.

In this paper, we investigate whether tropical cy-
clones could have supplied sufficient mixing to the up-
per tropical oceans to cool tropical temperatures and
drive a stronger poleward heat flux in the oceans during
warm climates. Our goal is to present evidence that this
mixing, in concert with elevated radiative forcing, could
make a substantial contribution to the poleward trans-
port of heat in the oceans during warm climates and
weaken the surface meridional temperature gradient.
This is a conceptual paper, and our objective is not to
model in detail any particular equable climate; thus,
continental geography, although an important variable
on tectonic time scales (e.g., Crowley 2000), is kept in
its present-day configuration in all of our simulations.
Here we wish to explore some of the consequences of
allowing upper tropical ocean mixing to vary with the
climate state. We begin by reviewing the coupled model
of intermediate complexity used in this study and pre-
senting our control cases, which used imposed, fixed
mixing. We next demonstrate that if mixing in the up-
per tropical oceans is elevated in warm climates, the
ocean heat flux can respond in interesting ways. We
then derive a parameterization that couples the amount
of mixing in the upper tropical oceans to the potential
intensity of tropical cyclones. We discuss how these in-
teractions could be stronger if accompanied by changes
in thermocline stratification during warm climates.

2. Coupled model

To explore these questions, we use a coupled model
of intermediate complexity. Dutkiewicz et al. (2005)
documented the version used here: a three-dimensional

2 Tracer studies removed most lingering doubt about the rep-
resentativeness of microstructure measurements, which are a
snapshot in space and time. Ledwell et al. (1998) studied the
evolution of a dye injected in the eastern subtropical Atlantic over
the course of 2 yr (1992–94), by which point it had spread west to
55°W; they inferred that the diapycnal diffusion was O(10�5)
m2 s�1 in the upper ocean. There were, however, no tropical cy-
clones during 1992–94 in this region of the Atlantic, and none
formed in the Brazil basin, where dye was released in a separate
experiment (Ledwell et al. 2000).
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ocean model, the Massachusetts Institute of Technol-
ogy (MIT) general circulation model (Marshall et al.
1997a,b), coupled to a zonal-mean atmospheric model
described by Sokolov and Stone (1998). The ocean
model grid is 4° latitude � 4° longitude with 15 vertical
levels and realistic topography. The atmosphere model
has 11 vertical levels and 4° latitude resolution; it uses
the parameterizations of heat, moisture, and momen-
tum transports by large-scale eddies developed by
Stone and Yao (1987, 1990).

The advantage of this construction is that coupled
experiments can be run efficiently while using an ocean
model detailed enough to examine mechanisms and
feedbacks that are essential for understanding changes
in the ocean circulation. Thus, we are able to run a
modest number of experiments to equilibrium to test
some parameterizations of ocean mixing that are func-
tions of tropical climate. A limitation of this approach is
the need to use flux adjustments or anomaly coupling.
While some of the most recent climate models no
longer require such adjustments (e.g., Collins et al.
2006), they retain slow drifts in the deep ocean tem-
perature; often, these are slow enough to ignore for
global warming experiments. Many other models can-
not simulate present-day conditions without adjust-
ments (e.g., Opsteegh et al. 1998; Goosse et al. 2001).

The coupled model is spun up with radiative forcings
for 1980 when CO2 concentration was 338 ppm. During
this phase, the wind stresses and air–sea freshwater
fluxes used to force the ocean model were taken from
monthly mean observations; SSTs were relaxed back to
observations during the spinup phase. The atmospheric
model calculates the surface winds and temperatures in
addition to the precipitation, evaporation, and river
runoff but stores these data for the end of the spinup.
After running for 1500 yr in this mode, we calculate the
heat and freshwater fluxes and surface wind adjust-
ments necessary to bring the information passed from
the atmosphere to the ocean to the same magnitude as
observations. These flux adjustments can be thought of
as model deficiency; such corrections must be applied
to reproduce the current climate where the forcing is
known.

The model is then run in coupled mode using con-
temporary forcings for 1000 yr to verify its stability (i.e.,
no drifts in circulation, temperature, or salinity). Addi-
tionally, a coupled simulation using high loads of CO2

(a factor of 10 larger than 1980 values) is run to equi-
librium to assess how the model behaves in very warm
climates. As noted earlier, while CO2 may have reached
(or exceeded) these levels during earlier parts of the
Phanerozoic eon (Crowley 2000), this is not meant to
correspond to any specific period; many other factors

surely influenced the details of those paleoclimates.
Additional detail about the coupling procedure can be
found in Dutkiewicz et al. (2005); these techniques are
the same as those used by Kamenkovich et al. (2002) in
an earlier version of the model.

3. Control case: Fixed mixing

Before exploring the effects of mixing parameteriza-
tions that respond to tropical cyclone activity, we dem-
onstrate the behavior of the model when mixing is uni-
form and fixed. Many global climate models treat ocean
mixing as static, although there is little reason to sus-
pect this is correct (e.g., see Munk and Wunsch 1998).
Lyle (1997) and Nilsson et al. (2003) have demon-
strated the interesting behavior exhibited by models
when the energy available to mixing (rather than the
mixing itself) is held fixed, which allows mixing to
evolve with changes in the stratification.3

Even with static mixing, we lack a clear understand-
ing of how the oceans’ circulation and heat transport
will respond to changes in atmospheric concentrations
of CO2. A comparison of coupled climate models shows
a large spread in the ocean response to a quadrupling of
CO2 in 140 yr, with a decline in the meridional over-
turning circulation ranging from 10% to 50% (Gregory
et al. 2005). The equilibrium response to a large in-
crease in CO2 has been examined in relatively few stud-
ies, but here too the results are not conclusive, ranging
from little change (Stouffer and Manabe 2003) to in-
creased overturning strength (Wiebe and Weaver
1999). In short, these studies suggest that even with
fixed mixing, the response seems model dependent and
not well understood.

In Figs. 1a and 1b, the results from a simulation
forced with contemporary amounts of CO2 (338 ppm)
and uniform diapycnal diffusivity (� is 0.1 cm2 s�1) are
presented. (All data are an average over the final cen-
tury of the fully coupled simulations.) Note that a deep
circulation travels northward in the upper kilometer of
the Atlantic Ocean, sinks, and returns southward at
depth. Some of this deep water is upwelled in the At-
lantic, but much of it flows out of the basin and returns
to the surface in the Pacific, Indian, or Southern Ocean
[�9-Sv (1 Sv � 106 m3 s�1) flow across 30°S in the
Atlantic for the simulation of the present climate]. The
dominant features of the Pacific (Fig. 1b) are the sur-

3 On the other hand, B. Marzeion (2007, personal communica-
tion) suggest their results might not hold in a more realistic, global
model. Lyle (1997) and Nilsson et al. (2003) were idealized studies
using single hemisphere models.
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face Ekman cells in the upper ocean; observations show
much of the ocean heat flux is carried here in the
present-day ocean (Haidvogel and Bryan 1992). When
CO2 is increased to 3380 ppm, temperatures warm and
the oceans’ meridional heat flux decreases slightly (see
Fig. 2).

High CO2 warms the surface of the oceans every-
where, but the warming is amplified at higher latitudes
in the northern Pacific and in the Norwegian and Bar-
ents Seas (not shown). Combined with a freshening of
surface waters at these northern latitudes, the meridi-
onal buoyancy gradient decreased. Figures 1c and 1d
show the circulation for this high CO2 experiment; in
many respects these panels are similar to the one with
338 ppm CO2, but the meridional overturning in the
Atlantic has decreased in intensity. The surface wind
forcing is largely similar between the two experiments.

The high CO2 levels forced a surface warming and
reduction of the meridional density gradient, and the
poleward ocean heat flux decreased in this experiment.
Many studies have found that elevated CO2 is insuffi-
cient, by itself, to reduce the planetary temperature gra-
dient to the low gradients found during equable cli-

FIG. 2. Total ocean heat fluxes for simulations with uniformly
weak mixing and 338-ppm CO2 (dotted), uniformly weak mixing
and 3380-ppm CO2 (solid), elevated tropical mixing to 220 m and
3380-ppm CO2 (dashed), and elevated tropical mixing to 360 m
and 3380-ppm CO2 (dashed–dotted).

FIG. 1. The circulation in the meridional plane of the (a) Atlantic and (b) Pacific north of
30°N for a simulation with uniform mixing and 338-ppm CO2. (c), (d) As in (a), (b) but for
a simulation with fixed mixing and 3380-ppm CO2. In all panels, contours are drawn every
3 Sv and positive values (circulating clockwise) are shaded in light gray; local extrema are
written in boldface text (Sv). The top 300 m are magnified.
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mates (e.g., Barron and Washington 1985; Sloan and
Rea 1996; Shellito et al. 2003). But what if warmer
climates were accompanied by increased mixing in the
oceans? Tropical cyclones provide an isolated but in-
tense blast of mixing along their tracks; if the fre-
quency, intensity, and lifetime of these storms increase
with temperature, mixing in the upper tropical oceans
should vary accordingly. This simple coupling can dra-
matically alter the response of the warm climate simu-
lations.

4. Elevated upper-ocean mixing

We first show that elevating mixing in the upper
tropical oceans can have a significant impact on the
oceans’ poleward heat flux. We ran additional experi-
ments with 3380 ppm CO2, but the diffusion coefficient
equatorward of 30° latitude was arbitrarily increased to
1 cm2 s�1 in the upper part of the water column. In one,
mixing in the tropics was elevated in the top three
model levels, which occupy the uppermost 220 m; in
another, mixing in the tropics was elevated through the
top four boxes, to a depth of 360 m. Figure 3 shows the
circulation for these two simulations. In both cases,
heat gained at the surface is diffused down the water
column, and, compared to the case with uniform mixing

(Figs. 1c,d), the wind-induced Ekman cells in the upper
part of the oceans intensified and deepened. (Many of
the contours for the Pacific Ekman cells now reach to
300-m depth.)

The heat fluxes have changed substantially, as shown
in Fig. 2. Compared to the run with 3380 ppm CO2 and
uniformly weak mixing, the peak value of the oceanic
poleward heat flux in the Northern Hemisphere in-
creases 16% when mixing is elevated to 220 m; the peak
Southern Hemisphere value increases 40%. Adding
higher mixing down to 360 m increases the peak of the
poleward heat fluxes by 30% in the Northern Hemi-
sphere and 62% in the Southern Hemisphere. This
finding is consistent with the earlier work of Boccaletti
et al. (2005), who showed that the bulk of the oceans’
heat flux is carried in the top 500 m. The key result is
that when higher loads of CO2 are accompanied by
elevated mixing through the upper tropical oceans, the
stronger mixing can alter the way the heat fluxes
change from the present climate.

This mixing has a twofold impact on the latitudinal
distribution of SSTs. The principal effect of tropical
cyclone mixing is to lift cold, dense, thermocline water
to the surface, where it is heated by surface fluxes. Sec-
ond, enthalpy mixed into the interior will increase the
oceans’ heat content (Pasquero and Emanuel 2008),

FIG. 3. As in Fig. 1 but for simulations with 3380-ppm CO2 and a diffusivity of 1.0 cm2 s�1

down to (a), (b) 220 or (c), (d) 360 m.
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but in equilibrium much of this could be advected out
of the tropics. The increased heat transport shown in
Fig. 2 leads to a reduction of tropical temperatures and
an increase in midlatitude ones, as can be seen in Fig. 4.
Qualitatively, this near-surface tropical mixing narrows
the gap between proxy data and model results: if the
atmosphere was loaded with high levels of CO2 and
tropical mixing increased, the oceans could sustain a
stronger poleward heat flux, which in turn limits tropi-
cal temperatures. Could changes in global tropical cy-
clone activity account for a change in mixing that is this
large? There are two separate questions: First, by how
much would increased tropical cyclone activity amplify
the effective diffusion coefficient?4 Second, how deeply
would tropical cyclone mixing penetrate during warmer
climates? As seen in Fig. 4, this is a critical question for
this interaction. We begin exploring these issues with a
parameterization coupling upper tropical mixing to
tropical cyclone activity, as described in the next sec-
tion, and return to some issues regarding the strength
and depth of this mixing in section 6.

5. Interactive mixing from tropical cyclones

We now turn to the question of whether tropical cy-
clones could induce sufficient mixing of the upper por-

tion of the low-latitude oceans during warm, equable
climates to drive stronger poleward heat fluxes. Our
goal is not to simulate the details of upper-ocean mixing
from individual storms, but rather to examine the cu-
mulative effects from these transient events. This prob-
lem is challenging because the real mixing is turbulent,
not diffusive, yet we wish to examine the effects on
large-scale problems. Because we are after aggregate
effects and a first-order understanding of how this
might interact with climate, we make a number of sim-
plifications.

Estimates of mixing inferred from measurements
taken in the tropical thermocline show that the diffu-
sion coefficient is O(0.1) cm2 s�1 (Gregg 1987; Wunsch
and Ferrari 2004). Using diffusion coefficients of this
magnitude in numerical models, however, often pro-
duces circulations believed to be too weak (e.g., Cum-
mins et al. 1990), and thus many models require larger
values to replicate the strength of the oceans’ meridi-
onal overturning circulation and heat fluxes for the
present climate. While it is certainly possible that these
large required diffusivities might simply compensate for
other model deficiencies, we postulate that the direct
measurements have largely captured the nearly quies-
cent background and that isolated blasts of mixing from
transient events could be quite important in the upper
tropical oceans. Some evidence that this might be the
case was offered by Raymond et al. (2004), who pre-
sented data suggesting that rather than a slow, steady
mixing, the thermocline is mixed only when the winds
are strong enough to drive the local Richardson num-
ber below a critical threshold, creating a shear instabil-
ity. They conclude that mixing in the upper tropical

4 We ran additional experiments in which the diffusion coeffi-
cient was elevated to 3.0 cm2 s�1 in the upper ocean, and the peak
value of the heat fluxes do not differ significantly from the simu-
lations using an upper-ocean diffusion coefficient of 1.0 cm2 s�1

presented in this section. It appears that once the amplitude of the
diffusion coefficient reaches a sufficient level, elevating it further
has little additional effect.

FIG. 4. Change in SSTs for runs with 3380-ppm CO2 between (a) a simulation with elevated tropical mixing to
220 m and the control (uniformly weak mixing) and (b) a simulation with elevated tropical mixing to 360 m and
the control. (c) Change in zonally averaged SST for the simulations shown in panels (a) (solid) and (b) (dashed).
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oceans results from transient wind-driven events and
that the strongest atmospheric disturbances are likely
responsible for most of the mixing in the tropical ther-
mocline.

a. Magnitude of the diffusion coefficient

Our approach requires that we first identify a sen-
sible value for the diffusion coefficient and calculate the
depth to which mixing penetrates in an individual
storm. In fair weather conditions, Price and Sunderm-
eyer (1999) investigated stratified Ekman layers and
estimate that a sensible choice for the diffusion coeffi-
cient in the surface mixed layer is on the order of 1000
cm2 s�1. This is confined to the well-mixed region at the
top of the ocean, where vigorous mixing creates a
nearly isothermal layer from the sea surface to the top
of the thermocline. Beneath this layer, mixing nearly
vanishes in the strongly stratified thermocline (Gregg
1987). Given the nearly nonexistent mixing at these
depths, some thermocline theories assume it is absent
all together (e.g., Luyten et al. 1983).

When tropical cyclones pass over an ocean column,
they induce vigorous mixing in the upper portion and
cool the warm surface layer by entraining colder ther-
mocline water. Measurements from within a hurricane
are obviously difficult to secure, and characterizing the
turbulent entrainment that occurs below a tropical cy-
clone with a simple diffusion coefficient is not realistic.
But as we are only after the cumulative effects of such
mixing, some manageable simplifications are possible.
The initial thermal profile in the undisturbed ocean is
radically altered by the passage of a storm. Data col-
lected from the ocean in advance of a storm often show
a shallow surface layer (anywhere from 25 to 200 m
deep, depending on the location and time of year) in
which temperatures are nearly uniform. Beneath this
layer temperatures drop quickly, typically at a rate of
�8°C (100 m)�1 in the uppermost ocean (e.g., Schade
1994). As a storm passes overhead, the depth of the
mixed layer increases owing to the entrainment of
thermocline water from below, and it oscillates in the
storm’s wake owing to inertia–gravity waves. Tempera-
tures are left nearly uniform to a greater depth, but the
SST is lower because mixing stirred cooler waters to the
top; this transition is diagrammed in Fig. 5.

Given that the initial and final profiles are known,
and given that mixing occurs only on the time scale of
the storm’s passage, we can find the value of the ther-
mal diffusion coefficient � that transforms an initial
profile into a well-mixed one. In Fig. 5, the initial pro-
file (dashed line) relaxes to the final one (solid line) by
the time direct mixing from the tropical cyclone has

ceased. This process can be represented by diffusion
using the heat conduction equation

�T

�t
� �

�2T

�z2 . �1�

If no-flux boundary conditions5 are imposed and an
initial profile is specified, then it is straightforward to
show that

T�z, t� � 	
n�1

�

cn cos�n�z

D �e���n��D�2t, �2�

where

cn �
2
D �

0

D

cos�n�z

D � �T�z, 0�

�z �
t�0

dz . �3�

Here T(z, 0) is the initial profile, and D is the depth
over which the mixing occurs (hf in Fig. 5). To estimate
the magnitude of �, assume that the initial profile can
be represented by a single cosine wave (n is 1), substi-
tute hf (which we take here to be 200 m) for D, and
apply an e-folding time scale for t. Given that a typical

5 These are reasonable given the rapidity of the mixing.

FIG. 5. Vertical temperature structure of the upper ocean before
(dashed) and after (solid) the passage of a tropical cyclone.
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storm may induce intense mixing over a lateral distance
of roughly 200 km, and that a typical translation speed
is roughly 5 m s�1, the initial profile must adjust to the
final one within 12 h, as intense mixing does not occur
away from the core of the storm. Substituting these
numbers into the exponent of (2) requires � to be
O(103) cm2 s�1. This can be applied to an arbitrary ini-
tial profile, and the one shown in Fig. 6 was adjusted to
the final one over 12 h using a value of � in (2) of 2000
cm2 s�1.6 This value is the same order of magnitude
Price and Sundermeyer (1999) estimated for the surface
layer in fair weather conditions; in a storm, it is ex-
tended deeper down into the water column.

With an estimate for the diffusion coefficient in the
presence of a single intense mixing event, we must now
identify an appropriate temporally and spatially aver-
aged value. We rely on the earlier work of Scott and
Marotzke (2002), who showed that mixing can be con-
centrated in space, and of Boos et al. (2004), who
showed that mixing can be isolated in time. They
showed that changes in the ocean’s circulation depend
on variations in the spatially and temporally averaged
mixing value and that concentrating mixing in infre-
quent or localized bursts can produce model circula-

tions that behave as though the mixing were spread
uniformly over space and in time. The spatial averaging
requires great care because mixing is more important in
some locations than in others; models are far more sen-
sitive to mixing in tropical latitudes than at higher ones
(Scott and Marotzke 2002; Bugnion et al. 2006). Be-
cause we are interested in an average value of mixing in
regions affected by tropical cyclones, we confine the
area of interest to latitudes equatorward of 30°.

Consider the area mixed by a single storm. The swath
of ocean subjected to mixing by a tropical cyclone will
scale with a cross-track length scale, Ly,7 multiplied by
the length of the track, UT
, where UT is the translation
speed and 
 is the duration of the storm. The total area
of the world’s oceans exposed to mixing in a given year
will be 	N

i�1(LyUT
), where N is the total number of
storms globally. If we assume that average values for
Ly, UT, and 
 can be applied to each individual storm,
the total area mixed is

Am � NLyUT�. �4�

The spatial average of � is then

��� � �tc

Am

At

 �b

At � Am

At
, �5�

where �tc is the value of � in the presence of a tropical
cyclone (estimated above to be 2000 cm2 s�1), �b is a
background, fair weather value (0.1 cm2 s�1), At is the
area of the tropical oceans,8 and Am is determined by (4).

We now average this value in time. Each point visited
by a tropical cyclone is exposed to mixing for Lx/UT

seconds, where Lx is the along-track distance over
which intense mixing occurs. Then

��� � �tc

Am

At
�Lx �UT

sy
� 
 �b�sy � Lx �UT

sy
��At � Am

At
�

� �tc

NLyLx�

syAt

 �b�sy � Lx �UT

sy
��At � Am

At
�

� �tc �NLyLx�

syAt
� 
 �b. �6�

We take sy to be the number of seconds in a year so that
the value of [�] given by (6) is the annual and tropical

6 Note that the profile has yet to completely mix to become
isothermal; bringing it nearer to this state would require another
e-folding or two, which could be accomplished by increasing the
diffusion coefficient 50%–100%. Nevertheless, setting � equal to
2000 cm2 s�1 produces a reasonable final profile, with surface
cooling of about 4°C.

7 This will be biased to the right-hand side of the track in the
Northern Hemisphere, as the most intense mixing occurs on this
side owing to coupling with inertial oscillations (Price 1981).

8 This is approximately (0.7)2�a2, where 2�a2 is the surface
area of the earth equatorward of 30°, and 0.7 is the fraction of this
region that is ocean.

FIG. 6. Initial profile in the upper tropical ocean (dashed) and
final (solid) after 12 h of mixing with a diffusion coefficient of
2000 cm2 s�1.
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spatial average of �. We have used the facts that
Am K At and (Lx /UT) K sy to approximate (6). It is
interesting that in the current climate, N · 
/sy is ap-
proximately 1, though this has grown to a slightly larger
value during the last few decades (e.g., Emanuel 2005).
This is equivalent to having one continuous tropical
cyclone somewhere in the world at all times during a
given year. Substituting values of Ly � Lx �200 km,
one finds that the first term on the right-hand side of (6)
is O(0.1) to O(1) cm2 s�1 in the present climate; this
represents the spatially and temporally averaged mix-
ing from tropical cyclones in the tropics each year. This
is the same magnitude calculated by Sriver and Huber
(2007) and is as strong or stronger than has been ob-
served in the tropical thermocline (e.g., Ledwell et al.
1998). Transient events, therefore, are likely to be at
least as important as the background mixing that occurs
in the uppermost tropical oceans. This is an important
point because ocean models are particularly sensitive to
mixing in these locations (e.g., Scott and Marotzke
2002; Bugnion et al. 2006), yet to date this process has
been neglected.

b. Depth to which tropical cyclone mixing
penetrates

Changes in SSTs and the depth of the mixed layer are
directly related to the amount of thermocline water en-
trained into the surface layer. Considering Fig. 5, the
increase in mixed layer depth (�h) must be related to
the degree of surface cooling (�T). By analogy, we can
construct an initial density structure, �i, which is de-
fined by the background profile. From this, �i(hf) �
�o � ��h and �i(ho) � �o, where � is the thermocline
lapse rate d�/dz. Models designed to study the interac-
tions between hurricanes and the underlying ocean use
turbulent closure schemes (e.g., Price 1979) to address
this question (e.g., Schade and Emanuel 1999; Emanuel
et al. 2004), but we use relationships between the initial
and final profiles to derive a simple parameterization
that can be used in large-scale models. Relating the
amount of surface cooling in the final profile to the
initial density structure, we derive a quartic equation
for the deepening of the mixed layer �h which is a
function of the intensity u and thermocline stratifica-
tion; details are contained in the appendix. The solution
behaves like

ho 
 �h � ho 
 h*� u

u*
�1.2� �

�*
��0.3

, �7�

where ho, the initial mixed layer depth (50 m every-
where in all of our simulations), has been added so that
(7) gives the depth below the surface to which the mix-
ing penetrates. This predicts that the mixing depth in-

creases nearly linearly with the intensity of the wind
and has a somewhat weaker dependence on the strati-
fication. Still, if climates with weak equator-to-pole
temperature gradients also have weak top-to-bottom
temperature differences in the ocean (hence a weaker
stratification), this change could instigate a significant
increase in the penetration depth.

c. Model results with interactive mixing

To test whether tropical cyclones could mix the up-
per tropical oceans enough to change the oceans’ pole-
ward heat transport, we constructed an experiment in-
corporating the dependencies derived in the previous
sections. Storm mixing can vary with climate because
storms’ intensity, frequency, and lifetime depend on the
climate state (Emanuel 2005). The intensity of indi-
vidual storms will be a function of local environmental
conditions (Emanuel et al. 2004), but Emanuel (2000)
found that when a large enough sample is considered,
observed intensities are related directly to the theoret-
ical upper bound, the maximum potential intensity
(Emanuel 1988). The potential intensity, which requires
only SST and atmospheric temperature and humidity
soundings for computation, can thus be used as a mea-
sure of how intensity should evolve with climate. Very
little is known about what governs storm frequency, but
Emanuel and Nolan (2004) show that it might grow
with the third power of potential intensity. The power
dissipated in the oceans, which is the dot product of the
surface stress and the surface ocean currents, grows
with the cube of the wind speed, assuming that the
currents in the upper ocean grow linearly with the wind.
Combining this with the results of Emanuel and Nolan
(2004), we here first test a parameterization in which
the aggregate storm mixing is a function of the sixth
power of the potential intensity. Thus, a far warmer
climate in which the potential intensity increases by
20% could have a threefold increase in the annually
averaged diapycnal diffusion in the upper oceans.

We assume here that ocean mixing has two sources:
a weak, omnipresent background value �b and a con-
tribution from transient tropical cyclones �s, which rep-
resents the first term in (6). Thus, the diffusion coeffi-
cient � will be the sum �b 
 �s. Throughout the water
column in middle and high latitudes and at depth in the
tropics, �s will be 0 and the background value, which we
take to be 0.1 cm2 s�1 [as it was in our control and
consistent with observations in the present climate, e.g.,
Ledwell et al. (1998)], constitutes the total mixing. The
storm contribution �s scales with the potential intensity
(PI) and is applied through the mixed layer (ho) plus
�h, the depth given by (7):
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�s�x, y� � �K�PI�x, y�

PI*
�6

0 	 z 	 �ho 
 �h� and |
 | � 4°

0 everywhere else.

�8�

There is a great deal of sensitivity to the normalizing
factors PI* and K, but a thorough exploration of this
lies beyond the scope of this paper. For this first test, we
take PI* to be 60 m s�1 and K to be 0.1 cm2 s�1 (con-
sistent with the analysis in section 5a). Using these val-
ues allows �s to range in the present climate from less
than 0.1 cm2 s�1 in the subtropics to a maximum of
about 1 cm2 s�1 where the potential intensity reaches a
peak value in the deep tropics of the western Pacific;
these values are similar to those found by Sriver and
Huber (2007). (Values of the annually averaged poten-
tial intensity for a simulation of the present climate
are shown in Fig. 8a.) Because tropical cyclones are
rarely observed equatorward of about 5° latitude (Gray
1968), �s is forced to be 0 in the boxes that straddle the
equator.

Given that this model has discrete and coarsely
spaced interfaces at which vertical diffusion is applied,
we incorporate the depth dependence as follows: The
top model box is 50 m deep and is assumed to be well

mixed. The second model box extends from 50–120 m;
the third from 120–220 m. If the depth given by (7) is
between 50 and 120 m, the amplitude of �s applied to
the 50-m interface is adjusted linearly. For example, if
the mixing penetrates to 85 m, half way through the
second box, the value of �s at the 50-m interface is half
of K (PI/PI*)6. If the depth exceeds 120 m (but not 220
m), then the full value of K (PI/PI*)6 is used at 50 m,
and the diffusion applied at the 120-m interface is ad-
justed accordingly.

We ran two experiments with the interactive mixing:
one to replicate the present climate and another with 10
times the present amount of CO2. The circulations are
shown in Fig. 7. The simulation with 338-ppm CO2 is
largely similar to the control run with constant mixing
(Figs. 1a,b); the additional mixing from the parameter-
ization of tropical cyclone mixing contributes to a slight
increase in the intensity of the surface Ekman cells and
a 0.9-Sv increase in the meridional overturning circula-
tion. But in the experiment with 3380-ppm CO2, SSTs

FIG. 7. As in Fig. 1 but for simulations with interactive mixing and (a), (b) 338-ppm CO2

or (c), (d) 3380-ppm CO2.
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are considerably warmer (not shown), and the potential
intensity increases (Fig. 8), which leads to stronger
mixing through (8). Throughout the tropics, PI values
are 10% (near the equator) to 40% (at the subtropical
edge) higher in Fig. 8b than in Fig. 8a; note the rapid

transition to small PI values in the subtropics of both
simulations. The increases in PI force the values of �,
via (8), to be substantially higher in the warm climate
than in the present one. Figures 9a,c,e show the total
value of � in both the present climate and Figs. 9b,d,f

FIG. 9. The total value of � (i.e., �b 
 �s) for (a), (c), (e) a simulation with interactive mixing
and 338-ppm CO2 and (b), (d), (f) a simulation with interactive mixing and 3380-ppm CO2.
Values are shown at (top) 50-, (middle) 120-, and (bottom) 220-m depth.

FIG. 8. The annually averaged PI of tropical cyclones in (a) a simulation with interactive
mixing and 338-ppm CO2 and (b) a simulation with interactive mixing and 3380-ppm CO2.
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in one with 3380-ppm CO2 applied at the (top) 50-,
(middle) 120-, and (bottom) 220-m model layer inter-
faces. In addition to substantially stronger values of the
diffusion coefficient, the higher values of PI in the
warmer climate also allow the storm mixing to pen-
etrate more deeply. The depths computed by (7) are
shown in Fig. 10. In the present climate (Fig. 10a), the
total depth has been scaled by h* in (7) (see the appen-
dix), so that values of ho 
 �h are between 100 and 200
m through most of the tropics.9 The combination of
stronger mixing from (8) and its concomitant weaken-
ing of the stratification of the upper ocean produce
deeper mixing in the warmer climate (Fig. 10b). The
mixing depths exceed 150 m throughout the tropics,
with many areas experiencing elevated mixing below
200 m. The maximum increase over the present climate
occurs between 10° and 25°S in the Pacific, where val-
ues have increased by as much as 110 m. By applying
strong mixing below the initial mixed layer depth, �s

weakens the stratification of the upper ocean by mixing
heat down the water column. The heat content of the
tropical oceans between 50 and 360 m is higher in these
simulations than when only a uniformly weak diffusion
coefficient was applied; Pasquero and Emanuel (2008)
found a similar result.

The strong mixing of the upper tropical oceans cools
the areas where �s is nonzero and warms the middle
latitudes. Figure 11 shows the SST difference between
the high CO2 simulation using the tropical cyclone pa-
rameterization and the high CO2 simulation using uni-

formly weak mixing (discussed in section 3). Most of
the tropics have cooled slightly (except along the equa-
tor where the interactive mixing parameterization is not
applied), while middle latitudes, particularly along the
continental margins, have warmed. Figure 11b shows
the change in zonal-mean SSTs between these two runs
and indicates that the subtropical temperature gradient
has weakened slightly. These differences are supported
by a change in the ocean heat flux, which is shown in
Fig. 12. When mixing was uniformly weak, the ocean
heat flux decreased when CO2 was increased (see Fig.
2). In the simulation using the tropical cyclone param-
eterization, the ocean heat fluxes are stronger in the

9 Although (7) is computed everywhere (including the equator),
the value of �s that is added to this depth will be 0 wherever
dictated by (8).

FIG. 10. Depth to which �S is added for (a) the present-day climate and (b) high CO2

climate.

FIG. 11. (a) Changes in SST between a simulation with interac-
tive mixing and the control with uniformly weak mixing; both
were forced with 3380-ppm CO2. (b) Zonally averaged change in
SST.
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present climate than in the control, but, unlike before,
the peak values increase as the climate warms. The
peak values increase by 3% in the Northern Hemi-
sphere and 5% in the Southern Hemisphere relative to
the present-day simulation. Relative to the high CO2

simulation with uniformly weak mixing (dotted line in
Fig. 12), the peak values are 14% higher in the North-
ern Hemisphere and 45% larger in the Southern Hemi-
sphere. Clearly including a representation of tropical
cyclones can have a large effect, and it can affect how
the ocean heat flux responds to changes in radiative
forcing.

6. Discussion and conclusions

We have demonstrated that a coupling between
tropical cyclone mixing and radiative forcing can in-
crease the oceans’ heat transport during warm, equable
climates. This differs from simulations with uniformly
weak mixing, where the ocean heat flux decreased in
intensity when the surface density gradient decreased.
We have also shown that even in the present climate,
transient events are likely as important as background
processes to the mixing that occurs in the upper tropical
oceans. Given that models are highly sensitive to mix-
ing in the tropics (Scott and Marotzke 2002; Bugnion et
al. 2006), some interesting behavior emerges when mix-
ing in these locations evolves with climate. Our control
simulation produces ocean heat fluxes for the present
climate (see Fig. 2) weaker than many observational
studies (see Ganachaud and Wunsch 2000, and refer-

ences therein), which is often a deficiency of coarse-
resolution models (e.g., Opsteegh et al. 1998; Goosse et
al. 2001). It would be worth repeating these experi-
ments in a higher-resolution model to see if the mag-
nitude of changes in the ocean heat fluxes is sensitive to
resolution, but this lies beyond the scope of our present
work.

The parameterization that we implemented to repre-
sent mixing from tropical cyclones introduces a new
coupling between the ocean and climate. We leave it to
future work to examine the sensitivity to the precise
formulation, but there are several mechanisms that
could amplify the response beyond what we have pre-
sented here. Ekman pumping, which can enhance mix-
ing in slowly moving or stationary storms (Price 1981),
scales with the wind stress and could affect the mixing
depth. The internal wave field is an important energy
source for interior mixing (Munk and Wunsch 1998)
and tropical cyclones contribute energy to it (Nilsson
1995). Enhanced mixing from tropical cyclones could
also be accompanied by stronger interior mixing
through the stratification feedback discussed by Lyle
(1997) and Nilsson et al. (2003). For example, if in a
warmer climate the atmospheric latent heat flux in-
creased and weakened upper-ocean subtropical salinity
gradients, �b could grow (cf. Nilsson et al. 2003) and �s

could be relevant at greater depth [via (7)].
Another complexity arises when actual storm inten-

sities are used in place of PI. We implicitly assumed that
the ratio between actual intensity and PI is constant
across climate, but the ocean’s negative feedback on
storm intensity (Schade and Emanuel 1999) could be
weaker in equable climates if subsurface ocean tem-
peratures increase strongly (cf. Pasquero and Emanuel
2008). To illustrate this point, we used the coupled hur-
ricane–ocean model described by Schade and Emanuel
(1999) to compare the mixed layer depth in a storm’s
wake when the stratification varies. The atmospheric
component of this model is described by Emanuel
(1995) and is constructed on the assumption that the
storm is axisymmetric, in hydrostatic and gradient wind
balance, and that the vortex is always near a state of
neutral stability with respect to slantwise convection. It
is coupled to a three-dimensional-layer ocean model
adapted from the work of Cooper and Thompson
(1989). Figure 13a shows results for a simulation of a
storm translating west at 5 m s�1 using a typical upper-
ocean structure for the present climate [the initial ther-
mal structure includes a SST and mixed layer (50-m
depth) temperature of 30°C with a linear decrease to
14°C by 350 m below]. As momentum is deposited in
the surface layer, a shear builds on the base of the

FIG. 12. As in Fig. 2 but for runs with interactive mixing and
338-ppm CO2 (solid), interactive mixing and 3380-ppm CO2

(dashed), and uniformly weak mixing and 3380-ppm CO2 (dotted).
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mixed layer, lowering the local Richardson number to
its critical value. Turbulent entrainment ensues and the
mixed layer depth increases �100 m to the right of the
storm’s center, where the response is strongest; oscilla-

tions at depth continue in the storm’s wake from iner-
tia–gravity waves (Price 1981). For the simulation
shown in Fig. 13b, we made a single change: the tem-
perature at 350-m depth was raised to 22°C. With the
mixed layer temperature fixed at 30°C, this has the sole
effect of weakening thermocline stratification by about
a factor of 2. Figure 13c shows results when the 350-m
temperature is raised to 28°C. The storm is now able to
mix deeper in Figs. 13b and 13c: mixed layer depths
along and to the right of the track increase by 50–75 m
in Fig. 13b and by more than 100 m in Fig. 13c relative
to Fig. 13a, indicating that mixing has penetrated
deeper into the thermocline. The magnitude of the re-
sponse is somewhat larger than predicted by (7) be-
cause there is a positive feedback at work in this model:
the water entrained into the surface layer is warmer
when the stratification is weaker, which lessens the
cooling of SSTs below the storm’s core. This allows
stronger air–sea fluxes into the cyclone, creating a
stronger storm. This in turn means the surface stress on
the ocean’s surface is enhanced and leads to a greater
deposition of momentum in the upper ocean. This feed-
back between u and � is not considered in (7) when PI
is used to represent intensity.

Tropical cyclones could amplify upper-ocean mixing
in low latitudes when radiative forcing increases
greatly. The penetration depth of this mixing increases
too, but the changes are a function of the stratification
as well. Future work is required to elucidate the sensi-
tivity of this mechanism to model resolution and ocean
structure. Further knowledge about how the cold wakes
of tropical cyclones recover is also needed. For ex-
ample, if the heating in the wake of a storm were con-
fined to a shallow layer, the remaining cold anomaly
would be isolated from the surface, reducing the col-
umn heating applied from the atmosphere. Emanuel
(2001) provided some evidence that the net column
heating may extend through the full depth of the pre-
storm mixed layer, but direct measurements are needed
to better quantify the process. Resolution of these is-
sues lies beyond the scope of this conceptual paper. Our
main conclusion is that interactive mixing in the upper
ocean, whatever its source, can change the way in which
the ocean heat flux responds. Paleoclimate studies
should be aware of these possibilities.

Acknowledgments. We thank Peter Stone for many
invaluable conversations and thoughtful suggestions re-
garding this work. Matthew Huber, Johan Nilsson, and
an anonymous reviewer provided very helpful com-
ments on an earlier version of this manuscript. The
National Science Foundation (Grant ATM-0001039)
provided support for this research.

FIG. 13. The mixed layer depth following the passage of a tropical
cyclone when the mixed layer temperature is initially 30°C and the
temperature at 350 m decreased to (a) 14°, (b) 22°, and (c) 28°C.
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APPENDIX

Estimate of Mixing Depth

Changes in SST are directly related to the depth mix-
ing penetrates. For simplicity, we take d�/dz (�) to be
linear below the mixed layer, as illustrated in Fig. 5; it
follows that the initial, vertically averaged density in
the region between ho and hf is

�i�ho → hf� � �o �
��h

2
, �A1�

which is equal to the initial density evaluated at ho 
 �h/2.
The final density is the weighted average of the ini-
tial mixed layer density and the density given by (A1),
such that

�f �

�oho 
 ��o �
1
2

��h��h

ho 
 �h
. �A2�

Writing �f as �o � �� yields an expression relating the
degree of surface density changes (principally from a
drop in SSTs) to the penetration depth of the turbulent
mixing:

�� �
�

2
��h�2

ho 
 �h
. �A3�

This depth is directly related to the rate of entrain-
ment we:

�
ho

hf

dh � �
0

�

we dt; �A4�


 is the duration of the intense mixing. There is an
extensive literature devoted to parameterizations of en-
trainment and turbulent mixing; the formulation devel-
oped by Price (1979), Thompson (1979), and Kranen-
burg (1984) has been used successfully in coupled hur-
ricane–ocean models (Schade and Emanuel 1999;
Emanuel et al. 2004). The fundamental premise behind
the mixing closure developed by Price (1979) is the
constancy of the bulk Richardson number, which is de-
fined as

Rb* �
g��h

�ou2

*
, �A5�

where u2

* is the square of the friction velocity and h is
the mixed layer depth. These authors found that the
ratio we /u* is proportional to the square root of the
inverse of the bulk Richardson; it follows that

we �

nu2

*

�gh
��
, �A6�

where n is a constant of proportionality and � is the
specific volume.

The jump in density across the base of the surface
layer �� evolves with time, but for any depth h, the
density approaching this depth from above will be
�(h
) � �ml, which is the adjusted density of the mixed
layer (the change in mixed layer density from entrain-
ment is assumed to be instantaneous); the density ap-
proaching h from below is equal to the initial density at
this level, �(h�) � �o � �(h � ho). Taking the differ-
ence yields

�� � �ml � �o 
 ��h � ho�. �A7�

Making the simplification of representing we with a
temporal average, (A4) yields

�h � we�. �A8�

Note from (A6) that the rate of entrainment will de-
crease when the mixed layer is deeper and the jump in
density across its base increases. As the mixed layer
deepens, the surface stress goes into currents over a
greater depth, lessening the shear across the base of the
mixed layer; as the density jump increases, it takes a
more powerful shear to overcome the resistance given
by the jump in stratification.

To estimate we, we set the temporal average of the
entrainment velocity equal to its smallest value: this
occurs as the mixed layer reaches hf, just prior to the
cessation of mixing when the density jump is largest.
With this choice, it follows from (A6) that

we
2 �

n2u4

*
g
hf ��

; �A9�

from (A7), �� is

�� � ��� 
 ��hf � ho� �A10�

at its maximum (�ml � �f). Using (A3), (A9), and (A10)
in (A8) yields

��h�4 
 2ho��h�3 �

2n2�2u4

*
g
�

. �A11�

A good estimate of the behavior of this quartic equa-
tion is

�h � h*� u

u*
�1.2� �

�*
��0.3

�A12�

over realistic parameter ranges. The mixing penetration
depth will increase nearly linearly with the strength of
the storm; weaker stratification in the thermocline will
also increase the penetration depth, though this effect is
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smaller. We choose h* to be 100 m, a typical value
observed in the present climate (e.g., Price 1981; see
also Fig. 13a). As we are using potential intensity as the
measure of tropical cyclone activity, u* is taken to be
65 m s�1, an average value found in the present climate
(see Fig. 8a). The value of N in the upper tropical
oceans is approximately 0.02 s�1 (Gill 1982, p. 52), and
this is used to calculate �*.
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