
explosively deepened and were more closely correlated with the ocean heat content (OHC) 

variations (and deep isotherms) than with the sea-surface temperatures (SST) distributions, 

which were essentially flat and exceeded 30
o
C over most of the region with slight warming 

along the northern GOM shelf. By contrast, the OHC and 26
o
C isotherm depths indicated 

the LC and its deep warm layers as it was in the process of shedding a mesoscale warm 

core ring (WCR) in August and September 2005. A cold core ring (CCR) that advected 

cyclonically around the shed WCR may have helped weaken Rita before landfall. Walker 

et al. (2005) also found that Hurricane Ivan may have encountered a CCR prior to landfall. 

These studies point to the importance of initializing coupled ocean-hurricane models with 

realistic warm and cold ocean features. 

 

 

 

Figure 1.3.1 a) Tropical 

cyclone image and b) 

schematic of the physical 

processes forced by hurricane 

winds such as shear-induced 

mixing and OML deepening, 

upwelling due to transport 

away from the center, and 

surface heat fluxes from the 

ocean to the atmosphere, all 

of which may contribute to 

ocean cooling during TC 

passage (from Shay 2001). 

 

 

As shown in Figure 1.3.1b, upper-ocean mixing and cooling are a strong function of forced 

near-inertial current shears that reduce the Richardson numbers below criticality, which 

induces entrainment mixing (Price 1981; Schade and Emanuel 1999; Shay 2001; D’Asaro 

2003; Jacob and Shay 2003). The contributions to the heat and mass budgets by shear-

driven entrainment heat fluxes across the ocean mixed layer (OML) base are 60 to 85%, 

surface heat fluxes are between 5 to 15%, and horizontal advection by ocean currents are 5 

to 15 % (Price et al. 1994; Jacob et al. 2000). All of these processes impact the SST and 

OHC variability. In addition, wind-driven upwelling of the isotherms due to net upper 

ocean transport away from the storm modulate the shear-induced (S) ocean mixing events 

by an upward transport of cooler water from the thermocline. This transport increases the 

buoyancy frequency (N), which tends to keep the Richardson number above criticality. In 

the LC and WCR regimes with deep, warm thermal layers, cooling induced by these 

physical processes (Fig. 1) is considerably less as much greater turbulent-induced mixing 

by the current shear is required to cool and deepen the OML (Shay et al. 2000, Uhlhorn 
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Entrainment fluxes at the base of the mixed layer 
account for 60-85% of upper ocean cyclone-induced 
cooling. (Jacob et al., 2000; Shay, 2006)

- Figure from Shay, 2006
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!1.5!C) and there was net warming of 1.7!C and 0.9!C at
45 and 60 m, respectively (Figure 2b). There was almost no
net change in temperature at 71, 120, and 150 m. Near-
inertial oscillations in temperature evident after the passage
of Felix indicate the presence of large amplitude internal
gravity waves in the thermocline (60 and 71 m).
[10] The mixed layer deepened to 46 ± 4 m (N = 7)

according to an average of ship-based temperature profiles
taken on 18 August (Figure 3) as part of the BATS and
BBOP sampling programs, and to <45 m based on BTM
data (Figure 2b). The difference between these estimates
likely reflects a combination of spatial variability in the
mixed layer depth (the two sampling sites were several
kilometers apart) and the coarser vertical resolution of BTM
temperature sensors. The BTM’s 45 m sensor was near the
top of the thermocline after the hurricane (Figure 2).
[11] The depth-integrated heat anomaly (DIH) was calcu-

lated [following Large et al., 1986] for vertical intervals
where there was net cooling ([z1,z2] = [0, 29 m]) and net
warming ([29, 70 m]), as well as over the primary domain
affected by hurricane mixing ([0, 70 m]); the lower bound is
defined as the depth at which there is no significant change
in the temperature with time. For details of the calculation,
see Appendix A. The temperature records and model results
indicate that heat exchange was primarily confined to the
upper 70 m (DIH0–70 = "51.2 ± 86.6 MJ/m2). Scale
analysis suggests that mixing observed at the BTM site
was to first order in the vertical dimension [Dickey et al.,
1998a]. The significant heat loss from the upper layer
(DIH0–29 = "326.4 ± 22.0 MJ/m2) was partially balanced
by that gained in the lower layer where heat exchange
occurred (DIH29–70 = 275.2 ± 81.4 MJ/m2). The net heat
gained at the surface over the period 10–18 August was
!35 MJ/m2 (error bars are not reported, but are large). A

simple balance based on these estimates suggests that up to
!86 MJ/m2 of heat (net heat lost out of mixed layer - net
heat gained in thermocline; i.e., 26% of the heat lost from
the mixed layer) could have been advected horizontally, but
we stress that these quantities are also nearly balanced
within the large variability of the measurements. The
variability in the temperature profiles collected on 18
August reflects vertical displacements of the seasonal ther-
mocline caused by near-inertial internal gravity waves.
Intense vertical mixing associated with Felix caused net
downward transport of heat below the mixed layer, extend-
ing well into the thermocline, between 45 m and 70 m
(Figure 4). Note that the adjusted heat profile in Figure 4
(dashed line) was computed by adding 68 MJ/m2 of heat
over the top 70 m of water to account for processes such as
horizontal advection and uncertainty in surface heat flux.
The adjusted profile is an approximation of how a one-
dimensional ocean might have responded to the hurricane,
and serves as an additional indicator of model skill (since
the models conserve heat in the vertical dimension).

4.2. Currents and Energy Analysis

[12] Hurricane Felix caused a dramatic increase in kinetic
energy and complex dynamics in the upper ocean. To
characterize the dynamic response to Felix, calculations of
the amplitude and kinetic energy of the near-inertial currents
using complex demodulation (following Qi et al. [1995,
equation (A2)]); amplitude of D(t) shown in Figure 5) were
made. During the storm-forced period (13–15 August),
large near-inertial currents were observed in the mixed
layer. A weaker near-inertial signal was also observed at
106 m, suggesting that near-inertial energy penetrated the
thermocline. Curiously, there is not a clear near-inertial
oscillation at 71 m, near the base of the strong seasonal

Figure 3. Pre- and post-Felix temperature profiles. Data
from Hydrostation S for 10 August and average profile from
BBOP/BATS for 18 August are shown along with BTM
values averaged over those days. The error bars are ±1
standard deviation from the mean.

Figure 4. Simulated (from most realistic forcing) and
measured (from BBOP/BATS casts) profiles of temperature
changes (!C) in the upper 100 m of water. The 10 August
temperature profile was subtracted from the average
temperature profile for 18 August (N = 7).
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!1.5!C) and there was net warming of 1.7!C and 0.9!C at
45 and 60 m, respectively (Figure 2b). There was almost no
net change in temperature at 71, 120, and 150 m. Near-
inertial oscillations in temperature evident after the passage
of Felix indicate the presence of large amplitude internal
gravity waves in the thermocline (60 and 71 m).
[10] The mixed layer deepened to 46 ± 4 m (N = 7)

according to an average of ship-based temperature profiles
taken on 18 August (Figure 3) as part of the BATS and
BBOP sampling programs, and to <45 m based on BTM
data (Figure 2b). The difference between these estimates
likely reflects a combination of spatial variability in the
mixed layer depth (the two sampling sites were several
kilometers apart) and the coarser vertical resolution of BTM
temperature sensors. The BTM’s 45 m sensor was near the
top of the thermocline after the hurricane (Figure 2).
[11] The depth-integrated heat anomaly (DIH) was calcu-

lated [following Large et al., 1986] for vertical intervals
where there was net cooling ([z1,z2] = [0, 29 m]) and net
warming ([29, 70 m]), as well as over the primary domain
affected by hurricane mixing ([0, 70 m]); the lower bound is
defined as the depth at which there is no significant change
in the temperature with time. For details of the calculation,
see Appendix A. The temperature records and model results
indicate that heat exchange was primarily confined to the
upper 70 m (DIH0–70 = "51.2 ± 86.6 MJ/m2). Scale
analysis suggests that mixing observed at the BTM site
was to first order in the vertical dimension [Dickey et al.,
1998a]. The significant heat loss from the upper layer
(DIH0–29 = "326.4 ± 22.0 MJ/m2) was partially balanced
by that gained in the lower layer where heat exchange
occurred (DIH29–70 = 275.2 ± 81.4 MJ/m2). The net heat
gained at the surface over the period 10–18 August was
!35 MJ/m2 (error bars are not reported, but are large). A

simple balance based on these estimates suggests that up to
!86 MJ/m2 of heat (net heat lost out of mixed layer - net
heat gained in thermocline; i.e., 26% of the heat lost from
the mixed layer) could have been advected horizontally, but
we stress that these quantities are also nearly balanced
within the large variability of the measurements. The
variability in the temperature profiles collected on 18
August reflects vertical displacements of the seasonal ther-
mocline caused by near-inertial internal gravity waves.
Intense vertical mixing associated with Felix caused net
downward transport of heat below the mixed layer, extend-
ing well into the thermocline, between 45 m and 70 m
(Figure 4). Note that the adjusted heat profile in Figure 4
(dashed line) was computed by adding 68 MJ/m2 of heat
over the top 70 m of water to account for processes such as
horizontal advection and uncertainty in surface heat flux.
The adjusted profile is an approximation of how a one-
dimensional ocean might have responded to the hurricane,
and serves as an additional indicator of model skill (since
the models conserve heat in the vertical dimension).

4.2. Currents and Energy Analysis

[12] Hurricane Felix caused a dramatic increase in kinetic
energy and complex dynamics in the upper ocean. To
characterize the dynamic response to Felix, calculations of
the amplitude and kinetic energy of the near-inertial currents
using complex demodulation (following Qi et al. [1995,
equation (A2)]); amplitude of D(t) shown in Figure 5) were
made. During the storm-forced period (13–15 August),
large near-inertial currents were observed in the mixed
layer. A weaker near-inertial signal was also observed at
106 m, suggesting that near-inertial energy penetrated the
thermocline. Curiously, there is not a clear near-inertial
oscillation at 71 m, near the base of the strong seasonal

Figure 3. Pre- and post-Felix temperature profiles. Data
from Hydrostation S for 10 August and average profile from
BBOP/BATS for 18 August are shown along with BTM
values averaged over those days. The error bars are ±1
standard deviation from the mean.

Figure 4. Simulated (from most realistic forcing) and
measured (from BBOP/BATS casts) profiles of temperature
changes (!C) in the upper 100 m of water. The 10 August
temperature profile was subtracted from the average
temperature profile for 18 August (N = 7).
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!1.5!C) and there was net warming of 1.7!C and 0.9!C at
45 and 60 m, respectively (Figure 2b). There was almost no
net change in temperature at 71, 120, and 150 m. Near-
inertial oscillations in temperature evident after the passage
of Felix indicate the presence of large amplitude internal
gravity waves in the thermocline (60 and 71 m).
[10] The mixed layer deepened to 46 ± 4 m (N = 7)

according to an average of ship-based temperature profiles
taken on 18 August (Figure 3) as part of the BATS and
BBOP sampling programs, and to <45 m based on BTM
data (Figure 2b). The difference between these estimates
likely reflects a combination of spatial variability in the
mixed layer depth (the two sampling sites were several
kilometers apart) and the coarser vertical resolution of BTM
temperature sensors. The BTM’s 45 m sensor was near the
top of the thermocline after the hurricane (Figure 2).
[11] The depth-integrated heat anomaly (DIH) was calcu-

lated [following Large et al., 1986] for vertical intervals
where there was net cooling ([z1,z2] = [0, 29 m]) and net
warming ([29, 70 m]), as well as over the primary domain
affected by hurricane mixing ([0, 70 m]); the lower bound is
defined as the depth at which there is no significant change
in the temperature with time. For details of the calculation,
see Appendix A. The temperature records and model results
indicate that heat exchange was primarily confined to the
upper 70 m (DIH0–70 = "51.2 ± 86.6 MJ/m2). Scale
analysis suggests that mixing observed at the BTM site
was to first order in the vertical dimension [Dickey et al.,
1998a]. The significant heat loss from the upper layer
(DIH0–29 = "326.4 ± 22.0 MJ/m2) was partially balanced
by that gained in the lower layer where heat exchange
occurred (DIH29–70 = 275.2 ± 81.4 MJ/m2). The net heat
gained at the surface over the period 10–18 August was
!35 MJ/m2 (error bars are not reported, but are large). A

simple balance based on these estimates suggests that up to
!86 MJ/m2 of heat (net heat lost out of mixed layer - net
heat gained in thermocline; i.e., 26% of the heat lost from
the mixed layer) could have been advected horizontally, but
we stress that these quantities are also nearly balanced
within the large variability of the measurements. The
variability in the temperature profiles collected on 18
August reflects vertical displacements of the seasonal ther-
mocline caused by near-inertial internal gravity waves.
Intense vertical mixing associated with Felix caused net
downward transport of heat below the mixed layer, extend-
ing well into the thermocline, between 45 m and 70 m
(Figure 4). Note that the adjusted heat profile in Figure 4
(dashed line) was computed by adding 68 MJ/m2 of heat
over the top 70 m of water to account for processes such as
horizontal advection and uncertainty in surface heat flux.
The adjusted profile is an approximation of how a one-
dimensional ocean might have responded to the hurricane,
and serves as an additional indicator of model skill (since
the models conserve heat in the vertical dimension).

4.2. Currents and Energy Analysis

[12] Hurricane Felix caused a dramatic increase in kinetic
energy and complex dynamics in the upper ocean. To
characterize the dynamic response to Felix, calculations of
the amplitude and kinetic energy of the near-inertial currents
using complex demodulation (following Qi et al. [1995,
equation (A2)]); amplitude of D(t) shown in Figure 5) were
made. During the storm-forced period (13–15 August),
large near-inertial currents were observed in the mixed
layer. A weaker near-inertial signal was also observed at
106 m, suggesting that near-inertial energy penetrated the
thermocline. Curiously, there is not a clear near-inertial
oscillation at 71 m, near the base of the strong seasonal

Figure 3. Pre- and post-Felix temperature profiles. Data
from Hydrostation S for 10 August and average profile from
BBOP/BATS for 18 August are shown along with BTM
values averaged over those days. The error bars are ±1
standard deviation from the mean.

Figure 4. Simulated (from most realistic forcing) and
measured (from BBOP/BATS casts) profiles of temperature
changes (!C) in the upper 100 m of water. The 10 August
temperature profile was subtracted from the average
temperature profile for 18 August (N = 7).
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according to an average of ship-based temperature profiles
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by that gained in the lower layer where heat exchange
occurred (DIH29–70 = 275.2 ± 81.4 MJ/m2). The net heat
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!35 MJ/m2 (error bars are not reported, but are large). A
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we stress that these quantities are also nearly balanced
within the large variability of the measurements. The
variability in the temperature profiles collected on 18
August reflects vertical displacements of the seasonal ther-
mocline caused by near-inertial internal gravity waves.
Intense vertical mixing associated with Felix caused net
downward transport of heat below the mixed layer, extend-
ing well into the thermocline, between 45 m and 70 m
(Figure 4). Note that the adjusted heat profile in Figure 4
(dashed line) was computed by adding 68 MJ/m2 of heat
over the top 70 m of water to account for processes such as
horizontal advection and uncertainty in surface heat flux.
The adjusted profile is an approximation of how a one-
dimensional ocean might have responded to the hurricane,
and serves as an additional indicator of model skill (since
the models conserve heat in the vertical dimension).

4.2. Currents and Energy Analysis

[12] Hurricane Felix caused a dramatic increase in kinetic
energy and complex dynamics in the upper ocean. To
characterize the dynamic response to Felix, calculations of
the amplitude and kinetic energy of the near-inertial currents
using complex demodulation (following Qi et al. [1995,
equation (A2)]); amplitude of D(t) shown in Figure 5) were
made. During the storm-forced period (13–15 August),
large near-inertial currents were observed in the mixed
layer. A weaker near-inertial signal was also observed at
106 m, suggesting that near-inertial energy penetrated the
thermocline. Curiously, there is not a clear near-inertial
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Figure 3. Pre- and post-Felix temperature profiles. Data
from Hydrostation S for 10 August and average profile from
BBOP/BATS for 18 August are shown along with BTM
values averaged over those days. The error bars are ±1
standard deviation from the mean.

Figure 4. Simulated (from most realistic forcing) and
measured (from BBOP/BATS casts) profiles of temperature
changes (!C) in the upper 100 m of water. The 10 August
temperature profile was subtracted from the average
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!1.5!C) and there was net warming of 1.7!C and 0.9!C at
45 and 60 m, respectively (Figure 2b). There was almost no
net change in temperature at 71, 120, and 150 m. Near-
inertial oscillations in temperature evident after the passage
of Felix indicate the presence of large amplitude internal
gravity waves in the thermocline (60 and 71 m).
[10] The mixed layer deepened to 46 ± 4 m (N = 7)

according to an average of ship-based temperature profiles
taken on 18 August (Figure 3) as part of the BATS and
BBOP sampling programs, and to <45 m based on BTM
data (Figure 2b). The difference between these estimates
likely reflects a combination of spatial variability in the
mixed layer depth (the two sampling sites were several
kilometers apart) and the coarser vertical resolution of BTM
temperature sensors. The BTM’s 45 m sensor was near the
top of the thermocline after the hurricane (Figure 2).
[11] The depth-integrated heat anomaly (DIH) was calcu-

lated [following Large et al., 1986] for vertical intervals
where there was net cooling ([z1,z2] = [0, 29 m]) and net
warming ([29, 70 m]), as well as over the primary domain
affected by hurricane mixing ([0, 70 m]); the lower bound is
defined as the depth at which there is no significant change
in the temperature with time. For details of the calculation,
see Appendix A. The temperature records and model results
indicate that heat exchange was primarily confined to the
upper 70 m (DIH0–70 = "51.2 ± 86.6 MJ/m2). Scale
analysis suggests that mixing observed at the BTM site
was to first order in the vertical dimension [Dickey et al.,
1998a]. The significant heat loss from the upper layer
(DIH0–29 = "326.4 ± 22.0 MJ/m2) was partially balanced
by that gained in the lower layer where heat exchange
occurred (DIH29–70 = 275.2 ± 81.4 MJ/m2). The net heat
gained at the surface over the period 10–18 August was
!35 MJ/m2 (error bars are not reported, but are large). A

simple balance based on these estimates suggests that up to
!86 MJ/m2 of heat (net heat lost out of mixed layer - net
heat gained in thermocline; i.e., 26% of the heat lost from
the mixed layer) could have been advected horizontally, but
we stress that these quantities are also nearly balanced
within the large variability of the measurements. The
variability in the temperature profiles collected on 18
August reflects vertical displacements of the seasonal ther-
mocline caused by near-inertial internal gravity waves.
Intense vertical mixing associated with Felix caused net
downward transport of heat below the mixed layer, extend-
ing well into the thermocline, between 45 m and 70 m
(Figure 4). Note that the adjusted heat profile in Figure 4
(dashed line) was computed by adding 68 MJ/m2 of heat
over the top 70 m of water to account for processes such as
horizontal advection and uncertainty in surface heat flux.
The adjusted profile is an approximation of how a one-
dimensional ocean might have responded to the hurricane,
and serves as an additional indicator of model skill (since
the models conserve heat in the vertical dimension).

4.2. Currents and Energy Analysis

[12] Hurricane Felix caused a dramatic increase in kinetic
energy and complex dynamics in the upper ocean. To
characterize the dynamic response to Felix, calculations of
the amplitude and kinetic energy of the near-inertial currents
using complex demodulation (following Qi et al. [1995,
equation (A2)]); amplitude of D(t) shown in Figure 5) were
made. During the storm-forced period (13–15 August),
large near-inertial currents were observed in the mixed
layer. A weaker near-inertial signal was also observed at
106 m, suggesting that near-inertial energy penetrated the
thermocline. Curiously, there is not a clear near-inertial
oscillation at 71 m, near the base of the strong seasonal

Figure 3. Pre- and post-Felix temperature profiles. Data
from Hydrostation S for 10 August and average profile from
BBOP/BATS for 18 August are shown along with BTM
values averaged over those days. The error bars are ±1
standard deviation from the mean.

Figure 4. Simulated (from most realistic forcing) and
measured (from BBOP/BATS casts) profiles of temperature
changes (!C) in the upper 100 m of water. The 10 August
temperature profile was subtracted from the average
temperature profile for 18 August (N = 7).
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kilometers apart) and the coarser vertical resolution of BTM
temperature sensors. The BTM’s 45 m sensor was near the
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!35 MJ/m2 (error bars are not reported, but are large). A
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heat gained in thermocline; i.e., 26% of the heat lost from
the mixed layer) could have been advected horizontally, but
we stress that these quantities are also nearly balanced
within the large variability of the measurements. The
variability in the temperature profiles collected on 18
August reflects vertical displacements of the seasonal ther-
mocline caused by near-inertial internal gravity waves.
Intense vertical mixing associated with Felix caused net
downward transport of heat below the mixed layer, extend-
ing well into the thermocline, between 45 m and 70 m
(Figure 4). Note that the adjusted heat profile in Figure 4
(dashed line) was computed by adding 68 MJ/m2 of heat
over the top 70 m of water to account for processes such as
horizontal advection and uncertainty in surface heat flux.
The adjusted profile is an approximation of how a one-
dimensional ocean might have responded to the hurricane,
and serves as an additional indicator of model skill (since
the models conserve heat in the vertical dimension).
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[12] Hurricane Felix caused a dramatic increase in kinetic
energy and complex dynamics in the upper ocean. To
characterize the dynamic response to Felix, calculations of
the amplitude and kinetic energy of the near-inertial currents
using complex demodulation (following Qi et al. [1995,
equation (A2)]); amplitude of D(t) shown in Figure 5) were
made. During the storm-forced period (13–15 August),
large near-inertial currents were observed in the mixed
layer. A weaker near-inertial signal was also observed at
106 m, suggesting that near-inertial energy penetrated the
thermocline. Curiously, there is not a clear near-inertial
oscillation at 71 m, near the base of the strong seasonal

Figure 3. Pre- and post-Felix temperature profiles. Data
from Hydrostation S for 10 August and average profile from
BBOP/BATS for 18 August are shown along with BTM
values averaged over those days. The error bars are ±1
standard deviation from the mean.

Figure 4. Simulated (from most realistic forcing) and
measured (from BBOP/BATS casts) profiles of temperature
changes (!C) in the upper 100 m of water. The 10 August
temperature profile was subtracted from the average
temperature profile for 18 August (N = 7).
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In order for Emanuel’s 2001 hypothesis to be true, the following should be observable:

•  TCs mix warm water up and cold water down.

•  Positive correlations between:

•  Integrated TC intensity (Power Dissipation (PD))

•  Vertical Diffusivity 
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•  Changes in ocean heat content (  OHC) ∆
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• TCs lead to strong vertical mixing that pumps heat down into the ocean.
• This mixing contributes to regulating climate by  driving the thermohaline circulation and ocean heat 

transport (OHT).

We test Emanuel’s 2001 hypothesis by examining these criteria using 
TMI winds and surface temperature data.

- offers opportunity to represent both quantities with same instrument
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Figure 1

A

B

Hurricane Bonnie, 1998
Temperature differences (degrees C) between 

08/10/1998 and 08/27/1998.

A.  2 meter air temperature (2MT) anomaly from 
ERA-40

B. Sea surface temperature (SST) anomaly from 
NASA’s TRMM Microwave Imager (TMI)



Processing TMI winds and sst (from remss.com)



Apply Poisson relaxation to fill in missing values

Example of  blended daily maximum wind field



Annualized Accumulated Tropical Cyclone-Induced SST Anomalies
Figure 1

A.

B.

W/m2

Annualy-averaged Tropical Cyclone Power Dissipation



Tropical cyclone-induced mixed layer depth change

We combine SST anomalies with vertical temperature profiles from the World Ocean Atlas 
(1998) to determine the depth of mixing (mixed layer depth change)

This calculation assumes the strongest cooling event is only event to affect region annually.



• TCs strongly cool the upper ocean and pump heat 
downwards through the base of the mixed layer.

• TC-induced anomalous ocean heat content:  ~ 10^22 Joules

• May account for 1/3 of peak poleward ocean heat flux

~ nearly twice as much as previous estimates using reanalysis

Quantifying OHC anomalies:

Q =
∫ ∫

ρ0Cl∆TdAdz

-  density of sea water
-  heat capacity of sea water
-  SST anomaly
-  surface area
-  depth of temperature anomaly
-  mixed layer depth change

ρ0

Cl
∆T
dA
dz



Observed Upper Ocean Heat Content Anomalies

Zonally averaged, normalized OHC anomalies and PD averaged from 1994-2001

Blue Line  - Globally integrated TC Power Dissipation (PD)
Red Line   -  TC-induced ocean heat anomalies from SST anomalies 
Black Line -  Observed OHC anomalies within upper 400 meters (from Scripps)
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Observed Upper Ocean Heat Content Anomalies

Zonally averaged, normalized OHC anomalies and PD averaged from 1994-2001

Blue Line  - Globally integrated TC Power Dissipation (PD)
Red Line   -  TC-induced ocean heat anomalies from SST anomalies 
Black Line -  Observed OHC anomalies within upper 400 meters (from Scripps)
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OHC anomalies 
associated with global 
warming occur at the 
same latitudes as TC 
events.

- causally related?

Sriver and Huber, 2007



Representation of TC-mixing as vertical diffusivity

Diffusivity from TC-mixing is spatially variable and comparable to background values used in 
climate simulations. 

- TCs may be responsible for majority of tropical mixing currently missing in ocean models.

Combine anomalous SST with mixed layer depth change to estimate tropical cyclone ocean mixing



Vertical Diffusivity and SST
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Vertical Diffusivity and SST

• Agreement suggests all upper ocean 
vertical mixing in the tropics is due to 
TCs.

• In each location, all annual mixing in 
upper tropical oceans occurs during 1-2 
TC events.
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• Vertical diffusivity is enhanced under regions 
with strong TCs.

• areas of warmest SST

• TC activity provides a physical mechanism for 
strong positive relationship between vertical 
diffusivity and SST.



TMI estimation of integrated cyclone intensity
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TMI closely reproduces observed trends in integrated cyclone intensity
- Provides high resolution wind field rather than maximum sustained wind
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Conclusions
Our results show positive correlation between the quantities: SST, vertical diffusivity, PD 
and anomalous OHC,

- supporting Emanuel’s 2001 hypothesis that TCs contribute to driving ocean 
dynamics and regulating the climate system.

TMI provides high-resolution SST and surface winds useful for understanding the effects 
of tropical cyclones on the upper ocean



Conclusions
Our results show positive correlation between the quantities: SST, vertical diffusivity, PD 
and anomalous OHC,

- supporting Emanuel’s 2001 hypothesis that TCs contribute to driving ocean 
dynamics and regulating the climate system.

TMI provides high-resolution SST and surface winds useful for understanding the effects 
of tropical cyclones on the upper ocean

Future Direction

Ultra-high resolution climate modeling is becoming capable of 
simulating tropical cyclone events.

- Coupling of atmosphere-ocean models:  Correct representation of 
cyclone effects on ocean is critical for exposing possible feedbacks.

- Creation of TMI-derived model diagnostics for tropical cyclones
- anomalous SST, mixed layer depth change, diffusivity, etc.
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