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Tropical cyclones have been hypothesized to influence climate by
pumping heat into the ocean, but a direct measure of this
warming effect is still lacking. We quantified cyclone-induced
ocean warming by directly monitoring the thermal expansion of
water in the wake of cyclones, using satellite-based sea surface
height data that provide a unique way of tracking the changes in
ocean heat content on seasonal and longer timescales. We find
that the long-term effect of cyclones is to warm the ocean at a rate
of 0.32 + 0.15 PW between 1993 and 2009, i.e., ~23 times more
efficiently per unit area than the background equatorial warming,
making cyclones potentially important modulators of the climate
by affecting heat transport in the ocean-atmosphere system. Fur-
thermore, our analysis reveals that the rate of warming increases
with cyclone intensity. This, together with a predicted shift in
the distribution of cyclones toward higher intensities as climate
warms, suggests the ocean will get even warmer, possibly leading
to a positive feedback.

Strong winds associated with tropical cyclones (TCs) increase
air-sea heat fluxes, favoring the intensification of storms, and
generate vigorous vertical mixing in the upper ocean, stirring
warm surface waters with colder waters below (1-6). The wake
produced by the passage of TCs is thus characterized by a surface
cold anomaly and a subsurface warm anomaly (1-3, 6, 7). After
the TC passage, the sea surface cold anomaly dissipates quickly
(8-10), due in part to anomalous air-sea heat fluxes (9, 11),
whereas the subsurface warm anomaly is believed to persist over
a much longer period (12). This has led to the suggestion that the
net long-term effect of TCs is to pump heat into the ocean (13—
16). Such a flux of heat into the low-latitude ocean has been
proposed to be an important modulator of local and remote
climate (12, 17-22).

During the past decade or so, several studies have been devoted
to estimating the magnitude of this heating effect, using sea surface
temperature (SST) data (13-16). However, owing to a lack of
subsurface temperature observations, these studies relied upon
many assumptions that led to large and poorly quantified uncer-
tainties (SI Appendix, SI Results). Furthermore, it is currently highly
debated how much (if any) of the estimated warming survives be-
yond winter season when the deepening of the mixed layer cools
the upper ocean. To avoid the ideological and methodological
challenges inherent in the previous work, we take a more
straightforward approach that was first proposed by Emanuel (13,
23) and quantify the TC-induced warming effect on the ocean by
estimating the thermal expansion of water in the wake of Northern
Hemisphere TCs, using satellite-derived sea surface height (SSH)
data (24) together with tropical cyclone best-track data (25, 26).
Combining these two datasets allows us to track the SSH anomalies
(SSHAs) around the TC-generated wake beyond the winter season
and thus provides a clear picture of the temporal evolution of the
TC-induced changes in the ocean heat content. Details on the data
and methods are given in SI Appendix, SI Data and Methods.

Results

Fig. 1 and SI Appendix, Fig. S1 show the temporal evolution of
the along-track-averaged composite SSHA before and following
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the passage of a TC. Prominent negative SSHAs near the storm
center are due to divergent Ekman flow induced by the cyclonic
wind stress during the passage of the storm (27) and also to the
evaporative enthalpy loss. Farther away from the storm center,
the wind stress curl drives convergent Ekman transport and
positive SSHAs; the anomalies are larger on the right because of
the stronger winds (and thus wind stress curl) to the right of the
storm (1) (SI Appendix, Fig. S2). The fact that the magnitude of
the SSHASs correlates with the storm intensity (SI Appendix, Fig.
S1) is discussed later.

In the weeks following the passage of the TC, the induced
SSHAs propagate to the left of the storm track, consistent with
the westward propagation of the SST anomalies (SSTAs) (16,
28) due to an increase in the environmental rotation rate with
latitude (29). The SSHAs also dissipate as the flow crosses the
SSH isolines before the current comes into geostrophic balance
and as air-sea heat fluxes warm the cold surface anomalies. For
our purposes, the former effect needs to be removed because it
masks steric adjustments that are the signature of the net TC-
induced warming of the ocean. Because both Ekman transport
and geostrophic adjustment redistribute water mass only in the
horizontal direction, their effect can be minimized by averaging
over a sufficiently large area. To achieve this, we average the
along-track-mean composite SSHA over a 2,000-km-wide strip
centered on the storm track (SI Appendix, SI Data and Methods).
The evolution of the area-averaged SSHA can be attributed
primarily to anomalous air-sea heat fluxes; significant mass
fluxes due to precipitation occur only during the storm passage
and have at most a minor effect, as demonstrated by the fact that
the SSHA under the storm is negative (Fig. 1 and SI Appendix, Fig.
S1), whereas a positive anomaly is expected from an analysis of the
precipitation rate (SI Appendix, Fig. S3), assuming a spatially
uniform evaporation rate and assuming the amount of water mass
that radiates away by barotropic adjustment is negligible (30).

The area-mean SSH for cyclones of tropical storm intensity
and above shows a pronounced reduction concurrent with the
storm passage, as expected because of the enhanced air-sea heat
losses (red line in Fig. 2). Note that the magnitude of the neg-
ative SSHA should be considered a lower bound and not a direct
estimate of the sea level drop, as heavy rains associated with the
passage of the storm have a detrimental effect on altimeter
measurements (31). Subsequently, the temporal evolution shows
a rapid SSH increase during the first month, followed by a more
gradual increment that levels off after about 5 mo. This behavior
is consistent with recent observations showing that the warming
by anomalous air-sea heat fluxes is initially confined to the top
part of the mixed layer and is associated with a rapid recovery of
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Fig. 1. Temporal evolution of along-track-averaged composite SSHA (cen-
timeters) associated with the passage of TCs of category-3 to -5 hurricane
intensity in the Northern Hemisphere. To provide a general sense of a rough
timeline, the averaged calendar date corresponding to the time on the left y
axis is shown on the right y axis. For example, the mean occurrence calendar
date of category-3 to -5 hurricanes is around the end of August; an in-
dividual category-3 to -5 hurricane, however, may occur anytime during the
TC season, which usually lasts for 6 mo or longer.

the SST within a few weeks (8-10), whereas the bottom part of
the TC-induced cold anomaly takes a much longer period to
dissipate (32, 33) (see also a scaling argument discussed in S/
Appendix, SI Results).

To quantify the long-term change in ocean heat content in-
duced by TCs we use the SSHA averaged over a window that
covers the quasi-steady stage in the period between 5 mo and 7
mo after the storm passage. This period is sufficiently long that
the averaging window extends beyond the period of deepest
winter mixed layer (SI Appendix, Fig. S4), thus ensuring that our
estimate filters out short-term heating that does not survive be-
yond the winter season (16). At the same time, the averaging
period is sufficiently near in time to the passage of the storm to
minimize the amount of heat lost by large-scale horizontal ad-
vection. We find that during this time period the sea level av-
eraged over the 2,000-km length in the across-track direction is
on average 0.21 + 0.10 cm higher than during the prestorm pe-
riod (Fig. 3, red dashed line).

To convert the SSHA (Ah) to the ocean heat uptake per unit
length of the TC track (dQ/dx) we use (dQ/dx)/Ah=4x10"
Jkm™'.em™ (Materials and Methods). By integrating over the
mean length of TC tracks during a year using the 6-h TC best-track
data (SI Appendix, SI Data and Methods), we get the annual cu-
mulative warming effect induced by TCs globally as 1.01 + 0.46 x
10* J. This corresponds to a mean ocean heat uptake rate of
0.32 = 0.15 PW, which is within the range given by previous
studies (i.e., 0.15-1.5 PW) (13-16) and is approximately two
times the most recent estimate (16). Calculations based on early-
or late-season TCs give a similar estimate of the long-term effect
(81 Appendix, Fig. S5).

When the above analysis is conditioned on TC intensity, we
find that the magnitude of the local SSHA correlates with the
storm strength. For category-3 to -5 hurricanes the maximum
amplitude of the negative local SSHA is on average 6 cm,
whereas the magnitude for tropical depressions is only 1.5 cm (S7
Appendix, Fig. S1). The temporal evolution of the area-averaged
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composite SSHA is shown in Fig. 2 for different intensity classes.
After the rapid increase of SSH in the first month after the
passage of the storm, found for all intensity groups, the SSHA
associated with tropical depressions changes very little whereas
that associated with stronger TCs keeps increasing. We interpret
this as evidence that the cold SSTA in the wake of the tropical
depressions has already completely disappeared by day 30, thus
shutting off the anomalous air-sea heat fluxes, whereas the SST
in the wake of stronger TCs is still below normal conditions,
allowing anomalous air-sea heat fluxes to continue warming
the ocean (28). The remaining negative SSHA associated with
tropical depressions is eliminated during the winter season when
the mixed-layer depth increases beyond the maximum depth of
the subsurface cold anomaly. For stronger storms, the anomaly
remains positive after the winter mixed-layer deepening, in-
dicating that part of the anomalous warming lies below the
winter mixed-layer depth. On long timescales tropical depres-
sions have little or no effect on ocean heat uptake, but stronger
TCs produce a significant net ocean heating. The heating effect
is particularly strong for category-3 to -5 hurricanes with an
ocean warming of 1.56 + 0.90 x 10'7 J-km ™" whereas for tropical
storms it is only 0.63 + 0.48 x 10'7 J.km™ (see Fig. 3 where the
SSHA averaged over months 5-7 after the passage of the storm
is shown together with the implied heat uptake).

Conclusion and Discussion

Taking advantage of the continuous measurements of SSH from
space by satellite altimetry, we were able to track the temporal
evolution of the TC-generated changes in the ocean heat con-
tent. The long-term warming effect induced by global TCs on the
ocean is estimated to be 1.01 + 0.46 x 10** J on a yearly basis
over the study period between 1993 and 2009. A better feel for
such a TC-induced warming effect can be achieved when we di-
vide it by the total annual area affected by TCs (on average ~9 x
10" m%) and by the averaged duration of TC winds at each
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Fig. 2. Temporal evolution of area-averaged composite SSHA associated
with the passage of TCs of different intensity in the Northern Hemisphere:
tropical depressions (black), tropical storms (green), category-1 to -2 hurri-
canes (light blue), category-3 to -5 hurricanes (magenta), and all cyclones of
tropical storm intensity and above (red). Error bars are calculated as the SD
divided by the square root of the number of independent observations (i.e.,
the SEM) and are shown for days —30, 10, and 150. For each given intensity
group, the number of independent observations for a given storm track is
approximated as the number of observations that are separated by the
spatial decorrelation scale estimated to be ~200 km (S/ Appendix, Fig. S7),
and the observations from different storms are assumed independent.
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Fig. 3. SSHA associated with the passage of TCs of different intensity in the

Northern Hemisphere averaged during the period of maximum mixed-layer
depth in the winter season. The mean value for all cyclones of tropical storm
intensity and above is denoted as the red dashed horizontal line with the pink
shading showing the error bar. The averaging period is from day 135 to day 175
(Fig. 2) for tropical depressions, tropical storms, category-1 to -2 hurricanes, and
all cyclones of tropical storm intensity and above and from day 120 to day 190
for category-3 to -5 hurricanes. (The reason for using a different averaging
window for category-3 to -5 hurricanes is that the subseasonal oscillation is very
large for this group of TCs.) Error bars are calculated in the same way as in Fig. 2.
The equivalent ocean heat uptake is expressed as the warming per unit length
along the TC track, and it is calculated using Eq. 1 in Materials and Methods.

location (~1.4 d); the obtained warming rate is O(900 W-m~2),
which is ~23 times larger than the background warming rate over
the equatorial area where the background warming is the most
intense (~40 W-m~2; calculated using National Centers for En-
vironmental Prediction/National Center for Atmospheric Research
reanalysis data) (34). Expressed as the spatially integrated forcing,
the TC-induced mean ocean heat uptake rate of 0.32 + 0.15 PW is
comparable to ~15% of the peak global ocean heat transport
(35), as already discussed in previous studies (e.g., ref. 14). These

During passage (strong storm; net warming)

Temperature
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comparisons suggest that TCs are very efficient agents of ocean
warming and thus play an important part in the climate system.

In addition, it is worth noting that part of the TC-induced
anomalous heat in the upper ocean is released to the atmosphere
from the ocean during the winter season because of the deepening
of the seasonal mixed layer (36). The resultant anomalous heating
of the winter tropical and subtropical atmosphere may influence
the climate by enhancing the poleward heat transport in the at-
mosphere. This effect, not considered in our estimates, represents
another aspect of the active role of TCs in the climate system.

Stratified by TC intensity, our analysis further shows that the
amplitude of the long-term warming effect strongly depends on
TC intensity: TCs of tropical depression intensity have little or
no effect on the ocean heat budget whereas stronger TCs sig-
nificantly warm the ocean. To elucidate the processes re-
sponsible for the dependence of the net long-term heating on
TC intensity we consider three possible situations illustrated in
Fig. 4 and SI Appendix, Fig. S6, i.e., no effect, net cooling, and
net warming: (i) The no-effect case occurs if the TC-induced
mixing-layer depth (h) is shallower than the depth of the cli-
matological winter mixed layer (h,); then the imprint of the TC
is completely erased by the seasonal evolution of the climato-
logical mixed layer. This case is more likely to occur for weak
storms. (ii) The net-cooling case is possible for weak storms if the
cooling below 4, is stronger than the warming at greater depths.
This situation is possible for storms that occur over the region
where the difference between #,, and the climatological summer
mixed-layer depth A is small, such as within the latitude band
equatorward of ~10° (see SI Appendix, SI Results for a more de-
tailed discussion). (iii) The net-warming case occurs for strong
storms where /. reaches below A, so that a significant amount of
warming can survive beyond the winter season. Generally, the
fraction of the warming increases as /. increases and thus we
expect to see stronger TCs lead to a stronger warming effect.
The three possible cases are also summarized in a regime dia-
gram of TC-induced SST and mixing-layer depth, (T, A.), in SI
Appendix, SI Results.

Recent studies (37-41) either predict or suggest that in the
near future the frequency of intense TCs, particularly category-3
to -5 hurricanes, will increase in response to warming climate.
This together with the extremely high efficiency of these intense

During winter (strong storm; net warming)

Temperature Te T T.

(A and B) Schematic diagram for the change in the vertical temperature profile for the case of strong storms with net warming: (A) immediately after

the TC passage and (B) after the winter season. Dashed lines show the climatological condition, and solid lines show the situation with the effect of the TC.
Red and blue colors indicate, respectively, warming and cooling with respect to climatological conditions. Light blue shows the heat extracted from the ocean
during the passage of the storm. h,, climatological mixed-layer depth during the summer season; hy, TC-induced mixing-layer depth; h,,, climatological
mixed-layer depth during the winter season;T, climatological SST during the summer season; T, minimum SST after the TC passage; T., climatological SST
during the winter season. (See S/ Appendix, Fig. S6 for the cases with weak storms that lead to either net cooling or no effect.)
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TCs at heating the ocean should accelerate the warming of the
oceans, which in turn should feed back positively on TC activity.
Furthermore, analyses of output from models participating in the
fifth phase of the Coupled Model Intercomparison Project (42)
suggest that for most of the TC-active region, the ocean mixed
layer gets shallower in the winter season whereas it changes little
during the TC-active season under global warming (SI Appendix, SI
Results). This projected change would allow more TC-pumped heat
to persist in the permanent thermocline, potentially making the
feedback between TC activity and ocean warming even stronger.

Materials and Methods

In this section, we provide a summary of the methodology in use; more detailed
description of the data and methods can be found in S/ Appendix, SI Data and
Methods. We used SSH data from Archiving, Validation, and Interpretation of
Satellite Oceanographic gridded fields and computed the SSHAs after re-
moving the climatological seasonal cycle, the long-term linear trend, and the
variability associated with the El Nifio/Southern Oscillation. For each 6-h best-
track storm location we defined a domain centered on the storm center with
size 3,000 km along the direction perpendicular to the storm track and ~144
km along the track and constructed a grid within the domain with a resolution
of ~12 km x 12 km. The SSHAs were then linearly interpolated onto the grids
of the newly constructed domain, resulting in a spatial map of SSHA for each
storm location and each analyzed day. These maps were composited based on
the date with respect to the time of the storm passage and on the storm in-
tensity, and the composite analysis was performed from about 2 mo before
the storm passage and until 7 mo after it, to characterize the spatial structure
of the SSH left behind TCs and examine its temporal evolution. The results
shown were averages in the along-track direction (Fig. 1) or averages in both
the along-track and across-track directions (Figs. 2 and 3).

To convert SSHA (Ah) to ocean heat uptake per unit length of the TC
track (dQ/dx) we use (dQ/dx)/Ah=4x10" J.km™".cm~" obtained from
the relationship
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dQ _ poGpAhL
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[11

where py=1,000 kg-m™3 is the reference seawater density, ¢, =4 x 10° J- kg™
is the specific heat of seawater, L = 2,000 km is the cross-track distance over
which the average is performed, and a=2x 104 K" is the thermal expansion
coefficient.

The annual cumulative warming effect induced by TCs globally is cal-
culated via Q=U-At-[(dQ/dx)rs Nrs+ (dQ/dX)yy_py Nui—nz + (dQ/dX) 3 s
Nyz_ps), with N the recorded mean annual number of observations at 6-h
intervals (only one observation is counted if the distance between two
observations that are located along two different TC tracks is shorter than
200 km and the separation between their occurrence is shorter than 5 mo);
U =5 m-s~' the mean translation speed of a storm; At=6 h the time in-
terval of the observations in best-track data; and the subscripts “TS”,
“"H1-H2", and "H3-H5", respectively, representing tropical storm, cate-
gory-1 to -2 hurricane, and category-3 to -5 hurricane. The ocean heat
uptake rate is computed by dividing the annual warming effect by 1 y:
OHU =Q/t with t=365x86,400 s.
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