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ABSTRACT

In this paper the interplay between tropical cyclones (TCs) and the Northern Hemispheric ocean heat
transport (OHT) is investigated. In particular, results from a numerical simulation of the twentieth-century and
twenty-first-century climates, following the Intergovernmental Panel on Climate Change (IPCC) twentieth-
century run (20C3M) and A1B scenario protocols, respectively, have been analyzed. The numerical simulations
have been performed using a state-of-the-art global atmosphere—ocean-sea ice coupled general circulation
model (CGCM) with relatively high-resolution (T159) in the atmosphere. The CGCM skill in reproducing
arealistic TC climatology has been assessed by comparing the model results from the simulation of the twentieth
century with available observations. The model simulates tropical cyclone-like vortices with many features
similar to the observed TCs. Specifically, the simulated TCs exhibit realistic structure, geographical distribution,
and interannual variability, indicating that the model is able to capture the basic mechanisms linking the TC
activity with the large-scale circulation. The cooling of the surface ocean observed in correspondence of the TCs
is well simulated by the model. TC activity is shown to significantly increase the poleward OHT out of the tropics
and decrease the poleward OHT from the deep tropics on short time scales. This effect, investigated by looking
at the 100 most intense Northern Hemisphere TCs, is strongly correlated with the TC-induced momentum flux
at the ocean surface, where the winds associated with the TCs significantly weaken (strengthen) the trade winds
in the 5°-18°N (18°-30°N) latitude belt. However, the induced perturbation does not impact the yearly averaged
OHT. The frequency and intensity of the TCs appear to be substantially stationary through the entire 1950-2069
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simulated period, as does the effect of the TCs on the OHT.

1. Introduction

Tropical cyclones (TCs) originate over the tropical
oceans and are mainly fueled by heat transfer from the
ocean (Emanuel 2003). The wind activity associated with
tropical cyclones is responsible for two atmosphere—ocean
feedbacks (Bender et al. 1993): the first feedback—
positive—is driven by the latent heat associated with the
strengthened evaporation rate and leads to an increase of
the available energy for TC development (Riehl 1950;
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Kleinschmidt 1951); the second feedback—negative—is
due to the cold water upwelling induced by the increased
wind stress at the ocean surface and by the shear-induced
mixing at the base of the mixed layer (Jansen et al. 2010).
The second feedback is responsible for a significant cooling
of the sea surface (Price 1981; Black 1983; Bender and
Ginis 2000). The sea surface temperature (SST) feedback
generally leads to a weakening of the cyclone intensity due
to the reduction of the total heat flux into the atmosphere
(Schade and Emanuel 1999; Chan et al. 2001). The SST
reduction beneath a moving TC is mainly due to the en-
trainment from the deep ocean, while surface flux inter-
actions play a minor role (Price 1981). The ocean response
to moving TCs has been studied using coupled numerical
experiments (Chang and Anthes 1979; Sutyrin and Khain
1979; Schade and Emanuel 1999), and there is growing
evidence that the TC activity plays a role in the thermo-
dynamics of the ocean. The TC-induced upwelling leaves
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cold wakes that are restored to normal conditions over
a period of weeks as result of a net enthalpy flux from the
atmosphere to the ocean column, through the sea surface.
This net heating is balanced by a poleward ocean heat
transport (OHT), linking the TC activity to the large-
scale thermohaline circulation (Emanuel 2001). There
is, therefore, evidence that TCs can transfer a significant
amount of heat (Emanuel 2001; Sriver and Huber 2007,
Pasquero and Emanuel 2008) and momentum (Liu et al.
2008) into the ocean, suggesting that they might play a
role in the global climate system.

Recent studies estimated vertical ocean heat pumping
by TC mixing ranging from ~0.26 to 0.4 PW (Sriver and
Huber 2010). Despite these values being consider-
ably smaller if compared to the 1.4 PW, as suggested by
Emanuel (2001), if heat anomalies generated by TCs
propagate poleward, then these values might contribute
far more than 10% of the total OHT out of the tropics.
Conversely, new observation-based studies (Jansen et al.
2010) suggest that only the mixing events that penetrate
beneath the seasonal thermocline contribute to net oce-
anic heat convergence. Shallow anomalies are likely to be
smoothed out by seasonal variations in the thermocline
and eventually lost back to the atmosphere.

Idealized modeling approaches prescribing TCs ef-
fects (Hu and Meehl 2009; Fedorov et al. 2010) have
been used to investigate the relationship between TC
activity and climate. As suggested by Sriver (2010) and
Sriver et al. (2010b), these methods are not sufficient to
reflect the full extent of TC-induced ocean—-atmosphere
feedbacks. The use of a ““hurricane permitting’’ coupled
general circulation model (CGCM) of the global atmo-
sphere and ocean may serve as an advanced tool to in-
vestigate the interplay between TCs and the ocean.

In this work, results from a CGCM with a high-
resolution (T159) atmospheric component are analyzed
to estimate the contribution of tropical cyclones to the
global ocean heat transport budget. The primary aim of
this analysis is to investigate the TC-induced ocean heat
transport (OHTrtc), focusing on the last part of the
twentieth century. The second aim is to study the effects
of climate change on the TC activity and OH T by using
a greenhouse gas emission scenario for the twenty-first
century.

This article is organized as follows. The model is de-
scribed in section 2a. The climate simulation design is
outlined in section 2b, while section 2c¢ describes the
reference data used to validate these simulations. Sec-
tion 2d illustrates the TC detection method. The simu-
lated tropical climate and the ability to represent TCs
has been deeply described in section 3a because of the
introduction of higher resolution in the atmospheric
component with respect to previous works (Gualdi et al.
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2008). The new method used for TC detection suggested
by the Tropical Cyclone Climate Model Intercompar-
ison Project (TCMIP) is also described in the same
section. Section 3b assesses the interplay between TCs
and the ocean thermal structure at the monthly/weekly
time scale. Section 3c analyses the connection between
TC activity and mean OHT on longer time scales. The
effects of global warming on TC activity and OHT ¢ are
described in section 3d. Section 4 summarizes the major
results of this work.

2. Model, simulations, and methodology
a. The model

The model employed in this work is the Centro Euro-
Mediterraneo per i Cambiamenti Climatici (CMCC_
MED; Gualdi et al. 2010, manuscript submitted to
Climate Dyn.) coupled atmosphere—ocean general cir-
culation model (CMCC_MED), which has been imple-
mented and developed in the framework of the European
Climate Change and Impact Research: The Mediterra-
nean Environment (CIRCE; http://www.circeproject.eu/)
Project. For this reason, the model has a focus on the
Mediterranean region, and a very high-resolution model
of the Mediterranean Sea has been introduced as a com-
ponent of the coupled atmosphere—ocean system to bet-
ter represent the dynamical processes that characterize
this region. The present study focuses on the ability of
the model to simulate an important feature of the tropical
climate. Therefore, a secondary objective of this study
is to contribute to the validation of the CMCC climate
model on a global scale. The model is an evolution of the
Istituto Nazionale di Geofisica e Vulcanologia (INGV)
Scale Interaction Experiment [SINTEX-G (SXG)] Gualdi
et al. 2008; Bellucci et al. 2008) and the CMCC Earth
System Model (Fogli et al. 2009; Vichi et al. 2011).
In CMCC_MED, the ocean component is simulated
through a coarse-resolution global ocean model and a
high-resolution eddy-permitting model of the Mediter-
ranean Sea. This second ocean model is hard coded into
CMCC_MED, and this feature is not relevant for the
aim of this paper.

The global ocean component is OPA 8.2 (Madec et al.
1998), in its ORCA2 global configuration. The hori-
zontal resolution is 2° X 2° with a meridional refinement
near the equator, approaching a minimum 0.5° grid
spacing. The model has 31 vertical levels, 10 of which lie
within the upper 100 m. ORCA2 also includes the
Louvain-La-Neuve (LIM) model for the dynamics and
thermodynamics of sea ice (Fichefet and Morales-
Maqueda 1999). Ocean physics includes a free-surface
parameterization (Roullet and Madec 2000) and the
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FIG. 1. (top) Prescribed CO, concentration (dotted-dashed line) time series and SSTA,
globally averaged, from the model (solid line) and the observation (dashed line). Anomaly is
computed with respect to the period 1950-70. (bottom) Tropical averaged SST from the model
(solid line) and observation (dashed line) is shown. CO, concentration (dotted—dashed line)
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time series is the same in both panels.

Gent and McWilliams (1990) scheme for isopycnal
mixing. For more details about the ocean model and its
performance, readers are referred to Madec et al. (1998;
www.lodyc.jussieu.fr/opa/).

The Mediterranean Sea model (Oddo et al. 2009) is
a regional configuration of Nucleus for European Mod-
elling of the Ocean (NEMO) (Madec 2008), with a Y16
horizontal resolution and 71 levels along the vertical.

The atmospheric model component is ECHAMS
(Roeckner et al. 2003) with a T159 horizontal resolution,
corresponding to a Gaussian grid of about 0.75° X 0.75°.
This configuration has 31 hybrid sigma-pressure levels in
the vertical and top at 10 hPa. The parameterization of
convection is based on the mass flux concept (Tiedtke
1989), modified following Nordeng (1994). Moist pro-
cesses are treated using a mass conserving algorithm for
the transport (Lin and Rood 1996) of the different water
species and potential chemical tracers. The transport is
resolved on the Gaussian grid. A more detailed de-
scription of the ECHAM model performance can be
found in Roeckner et al. (20006).

The communication between the atmospheric model
and the ocean models is carried out with the Ocean
Atmosphere Sea Ice Soil version 3 (OASIS3) coupler
(Valcke 2006). Every 160 min (coupling frequency),
heat, mass, and momentum fluxes are computed and
provided to the ocean model by the atmospheric model.

SST and sea surface velocities are provided to the at-
mospheric model by both ocean models. The global
ocean model also provides sea ice cover and thickness to
the atmospheric model. The relatively high coupling
frequency adopted allows an improved representation
of the interaction processes occurring at the air-sea in-
terface. No flux corrections are applied to the coupled
model.

b. The climate simulations

CMCC_MED has been implemented to perform cli-
mate scenario experiments. Here we present results from
a climate simulation covering the period 1950-2069, fol-
lowing the Intergovernmental Panel on Climate Change
(IPCC) 20C3M protocol for the twentieth century and the
A1B scenario for the 21st century (http:/www-pcmdi.
llnl.gov/ipcc/about\_ipcc.php). In Fig. 1 the CO, con-
centration time series for the period 1950-2069 is shown:
by the end of 2069, the carbon dioxide concentration has
approximately doubled compared with the 1950 value.
The simulation starts from an equilibrium state obtained
by integrating the model for 200 yr with greenhouse gas
(GHG) concentrations corresponding to 1950s condi-
tions. The equilibrium is characterized by a stable me-
ridional overturning circulation at about 14 Sv (1 Sv =
106 m® s~ ') in the last 50 years of the spinup (not shown).
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c. Reference data

The capability of the model to simulate the observed
SST and precipitation has been assessed using the Met
Office Hadley Centre Sea Ice and Sea Surface Tem-
perature (HadISST) dataset (Rayner et al. 2003) and the
dataset produced by Xie and Arkin (1997). To validate
the TC distribution and climatology provided by the
model, the results have been compared with observa-
tional datasets from the National Hurricane Center (NHC)
and the U.S. Joint Typhoon Warning Center (JTWC). In
the rest of the paper we will refer to these data as ob-
servations. The analyses have been performed using
6-hourly averaged atmospheric model outputs and daily
averaged ocean model outputs.

d. Simulated occurrence of TCs: Detection method

An overview of the criteria adopted for TC detection
in atmospheric analyses and model simulations is given
in Walsh (1997) and Chauvin et al. (2006), respectively.
The occurrence method used in this work is a tracking
technique looking for individual TCs based on objective
criteria for the identification of specific atmospheric
conditions. In particular, TCs are identified and tracked
as surface pressure minima, with a center of high relative
vorticity; the latter is diagnosed on the 850-hPa surface,
warm core, and maximum wind at the surface (exceed-
ing a threshold value). The tracking method is different
from the one presented in Gualdi et al. (2008) to be con-
sistent with the TCMIP (http://www.earthsci.unimelb.
edu.au/~kwalsh/tcmip_index.html). Specifically, we used
the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) method developed under the
framework of that project, which implies that a model
TC s active over a grid point if the following conditions
are satisfied:

1) Relative vorticity at 850 hPa is larger than 1 X
107 s

2) There is a relative surface pressure minimum, and the
surface pressure anomaly, compared to a surrounding
area with a radius of 350 km, is larger than 2 hPa

3) Inaregion with a radius of 350 km around the grid point
considered, there is a grid point where the maximum
surface wind velocity is larger than 15.5 m s~

4) Wind velocity at 850 hPa is larger than wind velocity
at 300 hPa

5) The sum of temperature anomalies at 700, 500, and
300 hPa is larger than 1 K, where anomalies are
defined as the deviation from a spatial mean com-
puted over a region with a radius of 350 km

6) The above-mentioned conditions persist for at least
24 h (corresponding to four time steps of the model
output)
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The maximum surface wind velocity (WIMAX) men-
tioned in condition 3 is not averaged over 6 h, but it is
defined as an instantaneous value. This condition is res-
olution dependent and it has been chosen following Walsh
et al. (2007). For a complete discussion of these criteria
and their sensitivity to the parameters used the reader is
addressed to Walsh (1997) and Walsh et al. (2007).

3. Results
a. TCs as simulated by the model

This section summarizes the main aspects of model
mean climate and systematic error compared with ob-
servations. A more detailed analysis of the model per-
formance and a more thorough comparison with the
observations is given in Gualdi et al. (2010, manuscript
submitted to Climate Dyn.).

In terms of SST, the model reproduces well the global
trend observed during the second half of the twentieth
century (Fig. 1, top panel). The simulated SST global
mean averaged over the period 1950-1970 is 17.9°C,
whereas the mean value from the observations for the
same period is 18.3°C. Therefore, the model exhibits
a global SST bias of about —0.4°C, which is reduced to
+0.2°C in the tropics (Fig. 1, bottom panel).

In the observations the period of maximum TC activity
is the extended summer, from June to October (JJASO)
in the Northern Hemisphere (NH) and from December
to April (DJFMA) in the Southern Hemisphere (SH).
Figure 2 shows the mean JJASO (top panels) and DJFMA
(bottom panels) tropical SST as obtained from the model
(right panels) and observations (left panels) for the period
1970-99 (20C). The SST bias shown by CMCC_MED
exhibits features that are common to many state-of-the-
art climate models (Randall et al. 2007). During the
JJASO period, there is a pronounced cold bias covering
the region from 25° up to 40°N in the Atlantic and West
Pacific. Dark-gray-shaded patterns indicate the regions
where the cold bias is larger than 1°C. In the regions of TC
genesis, the modeled temperature bias is generally smaller
than 1°C. Figure 3 shows the mean JJASO (top panels) and
DJFMA (bottom panels) precipitation as obtained from
the model (right panels) and observations (left panels) for
the 20C period. In the Pacific Ocean, the model over-
estimates the rainfall, tending to produce a double ITCZ,
especially during northern winter. In the Indian Ocean
during JJASO, there is a northward shift of the rainfall
pattern and a westward shift during DJFMA. In the At-
lantic Ocean, the model precipitation is realistic during
JJASO and there is a southward shift of the rainfall pattern
if compared to the observations during DJFMA, consis-
tent with the warm bias diagnosed in this region (Fig. 2).
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The ability of the model to simulate TC location and
frequency has been assessed comparing regionally the
model results with observations. The geographical distri-
bution of the TC formation positions is shown in Fig. 4.
In the observations (Fig. 4a), there are four distinct re-
gions of TC formation in the tropics of the Northern
Hemisphere—the northern Indian Ocean (NI), the
western North Pacific (WNP), the eastern North Pacific
(ENP), and the North Atlantic (ATL)—and three re-
gions in the Southern Hemisphere—the southern Indian
Ocean (SI), the ocean north of Australia (AUS), and the
South Pacific (SP). Based on these regions of TC genesis,
and following Camargo et al. (2004), we define seven
basins (see the boxes in Fig. 4) that will be used to delimit
the different areas of TC activity. The model reproduces
well the known patterns of TC genesis (Fig. 4), except for
the southern Atlantic area, where the model generates
some TCs during the considered period, though only one
TC has been reported in this region, in March 2004 (Pezza
and Simmonds 2005). This overestimation in TC counts is
probably related to the warm SST bias that reaches 2°C

over the southern Atlantic region (Fig. 2). On average, the
number of simulated TCs detected over the entire globe
and over the 20C period is 80.2 TCs per year, with a stan-
dard deviation of 7.5 TCs per year. Compared with the
observed values (93.8 TCs per year with a standard de-
viation of 10.9 TCs per year), this represents improved
skill in simulating the annual number of TCs and its var-
iability if compared to atmospheric general circulation
models (GCMs) (Camargo et al. 2004) and coupled GCMs
(Gualdi et al. 2008) characterized by lower spatial reso-
lution. In a current climate simulation performed with
a 20-km-mesh global atmospheric model, Oouchi et al.
(2006), tuning their detection method to better represent
the observed TC numbers, found 78.3 TCs per year with a
standard deviation of 8.4 TCs per year. Therefore, the
capability of CMCC_MED to represent TC genesis is
comparable with results obtained by higher-resolution
GCMs.

The 15% deficiency in the detected number of global
TCs is mainly due to the underestimation of simulated
TCs in the ATL and ENP regions (Fig. 4). This is more



15 AuGusT 2011

SCOCCIMARRO ET AL.

4373

OBS JJASO CMCC_MED JJASO
) S|
o GS
o GS
o DS ‘ N N N A
405 60E 120E 180E 120w 60w o 05 60E 120E 180°E 120 W 60 W 0O
OBS DJFMA CMCC_MED DJFMA
40 N 40 N[
35 N[ 35 N
30 N|- 30 N
25 N| - 25 N/ -
20'N 20N
15.N 15 N
10.N 10N
5 N 5N
0 |4 0 |6
5 S|\ 58
10 S| 10.S
15 S| - 15 S|
20'S| - 20°S| -
25' S| 25°S| -
30 S| 30 S|
35S 35 S|
40°S 40°S

0 60" E

120'E 180°E 120W 60°W 0O

0 60°E 120E 180°E 1200W 60°'W O

FIG. 3. Seasonal means of total precipitation as obtained from the (left) observations and (right) model. (top)
Extended NH summer means JJASO; (bottom) extended SH summer means DJFMA. Precipitation contours are

3 mm day ' and range from 3 to 15 mm day '

evident in Fig. 5, where the box plots of the TC numbers
are shown region by region, for the model and observa-
tions. This discrepancy is partly offset in the total count by
the overestimation of the TC numbers in the SP region.

The ability of the model to reproduce the TC structure
is investigated by computing the composites of total
precipitation and 10-m wind intensity over the 100 most
intense TCs in the NH (Fig. 6, top panels) and SH (Fig.
6, bottom panels).

Here, wind intensity refers to the simulated maximum
wind speed (WIMAX) reached near the surface (10 m
above the surface). The atmospheric model time step is 4
min; therefore, we can consider WIMAX as a “‘4-min
sustained wind speed.” The WIMAX over the 100 most
intense TCs varies from 27 to 39 m s~ in the NH and
from 26 to 35 m s~ ! in the SH. Following the National
Oceanic and Atmospheric Administration (NOAA)’s
National Weather Service (2002), a hurricane is “a tropical
cyclone in which the maximum 1-min sustained surface
wind is 64 kt (33 m s~ 1)”; therefore, our results indicate
that the CMCC_MED climate model is able to simulate
TCs with hurricane intensity. About 10% of the 100 TCs in

the NH and SH used to compute the composites in Fig. 6
belong to the hurricane class.

The wind and precipitation patterns shown in Fig. 6
suggest that the simulated TCs have a realistic structure,
consistent with previous GCM results (Bengtsson et al.
1995; Chauvin et al. 2006; Gualdi et al. 2008). The hor-
izontal resolution is still too coarse to represent the “TC
eye” in the precipitation pattern (Fig. 6, left panels), but
the 10-m wind pattern (Fig. 6, right panels) shows
asharp weakening with a distance from the center of two
model grid points (about 160 km) as expected. More-
over, the right-front sector of the 10-m wind maximum is
consistent with observations (Gray 1979; Willoughby
et al. 1982). In the NH, moving from east to west, the
right-front sector is the region from the northwest to the
northeast, where the composite wind maximum is lo-
cated (Fig. 6, top right panel). A secondary wind maxi-
mum toward the southeast in the same pattern is due to
the poleward component of the TC tracks.

In the model the strongest wind velocities are farther
away from the eye. Also this model error is presumably a
consequence of the relatively coarse horizontal resolution
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of the atmospheric component, insufficient to represent
the detailed TC structure (Bengtsson et al. 1995). The
composite shown in Fig. 6 smoothes out the simulated
maximum TC wind speeds because the location of the
maximum winds is slightly different in each storm.

b. The effect of TCs on air-sea interaction

In the present section, the effects of TC transit on the
surface ocean thermal state and associated heat trans-
port are analyzed over the time scale of weeks. The
composite of the SST anomaly (SSTA) induced by the
100 most intense TCs over the region where the maximum
TC intensity (WIMAX) is reached has been calculated.
The anomaly is computed as the difference between the
SST over a time window of two days around the occur-
rence of the WIMAX as follows:

SSTA = SST(t

wimax

+ At,,) — SST(z — Aty),

wimax
where fyimax 1S the time at which maximum WIMAX is
reached; Aty, = 42 h and At, = 6 h. Fixing the SST value
before the WIMAX occurrence, SST(tyimax — Afg), We
computed the SSTA using different time lags after timax
and found that a 2-day period (At4; + Afe) maximizes the
anomaly. As shown in Fig. 7, the TC transit induces, on
average, a sea surface cooling of about 0.35°C in the NH
and 0.6°C in the SH. The ocean region affected by sur-
face cooling has a radius of about 400 km (five model
grid points). The cooling mainly results from the en-
trainment of cold water from below, as revealed by the

subsurface isotherms outcropping in the region where
the TCs transit (not shown).

Because TCs vary greatly in location and strength, the
thermal impact of an individual storm on the global
ocean and the entire climate system is likely to be rather
limited. Thus, to evaluate the integrated impact of TC
activity on the ocean heat transport, the average
anomaly of the transport has been calculated during the
N = 100 most intense simulated TC events as follows:

N t.  + T2
‘wimax
i=1 ,[t T2

wimax

(OHT, — OHT,) dr,

]l

where OHT, is the heat transport at each time step
(dt =1 day) corresponding to the ith TC, OHT; is the
relative monthly climatology, and the integral is carried
out over a T = 20 days period centered at the day at
which theCs, finally yielding a composite anomaly rep-
resentative of the ocean heat transport induced by
tropical cyclones.

The model representation of the annual NH meridi-
onal OHT, zonally averaged over 20C (Fig. 8, dotted
line), is broadly consistent with existing OHT estimates.
There is almost no ocean contribution north of 65°N,
and the 2-PW OHT maximum is consistent with the
OHT values derived by Trenberth and Caron (2001)
using National Centers for Environmental Prediction
(NCEP) data, although in CMCC_MED the peak is
shifted to the north by a few degrees.
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The 100 TCs considered occurred between June and
December (JJASOND). The mean JJASOND OHT
shows negative values from the equator to about 13°N
(Fig. 8, solid line), reflecting the seasonal meridional
migration of the mean surface wind pattern (not shown).
The OHTyc anomaly (Fig. 8, gray dashed line) shown
by the model is negative from 0° to 18°N, with a —0.5-
PW peak at 5°N representing, at this latitude, a 35% in-
crease of the net equatorward OHT if compared to the
JJASOND mean. Between 18° and 40°N the anomaly
becomes positive, reaching 0.1 PW at 22°N, correspond-
ing to a 5% increase of the net poleward OHT at this
latitude.

The effects of TCs on upper-ocean circulation are now
investigated. To this aim the vertical (W) and meridional
(V) velocity anomalies due to the TCs transit were com-
puted using the same composite methodology described
for OHTTc.

The W and V anomaly patterns reveal two over-
turning cells (Fig. 9). The positive anomaly of W induced
by the TC activity in the tropics reaches 30% of the
JJASOND averaged vertical velocity (3 X 10> com-
pared to 1 X 10"* cm s~ ', not shown) at 100 m in depth
and 15°N in latitude. In Fig. 9, the W anomaly is shown
down to 500 m, although it reaches 1000 m in depth in
the model. The upwelling in the middle of the two
overturning cells is balanced by downwelling south of
5°N and north of 30°N.

The anomalous meridional overturning cells produce
a northward shift of the background zonally averaged
meridional mass transport, and the equatorward anomaly
of V induced by the TC activity reaches 35% of the
JJASOND averaged V at 20 m in depth and 8°N in lati-
tude (Fig. 10). The anomaly of the meridional velocity
appears to be consistent with the OHTc anomaly (Fig.
8) because the zero crossing is located at about 18°N for
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FIG. 6. Composite patterns of (left) total precipitation and (right) 10-m wind speed associated with the 100 most
intense TCs detected during 1970-99 by the model: (top) NH and (bottom) SH. Composites have been computed
averaging the fields over the period of TC existence Lagrangian wise (i.e., following the TC in time and space) and
over 100 events. (left) Precipitation and (right) 10-m wind speed units are mm day ' and m s~ !, respectively. Model
grid points (distance between two grid points ~80 km) from the TC core are shown on the x and y axes.

both the anomaly fields. The depth reached by the V
anomaly (Figs. 9 and 10) suggests a wind-driven process
associated with the Ekman layer dynamics. The zonally
averaged TC-induced zonal momentum flux (TAUXrc)
anomaly (Fig. 11, black solid line) and the OHTtc
anomaly (Fig. 11, gray dashed line) reveal opposite
phases around 18°N. TCs thus increase the trade winds
at higher latitudes (18°-30°N band) and weaken them at
lower latitudes (5°-18°N band). This effect on the trop-
ical mean state modulates the energy transport into the
ocean through an Ekman transport process that signifi-
cantly impacts the OHT mean value in the Northern
Hemisphere. This process can be identified only through
a composite effect (i.e., over the 100 most intense sim-
ulated TCs). Single TCs do induce even stronger TAUX
and OHT anomalies with zero crossing located at dif-
ferent latitudes. The probability density function of the
meridional distribution of TC eyes during the consid-
ered TC days (not shown) exhibits a maximum at 18°N;
thus, at this latitude we expect to have the change of sign

of the TC composite zonal winds. This is confirmed by
the latitude at which TAUX ¢ and OHTy¢ anomalies
cross the zero line (Fig. 11).

c. Connection with the long-term OHT

The approach described in section 3b highlights how
TCs affect the OHT on the order of weeks, addressing
their immediate influence on heat fluxes. This time scale
is too short to assess the TC role in the horizontal heat
advection (Pasquero and Emanuel 2008). Furthermore,
the weekly time scale is not sufficient to take into ac-
count the portion of TC-induced heat that remains into
the ocean. In fact only the heat penetrating beneath the
winter thermocline is not smoothed out by seasonal vari-
ation in the thermocline and lost back to the atmosphere in
the following winter (Jansen et al. 2010). To quantify the
permanent effect of TCs on the meridional OHT, the
period 1970-89 has been also simulated with a modified
version of CMCC_MED, designed to remove the TC ef-
fect on the ocean. In case of TC occurrence, the meridional
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period 1970-99. SSTA units are °C. Model grid points as defined in Fig. 6.

momentum induced by TCs to the ocean, leaving TCs
free to develop in the atmospheric model. Therefore,
TC-induced ocean—atmosphere feedbacks are suppressed
although ocean and atmospheric models are still coupled.

and zonal wind stresses, sent from the atmospheric model
to the ocean model, now have a maximum threshold. The
threshold is computed considering 15.5 m s ! as the sur-
face wind velocity. This method inhibits the transfer of
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FIG. 8. NH OHT (dotted and solid lines) and NH OHT anomaly induced by TCs (dashed line).
Anomalies have been computed for 20 days around the day of maximum intensity (¢yimax = 10
days) of the TC compared to the climatological (1970-90) relative monthly value. Black dotted
line is the annual mean OHT over the period 1970-99. Black solid line is the JJASOND mean
OHT over the period 1970-99. Gray dashed line is the mean anomaly induced by the 100 most
intense NH TCs over the period 1970-99 (as in Figs. 6 and 7).
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When the annual average OHT obtained by the simula-
tion of the period 1970-89 with and without momentum
transfer to the ocean were compared, no significant
differences were found. As shown in Fig. 12, the differ-
ence between the OHT obtained in the two simulations
is within the range of one standard deviation (gray
shaded) of the annual OHT time series.

d. Impact of global warming on TC activity and TC
air-sea interaction

A scenario simulation of the twenty-first century has
been performed forcing the model with the GHG con-
centration prescribed, according to the A1B emission
scenario described in section 2. In terms of concentra-
tion, in year 2069 the CO, is doubled with respect to the
year 1950 value (Fig. 1, dotted—dashed line). By 2040-
69, the global mean temperature at the earth’s surface is
about 1.9°C warmer than the mean obtained for the
period 1950-70 (Fig. 1, solid line). During the last part of
the simulation [2040-69 (21C)], the CO, concentration
is 70% higher than the 20C mean value and a warming
ranging from 1° to 2°C affects the tropics in JJASO and
DJFMA, respectively (Fig. 13). The largest warming
occurs on the northeastern part of the basins and along
the equator in the Pacific basin during JJASO (Fig. 13,
left panel). A similar warming pattern is evident in

DJFMA (Fig. 13, right panel). Also during this period,
the southwestern tropical Pacific basin and the tropical
southern Indian basin appear to be about 1.5°C warmer
than in the reference period.

The SST plays a role in TC genesis (Peterson and
Baringer 2009) and many studies (e.g., Bengtsson et al.
1996; Royer et al. 1998; Sugi et al. 2002; McDonald et al.
2005; Yoshimura et al. 2006; Landsea 2007; Knutson
et al. 2008, 2010a,b) suggest that in a warmer climate,
there might be changes in TC frequency, and the vast
majority of climate models suggest decreases in global
tropical cyclone numbers (Knutson et al. 2010a).

Despite the evident signature in tropical SST warming
under the twenty-first-century scenario (Fig. 13), CMCC_
MED does not exhibit significant changes between 20C
and 21C in the annual number of detected TCs in both the
hemispheres (Fig. 14, top panel), as confirmed by count-
ing the TCs annual number region by region (regions
defined as in section 3). This result disagrees with previous
findings obtained with a similar coupled model (described
in Gualdi et al. 2008), where it was found that a warmer
climate leads to a reduction of the TC numbers. Further
work is needed to clarify whether this discrepancy is re-
lated to the lower CO, increment featured in the 21C
experiment, with respect to the 2xCO2 experiment in
Gualdi et al. (2008) or to a different model response. An
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additional 2xCO2 experiment using CMCC_MED should
be analyzed.

The possible changes of TC intensity, due to global
climate warming, have been deeply investigated during
the past years (e.g., Walsh and Ryan 2000; Knutson et al.
2001; Webster et al. 2005; Trenberth 2005; Emanuel
2005; Oouchi et al. 2006; Vecchi and Soden 2007a,c;
Elsner et al. 2008; Emanuel et al. 2008; Bender et al.
2010). A broad consensus is that under a warmer cli-
mate, the higher energy available from a warmer ocean
and changes in the mean thermodynamic state of the
tropical atmosphere will lead to an increase in the upper
limits of the distribution of tropical cyclone intensities
(Knutson et al. 2010a).

To understand the potential TC intensity changes
under different climate conditions in the model, the
power dissipation index (PDI; Emanuel 2005) has been
calculated. The yearly accumulated NH and SH PDI
time series along the 120 simulated years (Fig. 14, bot-
tom panel) does not show any trend, and the same result
is obtained when computing the PDI time series region
by region. This result indicates that in our model, the
energy associated with the TC activity does not change.
Also, the changes in precipitation and 10-m wind pat-
terns associated with the 100 most intense TCs during
21C are found to not be significantly different than the
same patterns calculated over 20C (Fig. 6). Thus, changes

in atmospheric forcings, following the A1B scenario until
2069, do not appear to significantly affect the frequency
and intensity of the simulated TCs.

Consistent with the results obtained by other coupled
GCMs (Guilyardi 2006; Meehl et al. 2006), the present
model shows a weakening of the trade winds under
warmer conditions (21C), linked to a weakening of the
tropical circulation, as suggested by Vecchi and Soden
(2007b). The simulated zonal wind component (U), av-
eraged in longitude for the JJASOND 21C, is systemati-
cally weaker (up to 30% at 5°N) from the equator to 30°N
if compared to the one computed over the JJASOND
20C (not shown). During 21C, the model shows the same
coherence between the OHT ¢ and TAUXyc anoma-
lies found in 20C, and despite the described weakening
of the trade winds under warmer conditions, there are
no significant differences in the amplitude of the OHT ¢
and TAUXtc anomalies computed over the two pe-
riods. The statistical significance is verified at the 95%
level with a bootstrap method.

4. Discussion and conclusions

The ocean heat transport is a major driver of the cli-
mate system. Thus, understanding the interplay between
TCs and the upper ocean is crucial to clarifying their role
in the dynamics of the global climate. In this work we
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report on the effect of tropical cyclones on the Northern
Hemisphere ocean heat transport process.

A novel approach based on composite analysis over the
TC events is used to show the short-term effect (order of
weeks) of TCs on the OHT, whereas the current debate
focuses on the longer-term effect. To address this issue,
we compared results from a fully coupled experiment
with an additional simulation where the TC effect on the
momentum flux at the ocean surface was removed.

The model used is a state-of-the-art fully coupled cli-
mate model that displays an improved representation of
tropical cyclone-like vortices, compared with previous
CGCMs. However, the TCs counting over the Atlantic
and eastern North Pacific regions is still underestimated,
and this may in turn affect, through the spatial variability
in ocean mixing (Boos et al. 2004), the correct represen-
tation of TC-ocean interaction over these two regions.
We are confident that this underestimation does not
hamper our main conclusions on the global OHT.

The model results show that tropical and subtropical
OHT is modulated by TC activity mainly through
a surface wind-driven circulation, and this is consistent
with the finding that shallow-water circulation domi-
nates the poleward OHT (Boccaletti et al. 2005). This
effect significantly increases the poleward OHT out of
the tropics, as suggested by Emanuel (2001), and also
increases the heat transport into the deep tropics, in
accordance with the results of Jansen and Ferrari (2009).

The magnitude of the TC-induced OHT anomaly is
stronger on the equatorward side of the subtropical cell.

The detected TC-induced wind stress anomalies over
the NH tropical belt can be visualized as the net effect of
the Ekman transport induced by a big single composite-
TC-like perturbation, resulting from the combination in
space and time of the individual TCs, over the consid-
ered period. This idealized large and strong cyclonic
perturbation, crossing the NH tropics, reinforces the
trade winds at higher latitudes (18°-30°N band) and
weakens them at lower latitudes (5°-18°N band). The
modeled OHT ¢ anomaly is likely to be an under-
estimate of what is expected in the real world, since the
magnitude of the strongest model TC (category 1 hur-
ricanes) is about 50% weaker than what is observed
(category 5 hurricanes). Thus, the model suggests that
TCs significantly affect the OHT on weekly time scales.
However, the induced perturbation does not seem to
impact the yearly averaged large-scale meridional heat
advection, as revealed by the comparison between two
simulations performed over 1970-89 period with and
without TCs effect on the momentum at the surface of
the ocean. This result is in accord with the findings of
Jansen et al. (2010). We might speculate that the heat
anomalies below the mixed layer induced by TCs do not
propagate in the climatology.

Under warmer conditions (21C), TC activity (fre-
quency and intensity) and the OHTy¢c anomaly are not
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significantly changed if compared to the twentieth cen-
tury (20C).

This work suggests that a climate control role for TCs
(Emanuel 2001; Sriver and Huber 2007; Pasquero and
Emanuel 2008; Hu and Meehl 2009) can be investigated
by a state-of-the-art coupled GCM, at least in terms of
induced OHT.

The displayed CMCC_MED skill in representing
TC interaction with climate and the presence of a

high-resolution Mediterranean Sea model in the coupled
system pose a promising basis to explore the interac-
tions between TC activity and the Mediterranean en-
vironment (Krichak et al. 2007) and also to the study of
subsynoptic-scale vortices generated over sea (Claud
et al. 2010). This will be the subject of future work.
Recent results (Murakami and Sugi 2010) show that
high resolution is generally desirable for accurate pro-
jections of TC intensity and temporal variations in TC

CMCC_MED DJFMA 2040:2069-1970:1999

CMCC_MED JJASO 2040:2069-1970:1999
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FIG. 13. Seasonal means of SST differences as obtained from the model in 2040-69 with respect to 1970-99 for (left)
JJASO and (right) DJFMA. Contours are 0.2° from 0° to 2°C.
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genesis. This issue will be further explored in the future,
by using a higher-resolution version of CMCC_MED.
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