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ABSTRACT

Through tropical cyclone (TC) activity the ocean and the atmosphere exchange a large amount of energy. In

this work possible improvements introduced by a higher coupling frequency are tested between the two

components of a climatemodel in the representation of TC intensity and TC–ocean feedbacks. The analysis is

based on the new Centro Euro-Mediterraneo per I Cambiamenti Climatici Climate Model (CMCC-CM2-

VHR), capable of representing realistic TCs up to category-5 storms. A significant role of the negative sea

surface temperature (SST) feedback, leading to a weakening of the cyclone intensity, is made apparent by the

improved representation of high-frequency coupled processes. The first part of this study demonstrates that a

more realistic representation of strong TC count is obtained by coupling atmosphere and ocean components

at hourly instead of daily frequency. Coherently, the positive bias of the annually averaged power dissipation

index associated with TCs is reduced by one order of magnitude when coupling at the hourly frequency,

compared to both forcedmode and daily coupling frequency results. The second part of this work shows a case

study (a modeled category-5 typhoon) analysis to verify the impact of a more realistic representation of the

high-frequency coupling in representing the TC effect on the ocean; the theoretical subsurface warming

induced by TCs is well represented when coupling the two components at the higher frequency. This work

demonstrates that an increased horizontal resolution of model components is not sufficient to ensure a re-

alistic representation of intense and fast-moving systems, such as tropical and extratropical cyclones, but a

concurrent increase in coupling frequency is required.

1. Introduction

Tropical cyclone (TC) activity has a significant role in the

exchange of energy between the atmosphere and the ocean

(Bueti et al. 2014). The variability of the upper-ocean

temperaturemodulates TC intensity (Emanuel et al. 2004),

but TC activity also has a role in the modulation of the

thermal and dynamical structure of the ocean (Emanuel

2001). Two feedbacks between the atmosphere and the

ocean are associated with TC development. The first one

is a positive feedback, and it is associatedwith the induced

increase of the latent heat from the ocean into the at-

mosphere and thus to an increase of the energy avail-

able for TC development. The second is a negative

feedback resulting from the cooling of the sea surface,
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mainly driven by the cold water upwelling induced by the

divergence at the ocean surface associated with the wind

stress, and also to the shear-induced mixing at the base of

the mixed layer (Sriver et al. 2010). This cooling is re-

flected in a reduction of the heat flux from the ocean into

the atmosphere leading to a weakening of the TC. This

cooling effect is a function of the prestorm ocean condi-

tion, TC intensity, TC traveling speed, and TC size

(Huang et al. 2015). TC intensification is suppressed by

strong ocean stratification since it favors large sea surface

temperature (SST) cooling, and the tendency of tropical

cyclones to intensify is less inhibited when stratification is

weak (Lloyd and Vecchi 2011). Thus, changes in oceanic

stratification modulate the amplitude of TC-induced

cooling and hence the negative feedback of air–sea in-

teractions on the TC intensity (Vincent et al. 2014). In

addition, changes in projected ocean stratification are

expected to reduce the amount of increase inTC intensity

with warming (Huang et al. 2015; Emanuel 2015).

Very few CMIP5 models demonstrated ability in rep-

resenting TCs, mainly because of their coarse horizontal

resolution (Camargo 2013). Recent work also suggests a

dependency of the TC representation on the convective

schemes and dynamical cores adopted (Camargo 2013;

Reed et al. 2015). Themodeled energy input by the winds

into the ocean is primarily dependent on the resolution

of the atmospheric component and on the coupling

frequency. Increasing the coupling frequency between

the atmosphere and ocean components of a general

circulation model (GCM) also improves the represen-

tation of the feedback induced by the cold wake cre-

ated by TCs.

Previous studies, performed with GCMs at relatively

low horizontal resolutions (hundreds of kilometers)

suggested that by increasing the frequency of coupling,

the density of TC activity tends to decrease, at least over

some basins (Daloz et al. 2012). A realistic atmosphere–

ocean interaction is also important when simulating TC

activity under different climate conditions (Bell et al.

2013). Here, we aim to investigate TC–ocean interaction

through the new GCM developed at the Centro Euro-

Mediterraneo per I Cambiamenti Climatici in its higher-

horizontal-resolution version (CMCC-CM2-VHR). The

model is a fully coupled GCM, with a horizontal reso-

lution of 1/48 in both atmospheric and ocean components.

The model is capable of realistically representing TCs

up to category (cat) 5, following the Saffir–Simpson

scale, similar to what has been obtained recently by the

GFDL High-Resolution Forecast-Oriented Low Ocean

Resolution (HiFLOR) coupled model (Murakami et al.

2015) and the Community Earth SystemModel (CESM;

Small et al. 2014) using the same horizontal resolution in

their atmospheric component.

In this work we want to answer the following question:

Since the ocean supplies the necessary energy for the

development and intensification of TCs (Huang et al.

2015), to what extent does the SST negative feedback

affect TC intensity? To answer this question, we test the

effect of using different coupling frequencies in

determining the ability of the CMCC-CM2-VHR to rep-

resent TC activity. In addition, potential TC effects on the

ocean, appearing when coupling atmosphere and ocean

components at high (hourly) frequency, are investigated.

Thepaper is organized as follows: Section 2 describes the

climate model used, the experiment design, the TC track-

ingmethod, and the observational datasets used to validate

model results. Section 3 describes TC statistics obtained in

the performed experiments, while section 4 deeply

investigates a simulated cat-5 typhoon case study. Section 5

discusses the main results and concludes the paper.

2. Data and methodology

a. Model and simulations

The Centro Euro-Mediterraneo sui Cambiamenti

Climatici Climate Model, version 2 with very high res-

olution (CMCC-CM2-VHR), used in this work is the

highest-resolution version of the fully coupled CMCC-

CM2 model, which represents the physical core of the

new CMCC Earth system model (Fogli and Iovino

2014). The ocean component is based on version 3.4 of

the NEMO ocean general circulation model (Madec

et al. 2008) and has a horizontal resolution of 1/48 with 50

vertical levels (22 levels representing the upper 100m).

The atmospheric component is the Community Atmo-

sphere Model, version 5 (CAM5; Hurrell et al. 2013),

with a horizontal resolution of 1/48 and 30 vertical levels.

This study uses the finite-volume dynamical core, as this

implementation of the model numerics appears to pro-

vide reasonable simulation of TC intensity (Wehner

et al. 2014; Reed and Jablonowski 2012; Reed et al. 2015;

Bacmeister et al. 2014). The sea ice component, im-

plemented over the same horizontal grid of the ocean

model, is the Community Ice Code, version 4 (CICE4;

Hunke and Lipscomb 2008). The land component is the

Community Land Model, version 4.0 (CLM4.0;

Lawrence et al. 2011; Oleson et al. 2010), which uses the

same horizontal grid of the atmospheric model. All the

components are synchronized by the CESM coupler/

driver (cpl7) (Craig et al. 2012), which is also responsible

for the exchange of energy, mass, and momentum fluxes

between the different components. In the current con-

figuration of the model, the coupling frequency is iden-

tical for atmosphere, land, and sea ice components

(15min), while the coupling to the ocean can use the

same frequency or a multiple. It is worth noting that
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since the atmosphere and ocean components both op-

erate on a horizontal resolution of 1/48, potential issues
related to coupling grids of various resolutions (Zarzycki

et al. 2016) are avoided.

Three 2-yr present-day climate simulations have been

performed using the CMCC-CM2-VHR:

1) an atmospheric simulation forced with present-day

SST (FORCED; i.e., 1981–2000 climatological con-

ditions both in terms of SST and radiative forcings);

2) a fully coupled simulation, where the ocean is

coupled to the atmosphere at low frequency (every

24h) and radiative forcing conditions are averages

over the 1981–2000 period (LF); and

3) a fully coupled simulation, where the ocean is

coupled to the atmosphere at high frequency (every

1.5 h), with the same radiative forcing conditions

used in the LF simulation (HF).

The radiative forcing used, in terms of greenhouse

gases, aerosols, ozone, and solar radiation, represents

the present-day period (1981–2000) in all the simula-

tions. After a 1-yr spinup, because of the high compu-

tational cost, we were only able to simulate 6 yr of

present-day climate: 2 yr in FORCED mode, 2 yr in LF

configuration, and 2 yr in HF configuration. Such a short

time period is not sufficient to provide an extensive

evaluation of the model performances in representing

TC interannual variability, but the number of TC con-

ditions (as defined in section 2b) obtained is sufficient to

ensure the significance of the results found: 161, 175, and

142 TCs are found in the FORCED, LF, and HF simu-

lations, considering 4382, 4688, and 3916 TC conditions

every 6h, respectively.

The analyses have been performed using 6-hourly at-

mospheric and ocean model outputs. The TC detection

(see section 2b) is based on atmospheric 6-hourly snap-

shots, and only the 10-m wind module field (U10) is con-

sidered as themaximumvalue reachedwithin the 6-hourly

time step. Since the atmospheric model has a time step on

the order of 1min, this value is comparable to the ‘‘1min

sustained wind’’ adopted by the U.S. National Weather

Service to define sustained winds within tropical cyclones

and to classify them based on their wind intensity.

To better highlight the role of the coupling frequency

in representing the TC–ocean interaction, a case study

is also shown: the most intense TC (a category-5 ty-

phoon in the western North Pacific occurred at the

beginning of July within the first year of the LF simu-

lation) has been simulated using the HF setup, starting

from the same LF configuration 1 July initial condition.

When comparing LF and HF results for the case study

(section 4), 6-hourly averages have been used for both

ocean and atmospheric fields.

b. Simulated occurrence of TCs: Detection method

An overview of the criteria adopted for TC detection

in atmospheric analyses and model simulations is given

in a series of papers carried out within the World Cli-

mate Research Programme (WCRP) Tropical Cyclone

Intercomparison Project (TCMIP; Walsh et al. 2013)

and the U.S. CLIVAR Hurricane Working Group

(Scoccimarro et al. 2014; Horn et al. 2014; Villarini et al.

2014; Walsh et al. 2015).

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 based on Zhao et al. (2009). In particular, a

two-step procedure is applied:

1) Potential storms are identified based on the three

following criteria:

(i) For each 6-h time step, the grid points where the

relative vorticity at 850 hPa exceeds the thresh-

old of 1.6 3 1024 s21 are identified.

(ii) If a local sea level pressure minimum is located

within adistanceof 28 latitudeor longitude from the

vorticitymaximumdefined in theprevious criterion,

the relative grid point is considered as the center of

the storm. In addition, the local maximum of the

10-m wind speed within the 6-h step is recorded.

(iii) The TC warm core is defined based on the

temperature averaged between 300 and 500hPa.

Only a warm-core temperature greater than 18C
with respect to the surrounding mean tempera-

ture (over a 68 latitude 3 68 longitude box) is

considered as associatedwith aTCcondition. The

distance of the warm-core center from the storm

center must be within 28.
2) Storms are tracked as follows: for each potential storm

condition, the algorithm verifies the presence of

storms during the following 6-h time period within a

distance of 400km. If no storm is found, the trajectory

is considered finished. If any storm is detected, the

closest storm is chosen as belonging to the same

trajectory as the initial storm. To qualify a tracked

trajectory as a storm, it must last at least 3 days and

have a maximum surface wind speed greater than

17ms21 during at least 3 days, without any constraint

regarding their timing during the TC evolution.

This tracking algorithm has been validated as ca-

pable of realistically representing TC activity in

previous studies (Reed et al. 2015; Bacmeister et al.

2016) based on stand-alone atmospheric simulations

using an atmospheric component very similar to the onewe

use here, both in terms of parameterizations and spatial

resolution.
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c. Reference data

The following three datasets covering the period

1981–2000 have been used to verify the capability of the

model to simulate the observed SST, precipitation rate,

and TC activity:

1) for SST, Met Office Hadley Centre Sea Ice and Sea

Surface Temperature dataset (HadISST; Rayner

et al. 2003);

2) for precipitation rate, Global Precipitation Clima-

tology Project (GPCP) dataset (Bolvin et al. 2009);

and

3) for TC activity, National Hurricane Center (NHC)

and U.S. Joint Typhoon Warning Center (JTWC)

datasets (observed tropical depressions are not con-

sidered in the present work).

In the rest of the paper we will refer to these data as

observations.

3. Simulation of the tropical climate and TC
climatology

a. Mean climate representation in CMCC-CM2-VHR

This section summarizes the main aspects of model

mean climate over the two simulated years and com-

pares it with observations, in order to verify how much

the modeling environment where simulated TCs de-

velop is similar to the real world. This comparison must

be performed keeping in mind that the short simulated

period does not allow an extended model bias evalua-

tion. In the observations, the period of maximum TC

activity in the Northern Hemisphere (NH) is from June

to October (JJASO) and in the Southern Hemisphere

(SH) is from December to April (DJFMA). Figure 1

shows the mean DJFMA (left panels) and JJASO (right

panels) tropical SST as represented by the model (bot-

tom panels), compared to the observations (top panels).

The model comparison with the observations is

FIG. 1. Seasonal means of SST as obtained from (top) the observations (1981–2000 climatology) and (bottom) the

model. (right) The Northern Hemisphere summer mean (JJASO) SST; (left) the extended Southern Hemisphere

summermean (DJFMA) SST. SST contour interval is 28C from 168 to 268C and 18C from 268 to 308C. Light (dark) gray
shaded patterns indicate regions where the SST difference between model and observations is .18C (,218C).
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performed based on the HF simulation only; no signifi-

cant differences are found between HF and LF simula-

tions in terms of SST, over the TC prone regions during

the TC season (not shown). During the JJASO period,

there is a pronounced cold bias (between218 and228C)
covering the region from 108 to 408N in the Atlantic and

from 258 to 408N in the western Pacific. In the regions of

TC genesis, the modeled temperature bias is generally

smaller than 18C except for the Atlantic.

Figure 2 compares themeanDJFMA (left panels) and

JJASO (right panels) modeled precipitation (bottom

panels) to the observations (top panels). The model

tends to overestimate the precipitation pattern over the

tropics, with the tendency to underestimate pre-

cipitation pattern only during JJASO over the eastern

Pacific. In the PacificOcean, themodel tends to produce a

double ITCZ in both considered seasons. In the Indian

Ocean, together with a substantial overestimation during

both seasons, there is an evident shift of the rainfall

pattern to the north during the NH extended summer. On

the other hand, during the SH extended summer, the

modeled rainfall pattern results shifted westward compared

to the observations. In the Atlantic Ocean there is a south-

ward shift of the rainfall pattern compared to the observa-

tions during JJASO, and the overestimation shown during

DJFMA is less pronounced compared to the other basins.

b. TC representation in CMCC-CM2-VHR:
Dependencies on the coupling frequency

The ability of the model to simulate TC activity has

been assessed comparing model results with observa-

tions. The geographical distribution of the TC tracks

over the simulated period compared to the observed

1981/82 tracks is shown in Fig. 3. The model reproduces

the TC tracks well, except for the South Atlantic area,

where the model generates multiple TCs during the

considered period, though only oneTChas been reported

in this region, inMarch 2004 (Pezza and Simmonds 2005);

FIG. 2. Seasonal means of total precipitation as obtained from (top) the observations (1981–2000 climatology)

and (bottom) the model. (right) The Northern Hemisphere summer mean (JJASO) precipitation; (left) the ex-

tended Southern Hemisphere summer mean (DJFMA) precipitation. Precipitation contour interval is 3mmday21

and range from 3 to 15mmday21. Light (dark) gray shaded patterns indicate regions where the difference between

model and observations is .3 (,23)mmday21.
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this is a common feature of many climate models

(Shaevitz et al. 2014), mainly due to SST positive biases

over the region. On the other hand, the model tends to

represent few TCs in the North Atlantic basin, espe-

cially in the coupled configuration (Fig. 3, bottom).

Other coupled models show this negative bias, mainly

due to the overestimated wind shear over the North

Atlantic region, widely recognized to inhibit the de-

velopment and intensification of TCs (Scoccimarro

et al. 2011; Done et al. 2015; Kim et al. 2014). In the

coupled simulations, the underestimation of TC count

in the Atlantic region (Fig. 3, bottom) could also be

explained by the negative SST bias in the coupled

simulations (Fig. 1) consistent with Small et al. (2014)

and with the more realistic results obtained when the

atmospheric model is forced with observed SSTs

(Fig. 3, top right).

The global TC count in the two coupled simulations

differs by about 20% (71TCs yr21 in HF compared to

87.5 in LF) with the LF simulation closer to the

observations (87.5 compared to the observed long term

average of 89TCs yr21). The global TC count in the

forced simulation (80TCs yr21) is in between the re-

sults obtained with the coupled runs. These discrep-

ancies can be explained, at least in part, by the

interannual variability of the TC count: the standard

deviation of the observed TC count over the considered

period (1981–2000) is about 10TCs yr21. Notably

CAM5 (with finite-volume dynamical core configura-

tion) at the same spatial resolution, in forced mode

(AMIP 1980–2005), showed a result very similar to

the observations, with a standard deviation of about

9TCs yr21 (Wehner et al. 2014). Unfortunately, we are

not able to verify the modeled TC count interannual

variability because of the computational effort neces-

sary to extend the simulated period. No significant dif-

ferences are found in terms of storm duration in the

investigated simulations (not shown). Table 1 summa-

rizes the main general statistics on TC activity for each

of the simulations.

FIG. 3. Tropical cyclone tracks in the 2-yr experiments. Results from (top left) observations, (top right) FORCED

experiment, (bottom left) HF experiment, and (bottom right) LF experiment. The observed tracks in (top left)

correspond to the 1981/82 period.

TABLE 1. General TC statistics in the various CMCC-CM2-VHR simulations.

All TCs (No.)

TC 6-hourly

occurrences

Averaged TC

duration (days)

No. of

Tropical storms Cat 1 Cat 2 Cat 3 Cat 4 Cat 5

FORCED 161 4382 6.8 46 53 17 27 12 6

LF 175 4688 6.9 55 58 15 28 14 5

HF 142 3916 6.7 52 52 18 15 4 1
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To highlight the TC intensification, Fig. 4 shows the

evolution (6-hourly time step sequence within the first

15 days after the TC genesis) of the wind speed as re-

sulting by averaging all modeled TCs in each experiment,

compared to the observations. The choice to show only

the first 15 days in Fig. 4 is due to the very few TCs sur-

viving more than two weeks. It emerges that the model

tends to overestimate TC intensity, especially when the

ocean feedback is absent (FORCED simulation), with a

smaller error when coupling frequency is high. It is

noteworthy that high-frequency coupling leads to a less

pronounced intensification (215%) after the first week

and a more marked decay in the second week (Fig. 4)

with respect to the low-frequency coupling experiment.

A very similar wind speed at the beginning of the TC

development in the HF and LF experiments suggests

comparable environmental conditions when TCs start to

develop, as confirmed by the very similar SST averaged

conditions in the two HF and LF simulations (not

shown). The tendency to represent TCs that are too

strong, compared to the observations, is a common

feature in CAM simulations at the same horizontal

resolution (Reed and Jablonowski 2012; Reed et al.

2015). The dependency of this bias on the physics pa-

rameterizations is still an open issue.

Figure 5 shows the relationship between maximum

surface wind speed (WIND) and minimum sea level

pressure (SLP) plotted for every 6 h for detected TCs;

the observed WIND–SLP relationship is better repre-

sented by the coupled models with no significant dif-

ferences between the HF and LF experiments. The

improvement is substantial when compared to the

FORCED simulation where SLP associated with su-

pertyphoons (categories 4 and 5) is always above

910mb (1mb 5 1 hPa). The tropical cyclone WIND–

SLP relationship resulting from the CMCC-CM2-VHR

simulations is also more realistic than what is found in

state-of-the-art atmospheric reanalyses (see Fig. 2 in

Murakami 2014). The tendency to a positive bias in TC

associated SLP is still present, despite the model ability

to represent the most intense TC categories. In a brief

comparison with observations, both FORCED and LF

simulations produce a higher frequency of larger

maximum wind speeds with a wind probability density

function skewed toward higher values than observa-

tions (Fig. 6).

This is consistent as the atmospheric model, in its 1/48
resolution configuration, produces a higher ratio of

hurricane strength storms to all TCs per year than ob-

servations, as found also in Reed et al. (2015). An ad-

ditional interesting feature of the distribution of

simulated TCs within intensity classes emerges focus-

ing on the left tail of the distribution. Simulated storms

(wind speed lower than 33m s21) appear to occur more

frequently with intensity much higher than observed,

indicating that also in this range of intensity the model

TCs are characterized by stronger winds. Below

25m s21 there are many observed storms but few sim-

ulated storms (Fig. 6). This suggests that the tendency

for a positive bias in the wind intensity associated with

TCs appears since the beginning of the modeled TC

development, as confirmed by Fig. 4.

The TC count difference found between the LF run

and theHF run (Fig. 6, red and blue curves, respectively)

FIG. 4. Averaged tropical cyclone wind speed (m s21) during

the first 15 days; 161, 175, 142, and 178 TCs are used to compute the

average resulting from FORCED, LF, HF, and observations. The

x axis represents the 6-hourly steps from the beginning of the track

and it is expressed as days since the beginning of the track.

FIG. 5. Tropical cyclone wind (m s21) vs minimum SLP (mb)

scatterplot. Black, blue, red, and green circles represent FORCED,

HF, LF, and observed results, respectively. All the 6-h TC condi-

tions occurring during the 161, 175, 142, and 178 considered TCs

are shown. Lines represent quadratic regression fits to the data.
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is partly responsible for the significant reduction of the

power dissipation index (PDI; Emanuel 2005) integrated

over the entire period (see Table 2). PDI is a well-

recognized indicator of tropical cyclone activity consid-

ering both storm frequency and intensity and is of direct

interest from the point of view of tropical cyclone con-

tributions to the ocean dynamics (Emanuel 2001). In-

terestingly, modeled PDI is not significantly influenced

by low-frequency coupling (LF run), compared to the

FORCED run. On the other hand, regarding coupling

atmosphere and ocean at the hourly time scale (HF run),

the modeled PDI is better in agreement with observa-

tions, reducing the 80% (70%) positive bias in the

FORCED (LF) simulation to about 7% in the HF sim-

ulation (Table 2). PDI bias in FORCED and LF simu-

lations is mainly due to the overestimation of intense TCs

as shown in Fig. 6; the TC counts from cat 3 to cat 5 found

in the FORCED and LF experiments are almost halved

in the HF simulation (black and red lines compared to

blue line) and better in agreement with the observations

(green line). To better highlight the differences in TC

simulated patterns resulting from a different coupling

frequency, Fig. 7 shows composite patterns based on all of

the detected TCs in the considered simulations. The less

intense TC winds in HF simulation (Fig. 6 and Fig. 7,

middle), compared to the LF one, are associated with a

more pronounced TC-induced SST anomaly (Fig. 7, top)

and to a strong reduction of the TC precipitation amount

(Fig. 7, bottom).

4. Case study: Cat-5 western Pacific typhoon

To better understand the processes responsible for the

weakening of TCs resulting from coupling the atmosphere

and the ocean at higher time frequency (HF vs LF results

TABLE 2. Annual power dissipation index (m3 s22) associated

with TCs. Top row refers to annual PDI. Bottom row refers to

annual PDI normalized by annual TC count.

Obs FORCED LF HF

PDI (31012) 1.52 2.70 2.56 1.63

PDI/(TC No.) (31010) 1.36 1.67 1.46 1.14

FIG. 7. Composite patterns considering all the TCs in HF simu-

lation (contours) and differences between HF and LF composites

(shaded). For each TC, the 6-h step corresponding to themaximum

intensity is considered. TC-associated (top) SST anomalies (with

respect to 2 days before TC passage; 8C), (middle) winds (m s21),

and (bottom) precipitation (mmday21). The x and y axes corre-

spond to degrees in radius from the TC center.

FIG. 6. Annual tropical cyclone count (TCs yr21) with respect to

the associated surface wind speed (m s21). Black, blue, red, and

green lines represent FORCED, HF, LF, and observed results,

respectively. Thick green line refers to 1981/82 period (2 yr), and

thin green line refers to 1981–2000 period (20 yr). The x axis ranges

from 15 to 90m s21 with 5m s21 bins. Each x-axis label represents

the values between itself and the following one (i.e., the value of 30

on the x axis groups TCs between 30 and 35m s21).
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described in the section 3b), we focus on the most intense

TC (TCJ1), developing in HF simulation: a typhoon

reaching cat 5 on 1 July of the second simulated year (J1).

To this aim, Fig. 8 shows the time evolution (as 6-hourly

frames) of the last two days before landfall of TCJ1 in the

western North Pacific basin. The TCJ1 path, well recog-

nizable following the SLP minimum evolution (Fig. 8,

left), is associated with WIND patterns (Fig. 8, center),

indicating a wide portion of the basin enveloped by ty-

phoon winds (greater than 33ms21), extending from the

FIG. 8. Time evolution (from bottom to top) of the most intense TC found in the HF simulation. The time step is 6 h, with (bottom)

0000 UTC 1 July, when cat 4 was reached, and (top) 1800UTC 2 July, when the TCmade landfall: (left) SLP (hPa), (center)WIND (m s21),

and (right) SST (8C) fields. Black dots in (right) indicate the TC position [from the minimum SLP in (left)].
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TC center to a 300-km-radius region. These strong

winds at the surface induce divergence of the water in

the first levels of the ocean column and increase the

mixing at the base of the mixing layer (not shown). The

cold water mixed up from below results in the reduced

values of the SST along the TC path. The maximum

SST negative anomaly is up to 78C, leading to 238C
over a region where SST was about 308C before the

TCJ1 passage (Fig. 8, top-right panel vs bottom-right

panel). The maximum TC-induced SST anomaly is

reached 24–36 h after the TC passage over a certain

location (Fig. 8, right, comparing color patterns with

black dots indicating the TCJ1 position at a certain time

step), consistent with results shown in Scoccimarro

et al. (2011) and Lloyd and Vecchi (2011). After

landfall (not shown), the TC decays to storm intensity

in a few hours.

To have a measure of the averaged characteristics of

TCJ1, we computed the time average of several atmo-

spheric (Fig. 9) and ocean (Fig. 10) fields over the two

days from maximum TC intensity to landfall (Fig. 8, top

and bottom, respectively). An evident warming of the

atmosphere in the TC warm-core sector appears over a

wide area (about 108 3 108) along the TC path (Fig. 9,

top right). On the other hand the associated strong

precipitation pattern (PRECIP; with maxima up to

200mmday21 as shown in Fig. 9, bottom left) is confined

to an area within a few degrees radius on the right-hand

side of the TC center following the TC path, consistent

with TC rainfall asymmetry expected in the Northern

Hemisphere (Lonfat et al. 2004). This is in agreement

with increased deep convection over the same area as

made evident in the vertical velocity field at 500hPa

(OMEGA500; Fig. 9, bottom right). Moderate TC-

associated precipitation (greater than 10mmday21)

extends over a wider area, coherently with the huge

amount of available precipitable water (PRW) over the

region (Fig. 9, bottom center). Focusing on the TC-

averaged effect on the ocean side, the SST under the

cyclone appears to be about 48C cooler than in the sur-

rounding region (Fig. 10, top left), with minimum values

occurring where the TC reaches the maximum intensity.

This TC-induced cooling is responsible for the ‘‘hole’’

appearing at the center of the wide positive pattern of

FIG. 9. (top) SLP (hPa), WIND (m s21), and CORE_TEMP (8C) and (bottom) PRECIP (mm day21), PRW (kg m22), and

OMEGA500 (Pa s21) as resulting from a time average over the eight time steps (the 2 days shown in Fig. 7) in the HF simulation. White

areas in PRECIP indicates regions where PRECIP is lower than 10mmday21. CORE_TEMP is defined as the averaged temperature

between 500 and 300 hPa. The black line indicates the TC path (following the minimum SLP in Fig. 7).
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the net upward heat flux (Fig. 10, top right) associated

with the TC. This is also consistent with the evaporation

field (EVAP; Fig. 10, bottom left), indicating the latent

heat flux as themajor contributor to the net upward heat

flux. A measure of the influence of the TC on the ocean

is also shown by the vertical velocity at 100- and 200-m

depth: an anomalous induced upward vertical velocity

on the order of 1022 cm s21 is found at both levels

(Fig. 10, bottom center and bottom right).

Starting from the J1 initial condition obtained from

the HF simulation, a short simulation (1 month) in LF

configuration (coupling at the daily time frequency) has

been then performed to have a direct measure of the

high-frequency coupling effect on the investigated

TCJ1. Figure 11 highlights the emerging differences (HF

minus LF) in TCJ1 during the same eight 6-hourly

frames (2 days) shown in Fig. 8. The choice of a 2-day

time window is due to the TC landfall after 48 h. In ad-

dition, after one day, the TCJ1 trajectories represen-

ted in the two different HF and LF configurations

start to diverge (see black and red dots in Fig. 11,

right), inhibiting the possibility to compare results in

terms of Eulerian averages. The first 6-hourly frame,

corresponding to the 6-hourly results after J1 initial

conditions (Fig. 11, bottom), does not show significant

differences, and a weakening of TCJ1 intensity in HF

configuration starts to emerge after 12 h. The reduced

intensity in HF is evident both in terms of sea level

pressure and 10-m wind speed (Fig. 11, left and center,

respectively) and appears immediately after the

emerged negative signal in the sea surface temperature

(Fig. 11, bottom right). The more pronounced cooling of

the surface in the HF simulation (up to 258C), because
of the better representation of the TC dynamical effect

on the ocean, covers a wide area along the TCJ1 path

and peaks one day after the maximum TC intensity was

reached (J1 plus 1 day). Interestingly, associated with

the negative values in SST difference between HF and

LF, a positive pattern appears (Fig. 11, top right) over

the region where TCJ1 transited one day before. This is

the effect of ‘‘false’’ TC-induced pumping in the ocean

in the LF configuration, resulting from the longer delay

in updating atmospheric surface forcing sent to the

ocean model, compared to the HF setup (24 vs 1.5 h).

A measure of the different representation of TCJ1 in

the two configurations is shown in Fig. 12. The HF2 LF

FIG. 10. (top) SST (8C), 300-mheat content (Jm22), and net upward heat flux (Wm22) and (bottom)EVAP (mmday21) and vertical velocity

at 100- and 200-m depth (cm s21) resulting from a time average over the eight time steps (the 2 days shown in Fig. 7) in theHF simulation.White

areas indicate land–sea mask at the considered depth. The black line indicates the TC path (following the minimum SLP in Fig. 7).
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FIG. 11. Time evolution (from bottom to top) of the most intense TC found in HF simulation in terms of differences between the HF and

LF simulations (HF2LF). The time step is 6 h, with (bottom) 0000UTC1 July, when cat 4was reached and (top) 1800UTC2 July, when the

TCmade landfall. Differences in (left) SLP (hPa), (center) WIND (ms21), and (right) SST (8C) fields. Black and red dots in (right) indicate

the TC position in HF and LF configuration, respectively. Notably, red and black dots overlap at least in the first six time steps.
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differences in sea level pressure and 10-m wind speed

are also associated with changes in the magnitude of the

typhoon warm core on the order of 18C. Once ap-

proaching landfall, coherent with the trajectories’ di-

vergence already mentioned (Fig. 11), a dipole in the

warm-core difference pattern appears (Fig. 12, top right)

as confirmed in precipitation (PRECIP; Fig. 12, bottom

left) and OMEGA500 (Fig. 12, bottom right). This

suggests that, together with small changes in the TCJ1

path in the two considered experiments defined based

on SLP, a different TC tilting plays a role in defining the

vertical structure of the system: the dipole in the dif-

ferences computed for high-level patterns is more pro-

nounced than what is found at the surface. A less clear

pattern is associated with the differences in the vertically

integrated water content (PRW), despite a coherent

dipole structure close to the coastal region (Fig. 12,

bottom center). On the ocean side the already high-

lighted false TC-induced effect, because of the delayed

communication between atmospheric and ocean com-

ponents in the LF setup, appears also when averaging

over the two considered days (Fig. 13, top left). This is

confirmed by differences in the heat content (HC) of the

upper 300m (Fig. 13, top center) showing up to 5%

negative values along the TCJ1 track and positive values

of the same magnitude along the TC path prior to J1.

Associated with the HF 2 LF difference in SST, a re-

markable negative pattern in the net upward heat flux

also appears (Fig. 13, top right). In particular over a wide

region (about 200-km radius) following the TC path,

differences up to 2400Wm22 are found, leading to a

huge decrease of the heat released to the atmosphere in

HF compared to LF and thus to a reduced fueling of the

TC when coupling ocean and atmosphere at the higher

frequency. The relative role played by the latent heat

flux in this process is highlighted by the differences

emerging in the evaporation field (Fig. 13, bottom left).

To verify and quantify the role of the coupling fre-

quency in determining TC-induced changes in the ver-

tical structure of the ocean, we focused on a section

defined following the TC path (black lines in Figs. 9, 10,

12, and 13) both in terms of ocean temperature and

vertical velocity (Fig. 14). The more pronounced TC-

induced cooling effect (Fig. 13) in the HF simulation

FIG. 12. Differences between the HF and LF simulations (HF 2 LF) in (top) SLP (hPa), WIND (m s21), and CORE_TEMP (8C) and
(bottom) PRECIP (%), PRW(kgm22), andOMEGA500 (Pa s21) as a time average over the eight time steps (as in Fig. 10). The black line

indicates the TC path (following the minimum SLP in Fig. 7).
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affects the upper 30m and is associated with a warm pat-

tern between 30 and 70m (Fig. 14, left). Themore efficient

mixing of the upper ocean induced by TCs (Leipper 1967;

Price 1981) in the HF simulation is also evident from the

vertical profiles of temperature within the upper 100m.

The two profiles (relative to the HF and LF simulations)

reflect the theoretical expected TC-induced mixing

(Emanuel 2001). In addition, a more pronounced cooling

of the deep ocean (below 100m) in the HF experiment

appears (Fig. 15, left) coherently with a significant increase

of the ocean vertical velocity along the TC track (Fig. 14

and Fig. 15, right), providing cold water from the deep

ocean to the intermediate layers. It is noteworthy that the

most intense TC-induced vertical velocity,made evident in

the HF experiment, is found between 1000- and 2000-m

depth (Fig. 14, right).

5. Discussion and conclusions

The ocean is the major source of energy for tropical cy-

clones. Thus, understanding the interplay between TCs and

the ocean is crucial to clarify the ocean role in TC devel-

opment and intensification. In this work we report on the

role of short-term (order of hours) atmosphere–ocean in-

teraction in modulating the TC intensity during its evolu-

tion. This ismade possible thanks to the newgeneration of a

fully coupled model developed at CMCC (1/48 in both at-

mosphere and ocean components) able to represent the

most intense observed TC categories. A first assessment to

verify systematic differences in TC intensity and count has

been done comparing the results from a 2-yr-long simula-

tion forced by prescribed SSTs (FORCED experiment) to

results obtained from two 2-yr-long simulations with the

fully coupled model, where the ocean is coupled at two

different time frequencies: daily and hourly (LF and HF,

respectively).

We found 4382, 4688, and 3916 TC conditions every

6 h, corresponding to 161, 175, and 142 unique TCs in the

FORCED, LF, and HF 2-yr experiments, respectively.

The lack of weak storms found in the model (Fig. 4) is

not dependent on the coupling frequency, suggesting

that its origin is intrinsic to the atmospheric model.

While this is an interesting issue to address, it is outside

of the scope of the present work.

The differences found in TC count in the different

experiments are more or less of the same magnitude of

FIG. 13. Differences between the HF and LF simulations (HF2 LF) in (top) SST (8C), 300-mHC (%), and net upward heat flux (Wm22)

and (bottom) EVAP (%) and vertical velocity at 100- and 200-m depth (cm s21) as a time average over the eight time steps (the 2 days

shown in Fig. 7). The black line indicates the TC path (following the minimum SLP in Fig. 7).
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the observed interannual variability, but for an evalua-

tion of TC count modulation due to the different rep-

resentation of the interaction with the ocean, longer

simulations are needed. On the other hand, a more re-

alistic representation of the high-frequency surface

feedback strongly affects the average TC intensity. This

is clear from evaluating the power dissipation index at

the global scale. PDI is better in agreement with ob-

servations when coupling at the higher frequency, re-

ducing by one order ofmagnitude the positive bias (from

70% to 7%) shown in the forced and low-frequency

experiments. This result suggests that the high-

frequency feedback with the ocean strongly affects TC

activity in terms of storm intensity, answering the sci-

entific question we posed, especially regarding very in-

tense TCs. A reduction of intense TC count (Fig. 6),

coupling at the higher frequency, is also reflected in the

reduction of the integrated PDI (Table 2) since PDI

magnitude is mainly driven by intense TCs (i.e., PDI

follows the cube of the wind speed).

To better highlight the processes involved in de-

termining the aforementioned effect, we focused on a

case study. The most intense category-5 typhoon found

in the HF simulation has been simulated two times, re-

running the coupled model with daily and hourly cou-

pling frequency (LF andHF configuration, respectively)

starting from the same initial condition, defined based

on the timing of the TC maximum intensity. The better

representation of the SST feedback in theHF simulation

(Fig. 11), made evident after 12 h, reduces by more than

20% the TC intensity in the following 36h, before

landfall. This is also evident in terms of a less intense TC

warm core, reduced vertical velocity at 500 hPa, and less

pronounced SLP minimum (Fig. 12) in HF compared to

LF. The case study findings are consistent with the PDI

statistics resulting from the whole simulation, reinforc-

ing the evidence that TC self-induced cooling plays a

role in controlling TC intensification.

We found that high horizontal resolutions (order of
1/48 in both atmosphere and ocean models) make the

representation of fast-moving and intense events very

sensitive to the coupling frequency. The low-frequency

coupling (LF simulation) tends to reduce the cooling

effect on the TC itself since the system had already

FIG. 14. Differences between HF and LF simulation (HF 2 LF) along the ocean section following the TC path.

The path is defined following 6-hourly SLP minimum shown in Fig. 7. The differences (patterns) are computed

based on the 2-day-averaged fields (as in Fig. 13). (left) Temperature differences (8C) and (right) differences in

vertical velocity (cm s21). Contour lines represent HF (blue) and LF (red) values used to compute the shown

differences (patterns).
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moved on when the effect of the cooler SST was

brought back to the atmosphere. In addition to the

effect on the TC intensity due to a more pronounced

surface cooling representation at the high frequency

(Fig. 11), the coupling time resolution also affects the

magnitude and the location of the TC fingerprint on the

ocean subsurface. In terms of magnitude, focusing on a

cat-5 typhoon, the cooling, warming, and cooling effect

induced by the TC on the surface, subsurface, and deep

ocean, respectively, is more evident when coupling at

the high frequency (Fig. 15), with a difference in the

TC-induced maximum surface cooling on the order of

78C on the 6-hourly averages (Fig. 11). This is mainly

due to the less intense wind stresses, causing water di-

vergence at the surface, when coupling at the daily

frequency (LF simulation); wind stresses are computed

based on winds accumulated over the coupling period,

as with the other fluxes into the ocean. Moreover, the

low-frequency (daily) coupling causes the persistence

of false TC pumping effect over regions where the TC is

not present anymore. This spurious effect is partially

filtered out in low-resolution models but appears to be

not negligible (Fig. 13) once the horizontal resolution is

sufficiently high to make the alignment of the TC lo-

cation on the atmospheric and ocean grids more diffi-

cult to achieve when coupling at the daily frequency.

This work suggests that the new generation of fully

coupled general circulation models are promising tools to

investigate the climate change effects on TCs and the cli-

mate control role for TCs. The model involved in this

study is participating in the High Resolution Model In-

tercomparison Project (HighResMIP;Haarsma et al. 2016;

http://www.wcrp-climate.org/index.php/modelling-

wgcm-mip-catalogue/429-wgcm-hiresmip) developed in

the context of theWorld Climate Research Programme.

The great effort in increasing the horizontal resolution

of climate models within HighResMIP will give an un-

precedented boost to the TC–climate interaction stud-

ies, provided that a high coupling frequency between the

ocean and the atmospheric components is applied.

Previous work suggests that TCs can affect the deep

ocean in terms of induced anomalies in the vertical

FIG. 15. HF and LF profiles for (left) ocean temperature (8C) and (right) vertical velocity (cm s21) corresponding

to the TC position (top) 12 and (bottom) 18 h after J1. The profiles are taken froma 2-day time average, as in Fig. 14.

Profiles in (top) and (bottom) correspond to the position along the TC path, located at about 238 and 248N,

respectively.
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velocity (Scoccimarro et al. 2011). This is confirmed by

the present study, where the TC effect on the deep

ocean, highlighted by the high-coupling-frequency ex-

periment compared to the low-frequency one, is found

down to 1000m (Fig. 14). A more detailed investigation

of the processes driving this effect is left for future work.
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