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Abstract—The importance of the upper ocean thermal vertical

structure (mixed-layer depth and stratification) in the control of the

precipitation during a heavy-rain-producing mesoscale convective

system is investigated by means of numerical simulations. In par-

ticular, the fully compressible, nonhydrostatic Euler equations for

the atmosphere and the hydrostatic Boussinesq equations for the

ocean are numerically integrated to study the effect of the ocean–

atmosphere coupling both with realistic initial and boundary con-

ditions and with simpler, analytical vertical temperature profile

forcing. It is found that the action of the winds associated with the

synoptic system, in which the heavy precipitation event is

embedded, can entrain deep and cold water in the oceanic mixed

layer, generating surface cooling. In the case of a shallow mixed

layer and strongly stratified water column, this decrease in sea

surface temperature can significantly reduce the air column insta-

bility and, thus, the total amount of precipitation produced.

Key words: Heavy precipitation events, mesoscale convec-

tive systems, air–sea interactions, coupled numerical simulations.

1. Introduction

The Mediterranean Basin is a semienclosed sea

with high orography surrounding it. The presence of

such mountains near the coasts impacts the coastal

meteorology and ocean dynamics through intense

air–sea exchanges, due to interaction of cold dry

continental winds with warm moist air over the sea

(Flamant 2003; Lebeaupin Brossier and Drobinski

2009).

Such strong and complex interactions among

land, air, and sea are known to produce heavy pre-

cipitation events (HPEs) that are characterized by

small spatial (10–100 km) and temporal (hours)

scales (Ducrocq et al. 2014). Often, these heavy

rainfalls are produced by mesoscale convective sys-

tems (MCSs), in which deep convective cells re-form

in the same position for several hours (Schumacher

and Johnson 2005, 2008, 2009). Typically, this hap-

pens because warm, moist, and conditionally

unstable air hits a colder and drier continental air

mass, generating low-level wind convergence that

feeds the convective system (Duffourg et al. 2016;

Fiori et al. 2017). Such HPEs, then, are often

responsible for severe hydrological responses

(Gaume et al. 2009; Llasat et al. 2013), which can be

catastrophic and cause important economic losses and

even casualties (Nuissier et al. 2008).

Previous works have studied the effect of

increasing the horizontal resolution of the sea surface

temperature (SST) used to force atmospheric

numerical simulations of HPEs (Millán et al. 1995;

Pastor et al. 2001; Lebeaupin et al. 2006; Cassola

et al. 2016), finding that, generally, finer-resolution

SST fields improve the total precipitation forecast.

Using an atmospheric numerical model, Pastor et al.

(2001) and Lebeaupin et al. (2006) showed that the

mean SST over a certain area not too far from the

precipitation event controls the amount of rain and

that the SST structure modulates the precipitation. In

particular, variations in the average SST value mod-

ify the surface air stability and the intensity of the

warm low-level jet, which is often responsible for the

intensity of the precipitation in such events. Warmer
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average SST moistens and heats up the marine

boundary layer, which becomes more unstable and

can trigger larger rainfalls. A similar dependence of

the intensity of an extreme storm on the average SST

in the Mediterranean Sea was also found by De Zolt

et al. (2006). Instead, the presence of fine-structure

SST features, on the km scale, has been shown to

play a minor role in terms of the total cumulated

precipitation, but to substantially improve the spatial

structure of the local heat fluxes, especially in an

atmosphere–ocean coupled setup (Carniel et al. 2016;

Ricchi et al. 2016, 2017). Moreover, Miglietta et al.

(2017) found that small positive SST anomalies can

also dramatically increase the risk of tornadic

supercells in the southern Mediterranean. On the

contrary, a work by Stocchi and Davolio (2017)

indicated that the mean SST does not markedly

influence the atmospheric water budget over the

Adriatic Sea but mainly affects the stability of the

planetary boundary layer and orographic flow

regimes and, as a consequence, precipitation. More

on the role of the SST horizontal structure in influ-

encing the atmospheric boundary layer in a

preconvective setup is contained in a related paper

(Meroni et al. 2018). There, it is found that the

atmosphere responds to SST structures over relatively

short temporal and spatial scales, on the order of

O(h) and O(1–10 km), respectively. Thus, through

the control of the surface wind convergence, the SST

structure is suggested to be a possible factor con-

trolling the position of the heavy rain. The focus of

the present study is to understand the role of the

oceanic thermal vertical structure in the control of the

HPE, which has already proved to be of interest in the

region (Lionello et al. 2003; Small et al. 2011, 2012).

To this end, we use an ocean–atmosphere coupled

model.

In one of the first coupled model experiments for

this geographical area, Lebeaupin Brossier et al.

(2013) showed how the coupled dynamics can be

particularly important in some events. In their case

study, the ocean dynamics connects two events that

would be independent from an atmospheric point of

view. In fact, the surface cooling associated with the

enhanced air–sea fluxes and with the vertical mixing

between mixed-layer water and deeper (and colder)

waters during a mistral event reduces the upper ocean

heat content available for the subsequent HPE, thus

reducing the total precipitation compared with an

uncoupled case. Berthou et al. (2015), using numer-

ical simulations similar to those of Lebeaupin

Brossier et al. (2013), strengthened the role of the

ocean in connecting strong wind events with HPEs.

In particular, they showed that there are heavy pre-

cipitation events in which submonthly atmosphere–

ocean coupling mechanisms, such as the SST cooling

after a mistral event, play a significant role in con-

trolling, for example, the rainfall location.

At different latitudes, a very interesting negative

feedback mechanism takes place at the air–sea

interface below tropical cyclones: the intense winds

of the cyclonic system entrain cold water from the

base of the oceanic mixed layer, which reduces the

enthalpy fluxes at the sea surface and reduces the

intensity of the cyclone itself (Schade and Emanuel

1999; Vincent et al. 2012; Mei et al. 2015).

The goal of this study is to explore whether a

similar mechanism takes place in the midlatitude

systems that lead to heavy-rain-producing MCSs. In

particular, the hypothesis is that the intense winds of

the synoptic system that drives the MCS, by cooling

and deepening the oceanic mixed layer in the days

preceding the HPE (which is the time scale of the

passage of a storm), can reduce the SST, which, in

turn, can reduce the precipitation.

Three-dimensional numerical simulations, in both

atmosphere-only and ocean–atmosphere coupled

configurations, were run to study a HPE due to a

MCS at midlatitudes, in Liguria, which is a region in

the Northwest of Italy where multiple HPEs of this

kind have been observed in the past few years

(Rebora et al. 2013; Buzzi et al. 2014; Fiori et al.

2014, 2017; Cassola et al. 2015, 2016). In particular,

the focus is on the 9 October 2014 event, which hit

the Bisagno catchment and the City of Genoa (Fac-

cini et al. 2015; Silvestro et al. 2016; Cassola et al.

2016; Fiori et al. 2017; Lagasio et al. 2017), causing

a flash flood that was responsible for one casualty and

damage worth up to roughly €100M.

It is important to underline that the goal of this

study is not to reproduce the observed event, but to

study the sensitivity of a realistic HPE to the upper

ocean thermal vertical structure. In Sect. 2, the setup

of the different numerical simulations is described.
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Section 3 is devoted to analysis of the effect of the

ocean–atmosphere coupling in the event studied

using fine scale and realistic initial and boundary

conditions. In Sect. 4, instead, the role of the mixed-

layer depth (MLD) and oceanic stratification is ana-

lyzed by means of coupled numerical simulations

forced with simpler oceanic vertical temperature

profiles, while Sect. 5 presents the discussion and

conclusions.

2. Setup of the Numerical Simulations

Two numerical models, the Weather and Research

Forecast (WRF) model with its Advanced Research

WRF (ARW) dynamical core version 3.6.1 (Ska-

marock et al. 2008) and the Regional Ocean

Modeling System (ROMS) in its Coastal and Regio-

nal Ocean COmmunity (CROCO) version (Penven

et al. 2006; Debreu et al. 2012), were coupled to

investigate the role of the oceanic vertical thermal

structure in the modulation of the precipitating event.

WRF solves the nonhydrostatic fully compressible

Euler equations on an Arakawa C-grid with mass-

based terrain-following coordinates. ROMS is a

three-dimensional, free-surface, split-explicit, sigma-

coordinate ocean model and was used in its hydro-

static mode.

2.1. Atmospheric Model Configuration

For the atmospheric component, a three-domain

two-way nested preparatory simulation was run with

WRF standalone (Fig. 1, left panel). It was initialized

and forced at the boundary every 3 h with the fields

of the European Centre for Medium-Range Weather

Forecasts (ECMWF)-Integrated Forecast System

(IFS) numerical weather prediction (NWP) model

(Simmons et al. 1989), which has horizontal resolu-

tion of 0.125�. In particular, this forcing product is a

combination of analysis (at 0000 UTC every day) and

short-range forecast fields (during the day). The

simulation runs for 4 days, from 0000 UTC 06

October 2014 to 0000 UTC 10 October 2014.

The largest domain, d01, is the EURO-CORDEX

one (Jacob et al. 2014) and has resolution of 12 km.

The intermediate domain, d02, covers the entire

western Mediterranean Basin, most of Southern

Europe, and North Africa with resolution of 4 km.

The smallest domain, d03, which has resolution of

1.4 km, covers the Ligurian Sea, where the events of

interest happened (Fig. 1). In the vertical direction,

the grid has 84 levels, as in Fiori et al. (2014), and the

cylindrical equidistant projection with a rotated North

Pole is used.

The physical parameterizations, chosen according

to previous sensitivity experiments in a very similar

setup (Fiori et al. 2014), were as follows: the WRF

single-moment 6-class scheme (WSM6, Hong and

Lim 2006) for the microphysics, the Mellor–Ya-

mada–Nakanishi–Niino level 2.5 option (Nakanishi

and Niino 2006, 2009) for the planetary boundary

layer, the Tiedtke option (Tiedtke 1989; Zhang et al.

2011) for the cumulus parameterization activated

only on the largest domain (d01), the rapid radiative

transfer model (RRTM) longwave scheme (Mlawer

et al. 1997) and the Goddard shortwave

scheme (Chou and Suarez 1999; Chou et al. 2001)

for the radiative fluxes, the five-layer thermal diffu-

sion scheme (Dudhia 1996) for the land surface, and

the revised MM5 similarity scheme (Beljaars 1995)

for the surface layer. Vertical diffusion was per-

formed with a three-dimensional turbulent kinetic

energy closure scheme that mixes the full fields and

not only the perturbation fields.

2.2. Oceanic Model Configuration and Spin-up

For the oceanic counterpart, a spin-up simulation

with ROMS standalone was run for 3 weeks before

the event, starting from 0000 UTC 15 September

2014. The Mediterranean Forecasting System product

(Oddo et al. 2009) was used as initial and lateral

forcing, while the surface forcing came from the

ECMWF-IFS NWP model (Simmons et al. 1989), as

for the atmospheric model, and provides the momen-

tum, heat, and freshwater fluxes. The ocean was

forced at the lateral boundaries every day and at the

surface every 3 h. The ocean grid had the same

horizontal spatial resolution as the atmospheric one,

i.e., 1.4 km. It was slightly smaller than the atmo-

spheric grid over the sea to remove the atmospheric

buffer zone (345� 262 grid points for ROMS instead

of 358� 370 as in WRF), as shown in Fig. 1b. In the
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vertical, the grid was made of 60 levels, with finer

vertical resolution near the free surface according to

the algorithm of Shchepetkin and McWilliams

(2009), with the following stretching parameters:

hcline ¼ 250 m, hb ¼ 2, and hs ¼ 7.

The bathymetry was obtained from the Shuttle

Radar Topography Mission global bathymetry and

elevation data at 30 arcsec resolution with data voids

filled (SRTM30_PLUS) dataset (available at http://

topex.ucsd.edu/WWW_html/srtm30_plus.html). This

product is based on the 1-min resolution Sandwell

and Smith (1997) global dataset. To avoid aliasing

and ensure smooth bathymetry in the grid model, a

Gaussian filter was applied to the input

SRTM30_PLUS data. A second filter was then

applied on the topography where its steepness

exceeded a threshold value r ¼ 0:2. This was done to

avoid errors in the pressure gradient computations

due to steep bathymetric slope in shallow region with

terrain-following coordinates (Beckmann and Haid-

vogel 1993). Radiative open boundary conditions for

baroclinic velocities and tracers were imposed on the

western and southern sides (Orlanski 1976; Raymond

and Kuo 1984).

Lateral advection was integrated with a third-

order upstream scheme (Shchepetkin and

McWilliams 1998) for momentum and with a split

and rotated third-order upstream scheme for tracers

(Marchesiello et al. 2009; Lemarié et al. 2012). This

reduces the spurious diapycnal mixing that would

occur along the sigma level and is, thus, suitable for

realistic applications with variable bathymetry. Ver-

tical advection, instead, was done with a semiimplicit

scheme both for momentum and for tracers (Shchep-

etkin 2015). Turbulent mixing was represented using

the Smagorinsky parameterization in the horizontal

(Smagorinsky 1963) and with the nonlocal K-profile

parameterization in the vertical (Large et al. 1994).

The selected nonlinear equation of state is described

in Shchepetkin and McWilliams (2003), being a

modified version of that described in Jackett and

McDougall (1995).

The choice of the duration of the spin-up was

based on the work of Juza et al. (2016), where a

3-week spin-up was considered to be a compromise

between the time necessary for complete develop-

ment of the model’s own high-resolution dynamics

and a shorter time period that allows better reflection

of the observations. Since the domain used in Juza

et al. (2016) had similar horizontal resolution

(1.8–2.2 km), the choice of a 3-week spin-up is

justified. The spin-up was not run in coupled mode,

Figure 1
Left panel: the three domains (d01, d02, and d03) used in the double-nested preparatory WRF simulation. Right panel: in red the extension of

the WRF domain used in CNTRL, CPLD, UNIF, and L�_M�_sea simulations, that corresponds to the d03 domain of the preparatory

simulation; in blue the extension of the ROMS domain used in the coupled simulations, CPLD, and L�_M�_sea. The false colors show the

orography and the bathymetry of the domains in meters. The Ligurian Sea (LS), which is a region over which some diagnostics are defined in

the text, is highlighted in magenta. The green star denotes the position of the City of Genoa

A. N. Meroni et al. Pure Appl. Geophys.

394Reprinted from the journal

http://topex.ucsd.edu/WWW_html/srtm30_plus.html
http://topex.ucsd.edu/WWW_html/srtm30_plus.html


mostly because of numerical constraints. An ocean-

only spin-up, then, with the use of the ECMWF-IFS

product, ensures that drifts of the model are avoided,

thanks to the assimilation procedure included in the

forcing product.

2.3. Numerical Simulations

All simulations were initialized at 0000 UTC 06

October 2014 and run for 4 days, up to 0000 UTC 10

October 2014, in a single WRF domain (d03 of the

preparatory simulation described above), coupled to

the ROMS domain, when needed (Fig. 1, right

panel). The atmospheric initial and boundary condi-

tions were all obtained from the output files of the

intermediate domain, d02, of the preparatory simu-

lation described in Sect. 2.1 using the NDOWN tool

(Skamarock et al. 2008). Four model configurations

were considered. They differ from one another in the

initial SST field, in whether they are coupled or not,

and for the coupled ones, in the structure of the initial

and lateral vertical temperature forcing, as explained

below:

The simulation CNTRL was not coupled to the

ocean model and was forced at the surface with the

SST field obtained from the last output of the ROMS

spin-up simulation at 0000 UTC 06 October 2014.

The SST was then kept constant until the end.

In the simulation CPLD, WRF was coupled to the

ocean model through the Ocean Atmosphere Sea Ice

Soil coupler version 3.0 (OASIS3) (Valcke 2013).

Every hour, the two models exchanged the following

fields: ROMS produced the SST and the surface

currents for WRF, and WRF sent to ROMS the

freshwater, heat, and momentum fluxes estimated

using the COARE bulk formulae (Fairall et al. 2003).

In particular, the surface fluxes were determined by

the COARE formulation over the sea and by the

revised MM5 similarity theory over land. The ocean

initial conditions were obtained from the ROMS-

alone spin-up simulation, as in Sect. 2.2.

The simulation UNIF was run with WRF stan-

dalone and had a homogeneous SST field, equal to

the horizontal average over the sea of the SST of the

CNTRL simulation, which was, here, not allowed to

evolve in time. If SST0ðx; yÞ is the initial field of the

CNTRL simulation, its horizontal average is simply

SST ¼ 1

jXj

ZZ

X
dx dy SST0ðx; yÞ ¼ 22:58 �C; ð1Þ

where X is the region of the domain occupied by the

sea and jXj its area.
Finally, the series of simulations L�_M�_sea

were coupled to ROMS, using the same homoge-

neous initial SST field as the UNIF case,

SST ¼ 22:58 �C, while they differed in the two

parameters that define the vertical temperature

profile of the initial and boundary conditions. In

particular, the idealized potential temperature profile

prescribed everywhere in the domain at the begin-

ning of the simulation and at the open boundaries

during the run was of the form

hðzÞ ¼
hML for z[M

ðhML � hdÞ exp ½ðz � MÞ=L� þ hd for zb\z\M;

�

ð2Þ

where the depth z is negative below the sea surface

down to the bottom topography value zb, hML ¼ SST

is the mixed-layer temperature, and hd ¼ 12:84 �C is

representative of the temperature at depth in the

domain considered (taken from the CPLD simula-

tion). Thus, these simulations differed in the values of

M, the initial MLD, and L, the e-folding length of the

exponential profile. The name of the simulations

contains the values of these two parameters in meters:

for example, a simulation named L5_M25_sea is

characterized by a decaying e-folding length of 5 m

and an MLD of 25 m. Following the climatology of

D’Ortenzio et al. (2005), which shows that in the

Ligurian Sea in October the average MLD is between

15 and 30 m deep, the values of M were chosen to

vary between 5 and 35 m, with two possible values of

L, 5 m and 35 m. Figure 2 shows four examples of

potential temperature profiles used to force the

appropriate L�_M�_sea simulations. The salinity was

imposed to be equal to 38.25 psu, which corresponds

to 38.43 g kg�1 in units of absolute salinity, every-

where in the basin at the beginning of the simulations

and, then, along both open boundaries (south and

west). These simple temperature and salinity vertical

profiles, defined using parameter values relevant to

the setup considered, were used both as initial con-

ditions and as lateral forcing along the southern and

western open boundaries.
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In all these simulations (CNTRL, CPLD, UNIF,

and L�_M�_sea), the parameterization options were

the same as described in the previous Sects. 2.1 and

2.2, both for the atmospheric model and for the

oceanic one. A summary of the configurations of the

numerical experiments containing the initial SST

field and the switch for the coupling is presented in

Table 1.

3. Effect of the Ocean–atmosphere Coupling

The synoptic conditions leading to the 9th Octo-

ber HPE are well described by Cassola et al. (2016)

and Fiori et al. (2017). They mainly consisted of an

upper-level trough over the Atlantic Ocean, near

Ireland, which produced a low-level flow blowing

from the south over the Gulf of Genoa. On the 9th

October 2014, a relatively cold and dry air mass

flowing over the Gulf of Genoa from the land played

the role of a virtual orographic step, so that the

warmer and more humid low-level jet blowing over

the sea could overcome its level of free convection,

generating the heavy-rain-producing MCS under

study (Fiori et al. 2017).

Since the goal of this work is not to develop a

more accurate forecast of the HPE, the CNTRL

simulation was taken as reference, even though it is

known to differ from reality in terms of a couple of

issues. In particular, it underestimates the total vol-

ume of rain and it simulates the rain over the land

only, and not over the sea, as observed. The reasons

why no rain is simulated over the sea are to be found

in the time of initialization of the model. Other works

(Cassola et al. 2016; Fiori et al. 2017; Lagasio et al.

2017) and other simulations run by the authors but

not shown here, in fact, are able to capture the trig-

gering of the precipitation over the sea, by initializing

the simulations either at midnight of the day of the

event or on the day before. In the present work, the

choice of initializing the simulations 3 days before

the event was made to let the sea respond to the wind

forcing of the synoptic system associated with the

MCS. This enables one to study the effects that the

ocean dynamics have on the precipitation, to the

detriment of the forecast. In fact, because of the

chaotic nature of the atmospheric system, the real-

ization of the heavy precipitation event in the

simulations differs from the observations. But the

WRF model is run in a realistic configuration, so that

it contains all the physics needed to study the process

of interest.

The related paper, Meroni et al. (2018), gives a

more detailed description of the simulated event,

while here, only the features relevant to the discus-

sion about the ocean coupling are introduced. In

particular, Fig. 3 shows the maps of the total pre-

cipitation cumulated on the 9th October 2014 in the

CNTRL simulation (left panel) and the CPLD one

(right panel). It is clear that the coupling with the

fully resolved ocean dynamics does not have a rele-

vant impact on the precipitation field cumulated over

24 h.

In Fig. 4, one can see the hourly precipitation rate

integrated over the entire domain as a function of

Figure 2
Examples of potential temperature profiles used to force the

simulations indicated in the figure

Table 1

Summary of the simulations of interest

Name Initial SST Coupling

CNTRL SST0ðx; yÞ No

CPLD SST0ðx; yÞ Yes

UNIF SST No

L�_M�_sea SST Yes

SST0ðx; yÞ was obtained from the ROMS spin-up simulation as

described in the text, and SST is the horizontal average of the

SST0ðx; yÞ field, as in Eq. 1

A. N. Meroni et al. Pure Appl. Geophys.
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Figure 3
Maps of total rain cumulated over 24 h (mm) on the 9th October in the simulations CNTRL (left panel) and CPLD (right panel)

Figure 4
Hourly precipitation rate integrated over the entire domain of the simulation as a function of time. The vertical black lines denote midnight.

Two high peaks are visible, one around 0700 UTC 7 October 2014 and the other around 0800 UTC 9 October 2014. The two least-rain-

producing simulations are the ones with the shallowest initial mixed layer, L5_M5_sea and L35_M5_sea

Vol. 175, (2018) Role of the oceanic vertical thermal structure in the modulation of heavy precipitations
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time. There is a first high peak of precipitation around

0700 UTC 7 October 2014, which corresponds to a

HPE over the sea (Meroni et al. 2018), and then a

second peak around 0800 UTC 9 October 2014,

which is the heavy rainfall that hit the Bisagno

catchment and the City of Genoa. Even if the first

peak, which happened only over the sea on the 7th

October, is higher than the second one, the focus of

the following analysis is on the rainfall of the 9th

October because it happened over land and, thus, is

more relevant for society. Once again, the coupling

with the ocean modifies the evolution of the precip-

itation so little that the CPLD line is almost

indistinguishable from the CNTRL one.

The hypothesis for an explanation of such little

influence of the ocean dynamics on the HPE is that

the oceanic mixed layer is deep enough that it is able

to insulate the stratified (colder) water at its base from

the vertical mixing action of the winds. In fact, in a

thermally stratified ocean, if the mixing is strong

enough to deepen and cool down the mixed layer,

then the SST and, together with it, the surface heat

fluxes are affected by the presence of a dynamical

ocean. Otherwise, if the mixing is confined to the

mixed layer, no surface expression of the presence of

subsurface heat anomalies can impact the thermody-

namics of the atmospheric boundary layer and, thus,

the precipitation.

An important process related to the vertical ocean

stratification in case of HPEs is the formation of low-

salinity lenses where the precipitation is intense

(Lebeaupin Brossier and Drobinski 2009; Lebeaupin

Brossier et al. 2014). These areas, accompanied by

areas of increased surface salinity due to high evap-

oration caused by the intense winds, affect the

vertical stratification and, thus, the ocean thermal

response. In what follows, since it is the SST

response that ultimately controls the surface fluxes,

the salinity effect, even if it is fully accounted for in

the dynamics, is no longer discussed. Quantification

of the effects of these lenses of water on the strati-

fication and eventually the mixed-layer temperature

requires new simulations, in which one could switch

off the impact of salinity on density, to evaluate its

importance. This is left for subsequent work.

Following the definition of MLD given by Hou-

pert et al. (2015), namely the depth at which the

temperature is 0.1 �C colder than the SST, instanta-

neous maps of MLD can be calculated from the

CPLD simulation. Figure 5 shows the MLD at the

beginning of the simulation (0000 UTC 6 October

2014) and after 3 days from the beginning, i.e., after

2 days of intense winds but before the day of the HPE

(at 0000 UTC 9 October 2014). It is easy to see that

qualitatively it has not changed much and, in fact, by

calculating its horizontal average over the sea,

Figure 5
MLD [m] from the CPLD simulation at two different instants: in the left panel at the beginning of the simulation and in the right panel after

3 days, at midnight before the HPE

A. N. Meroni et al. Pure Appl. Geophys.

398Reprinted from the journal



MLD ¼ 1

jXj

ZZ

X
dx dyMLDðx; yÞ; ð3Þ

one finds that it has changed from MLD ¼ 21:65 m

at 0000 UTC 6 October 2014 to MLD ¼ 21:83 m at

0000 UTC 9 October 2014, much less than the ver-

tical resolution of the grid (a few meters in the upper

ocean). Figure 9 also shows that the sea averaged

MLD does not change in time throughout the CPLD

simulation.

4. Role of the Vertical Oceanic Thermal Structure

4.1. Effects on the SST

The goal of the series of simulations L�_M�_sea

is to explore a portion of the parameter space that

defines the vertical thermal structure of the ocean,

described with the simple potential temperature

profile of Eq. (2), to see how the initial state of the

ocean can affect the heavy precipitation of a MCS.

Figure 6 shows that the intense winds associated

with the synoptic cyclone in which the heavy-rain-

producing MCS is embedded start blowing over the

domain on the 7th October, a couple of days before

the HPE that hit the City of Genoa. To let the ocean

respond to the wind forcing that is ahead of the

intense rainfall, all the simulations were initialized at

0000 UTC 6 October 2014. The 2 days of intense

winds preceding the rainfall peak of the 9th October

reduce the average SST in the Ligurian Sea mostly by

entrainment in the mixed layer of deeper and colder

water. Depending on the initial vertical profile, this

effect is more or less pronounced, as shown in Fig. 7,

where the daily mean of the SST averaged over the

Ligurian Sea is displayed as a function of time for

some simulations. For a shallow initial mixed layer

(M ¼ 5 m), the cooling can be as large as 1 �C
(L ¼ 35 m) or 2 �C (L ¼ 5 m), while for a deeper

initial mixed layer (M ¼ 35 m), it can be as small as

0.1 �C. The simulation with the highest cooling is the

Figure 6
Horizontal average over the sea of the wind magnitude at 10 m over the sea as a function of time for some of the simulations
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one with the shallowest initial mixed layer

(M ¼ 5 m) and the strongest stratification (L ¼5 m).

Another quantity to measure the strength of a

vertical ocean profile in opposing the mixing action

of the winds was introduced by Vincent et al. (2012):

the cooling inhibition (CI) index. It is related to the

amount of energy required to mix the upper ocean so

that the mixed layer is 2 �C colder. For the analytical

initial thermal profiles of the series of simulations

L�_M�_sea, it is found that the CI index increases

with increasing M, because the mixed layer gets

deeper and deeper for higher M, and increases with

increasing L, because the cold water is further down

as L increases. It is found, then, that the daily average

SST of the Ligurian Sea on the 8th October (on the

third day of the simulation, the day preceding the

HPE) monotonically increases with the CI index, as

in Fig. 8. This indicates that the CI index and the

average SST on the 8th October contain the same

information on the ocean response: the lower the

energy required to overcome the vertical density

profile and to cool the mixed layer (low CI index), the

colder the Ligurian sea after 2 days of intense winds

(low SST on the 8th October).

A significant reduction of the average surface wind

magnitude can be observed in the case of intense SST

cooling, by looking at Figs. 6 and 7. This mechanism

has been studied in Meroni et al. (2018), where it is

highlighted that the mechanism through which the

SST controls the surface wind over O(km) spatial

scales and over O(h) temporal scales is the downward

momentum mixing mechanism. In particular, when an

air parcel moves over a relatively warmer sea area, the

increased air instability induces vertical mixing,

which brings momentum downward. In case of air

moving over a relatively colder area, instead, an

internal boundary layer characterized by reduced

surface wind speed develops (Small et al. 2008).

In the case where the mixed layer is too deep,

there is a restratification at the base of the mixed layer

Figure 7
Daily mean of the horizontal average of the SST over the Ligurian Sea (LS) as a function of time for some of the simulations. The average

amplitude of the daily cycle (difference between the SST daily maximum and the SST daily minimum) for the CPLD case is shown in the

upper left corner
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due to the shear turbulent heat fluxes induced by an

imbalance between the current and temperature initial

conditions. This restratification causes a shallowing

of the mixed layer, because the mixing happens in the

upper thermocline, near the temperature interface.

Figure 9 supports this interpretation, by showing the

daily mean MLD, averaged over the sea as a function

of time for some simulations. For a shallow initial

mixed layer (M ¼ 5 m), the winds are able to deepen

it, in particular when the underlying stratification is

relatively weak (L ¼ 35 m). For a deeper initial

mixed layer (M ¼ 35 m), the deep and cold water at

its base are insulated from the mixing action of the

winds and thus the MLD is basically constant, as well

as the SST shown in the previous figure. For the case

with strong stratification (L ¼ 5 m), there is a slight

thinning of the MLD during the first simulated day,

because of the shear-induced mixing at the sharp

temperature vertical gradient at the base of the mixed

layer. The CPLD case average MLD does not change

much over the duration of the simulation, which

suggests that the winds are not strong enough to

affect it, as previously explained.

By looking again at Fig. 7, it is interesting to

note that the IFS SST (Simmons et al. 1989), which

was used to force the atmospheric model as

described in Sect. 2.1, shows a significant reduction

over the course of the second day period, while in

the coupled simulation, where the mixed layer is

about 20 m deep, the average SST reduction is

almost one order of magnitude smaller. A SST

reduction similar to the IFS one is found for a

significantly shallower initial mixed layer (5 m),

suggesting that either the winds are underestimated

in WRF and/or the ocean vertical mixing

scheme does not perform well under these condi-

tions. Another issue that might explain the

discrepancy is that the IFS SST has much lower

resolution compared with the model. Thus, it is

likely that some fine-scale SST structures are
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Figure 8
Daily average SST of the Ligurian Sea on the 8th October as a function of the CI index. Since the deeper the initial mixed layer M the higher

the CI index (not shown), also the daily average SST on the 8th October increases with M
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smoothed out and, thus, the spatial average SST

value cannot be compared with the model results.

4.2. Effects on the Precipitation

In Fig. 10, the total rain volume cumulated over

the domain on the 9th October is shown as a function

of the daily mean (8th October) horizontal average

SST over the Ligurian Sea for all the simulations

considered, namely CNTRL, CPLD, UNIF, and

L�_M�_sea with L 2 ½5; 35� m and

M 2 ½5; 10; 15; 20; 25; 30; 35� m. There is a clear

increase in the total precipitation with increasing

average SST, as known from Pastor et al. (2001) and

Lebeaupin et al. (2006). The underlying trend is

estimated to be roughly 1� 108 m3 K�1, which in

percentage terms means that, per degree, the total

cumulated rain changes by roughly 10 %, which is in

agreement with the findings of Lebeaupin et al.

(2006). Since this trend appears to be robust, it was

used to find an estimate of the uncertainty on the rain

volume as follows: Consider all the data with SST in

the interval [295.5, 295.7] K. Since their standard

deviation rrv ¼ 2� 107 m3 is larger than the linear

increase due to the background trend in the afore-

mentioned temperature interval, this is taken as an

estimate of the spread of the value of the rain volume

around the background trend, corresponding to a

relative uncertainty of roughly 3 %.

The slight decrease in precipitation between the

CNTRL and CPLD simulations, roughly 2 %, thus

falls within the uncertainty and is not significant,

confirming that the coupled dynamics is not impor-

tant in this case study. Instead, considering the series

of simulations with L ¼ 35 m, the reduction of

cumulated rain of the case L35_M5_sea with respect

to the CNTRL case is around 13 %, while for

L ¼ 5 m, in the case L5_M5_sea the reduction is

roughly 20 %. The cases with the lowest precipitation

are the ones where the initial MLD is the shallowest,

namely L ¼ 5 m, which are also the cases with

lowest average SST.

Figure 9
Daily mean of the horizontal average of the MLD over the sea as a function of time for some of the simulations
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Thus, the different initial vertical thermal struc-

tures respond to the intense wind forcing preceding

the HPE in different ways, generally reducing the

SST in the area in the vicinity of the convective rain

event, which reduces the air column instability and its

ability to produce intense rainfalls. This is proved by

Fig. 11, where the maps of the convective available

potential energy (CAPE) of the surface air parcel at

0000 UTC 9 October 2014, midnight before the HPE,

are shown for two different simulations, L5_M5_sea

in the left panel and L5_M35_sea in the right one.

The CAPE is calculated here as the integral of the

difference between the adiabatic lifted surface air

parcel temperature profile and the local temperature

profile between the level of free convection and the

equilibrium level of the surface air parcel itself. From

Fig. 11, it is clear that, for a shallow initial mixed

layer (M ¼ 5 m, left panel), the CAPE is strongly

reduced with respect to a case with a deeper one

(M ¼ 35 m, right panel).

A closer look at the data of Fig. 10, then, suggests

that, when the initial MLD is 25 m or deeper, the

average SST is independent of the exact oceanic

vertical thermal structure, as indicated by the very

similar values of SST for the cases L5_M25,

L5_M30, L5_M35, L35_M25, L35_M30, L35_M35,

and UNIF. This is indicative of a sort of threshold

behavior of the total precipitation as a function of the

initial MLD, via the control of the average SST. In

fact, when looking at the rain volume cumulated on

the 9th October as a function of the initial MLD, as in

Fig. 12, it is easy to see that the rain volume first

increases and then saturates around M ¼ 25 m. The

differences between the two series with different

values of stratification, L, are within the uncertainty

estimated above (except for the case M ¼ 5 m) and

thus are thought to be caused by some secondary

mechanisms.

For example, this might be due to the presence of

sharper horizontal SST gradients in the case of small

L (stronger stratification), which are known to affect

Figure 10
Domain integrated rain volume cumulated on the 9th October as a function of the SST averaged on the Ligurian Sea on the 8th October
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Figure 11
Snapshot of the CAPE [J kg�1] at 0000 UTC 9 October 2014 from the simulations L5_M5_sea (shallow mixed layer) in the left panel and

L5_M35_sea (deep mixed layer) in the right panel

Figure 12
Rain cumulated over 24 h on the 9th October and integrated over the domain as a function of the initial mixed layer depth M. The uncertainty

is estimated to be rrv ¼ 2� 107 m3 (see text)
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the surface wind structures and, possibly, the precip-

itation field (Meroni et al. 2018), but are not

discussed here in detail. In fact, imposing a shorter

e-folding length L in the initial temperature profile

corresponds to increasing the stratification at the base

of the mixed layer. This means that, on the one hand,

it is harder to mix the water column, because of the

stronger vertical density gradient to overcome, but on

the other hand, when the wind is intense enough, the

mixing results in stronger surface cooling. Since the

winds are not homogeneous over the sea, but have a

rapidly changing spatial structure with very fine-scale

features, those two effects combined induce relatively

sharper horizontal gradients in the SST field after a

few days from the initialization of the simulation with

relatively stronger stratification. Figure 13 shows

this, by displaying the SST field at 0000 UTC 9

October 2014 from the simulations L35_M25_sea

(left panel) and L5_M25_sea (right panel). Starting

from the same MLD, M ¼ 25 m, it is possible to see

that, for stronger stratification (small L), the horizon-

tal SST gradients are sharper.

5. Discussion and Conclusions

The mechanism through which the thermal verti-

cal oceanic structure can control the precipitation of a

HPE is found to be the following: For a shallow

oceanic mixed layer, the intense winds of the syn-

optic system that drives the heavy-rain-producing

MCS are able to entrain deep and cold water in the

mixed layer, resulting in a substantial reduction of the

average SST in the region near the HPE, of the order

of 1 �C. This does not happen if the initial mixed

layer is deep enough that the effect of the winds is to

mix water within the mixed layer itself. The change

in SST, then, is known to control the amount of

precipitation (Pastor et al. 2001; Lebeaupin et al.

2006), through, for example, changes in the air col-

umn stability.

This suggests that the reason why the coupling

with the ocean seems to be totally ineffective in the

case study considered is because the MLD in the

coupled simulation is deep enough to insulate the

colder and deeper water from the mixing action of the

winds. Thus, since in the coupled simulation (CPLD)

the reduction of the SST with respect to the uncou-

pled one (CNTRL) is very small, the difference in

total precipitation between a case with fully resolved

three-dimensional ocean dynamics and a case with a

time-independent SST forcing field appears to be

negligible. The coupling with the ocean dynamics is

more important in the case of shallower mixed layer,

as the series of simulations forced with simple ver-

tical temperature profiles, L�_M�_sea, shows.

Figure 13
Snapshot of the SST [K] at 0000 UTC 9 October 2014 from the simulations L35_M25_sea (weaker stratification) in the left panel and

L5_M25_sea (stronger stratification) in the right panel
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Reductions of the total precipitation of roughly 20 %

are found in the shallowest mixed layer cases, indi-

cating that the vertical thermal structure of the ocean

can considerably reduce the amount of rainfall in

such HPEs, in specific conditions.

It is also possible that, since the domain is rela-

tively small, the surface air is already moist and

warm and, thus, the surface fluxes are small. If a

larger domain were coupled in the simulations, fur-

ther heat and moisture sources would be included and

the coupled dynamics is likely to have a greater

impact.

The MLD threshold value that determines whe-

ther the ocean dynamics is important or not depends

on the magnitude of the winds of the system con-

sidered. In this case study, the intense surface winds

of the synoptic system driving the HPE have a spatial

average magnitude of 6.5 m s�1, with local peak

values on the order of 20 m s�1. In other HPEs along

the coasts of the Western Mediterranean, e.g., in

Lebeaupin et al. (2006), the low-level jet has been

observed to reach wind speed of roughly 30 m s�1,

suggesting that the range of parameters involved in

the mechanism described extends to even stronger

wind events. It is suggested that future work should

include the development of a physically based defi-

nition of the upper ocean heat content that takes into

account the intensity and duration of the winds.

Similar efforts have been made in the tropical

cyclone literature (Miyamoto et al. 2017) with the

aim of better predicting the SST anomaly under the

eye of the cyclone as per action of the winds.

The conditions that maximize the mitigating

effect of the ocean dynamics on the precipitation in

such HPEs are typical of the end of the summer,

when the first cyclones arrive in the area. In fact,

when the ocean has been heated up by the strong

summer solar heat flux, it has a shallow mixed layer

and strong stratification beneath it (D’Ortenzio et al.

2005; Houpert et al. 2015). In such conditions, the

strong winds associated with the heavy-rain-produc-

ing MCS can mix up cold water, which is relatively

close to the surface, and the colder SST can feed back

on the MCS, reducing its instability and, thus, the

total cumulated rain. When, then, in autumn, stronger

winds deepen the mixed layer, the ability of the sea to

reduce the lower atmosphere instability through a

colder SST is attenuated. As a consequence, this

might partially explain the timing of such HPEs,

which do not generally happen right at the end of the

summer, but in mid and late autumn. To test that this

is the case, it is indeed desirable to carry out similar

analysis on other case studies, with different synoptic

conditions and different upper ocean thermal

structure.

It is also important to underline that this work was

not intended to improve the forecast of these heavy-

rain-producing MCSs, but to understand more about

the importance of the vertical thermal structure of the

upper ocean in the control of such HPEs. This is the

reason why the analysis of the results is not invali-

dated by some of the biases of the model, such as the

absence of rain over the sea on the 9th of October or

the underestimation of the surface cooling in the

coupled ocean–atmosphere simulation with respect to

what happened in reality. In fact, the reasons for such

biases are known (choice of initialization and diffi-

culty in resolving the very small wind structures or

vertical mixing parameterization), as explained in the

previous sections, and do not affect the mechanism

described above.

The mechanism of acceleration (deceleration) of

the surface wind due to relatively warmer (colder) sea

surface temperature (Meroni et al. 2018) is found to

accentuate the role of negative feedback of the

ocean–atmosphere coupled dynamics. In fact, if over

a warmer sea area the wind is accelerated, because of

vertical mixing in the atmosphere due to higher

instability that brings momentum downward, the

ocean vertical mixing is also enhanced, so that the

SST is reduced. To properly tackle this problem, a

simplified setup might be more appropriate.

It is left for future work to include, then, the effect

of wave dynamics. It is known, in fact, that a wave

model improves the representation of surface fluxes

(Carniel et al. 2016; Ricchi et al. 2016, 2017). In

particular, in case of relatively strong winds (stronger

than 10 m s�1), inclusion of wave dynamics is

important in the modulation of the air–sea momen-

tum exchanges, because of the increased surface

roughness (Thévenot et al. 2016). This determines an

increased transfer of momentum from the atmosphere

to the ocean, which determines an increase in the
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effectiveness of vertical ocean mixing, with subse-

quent surface cooling.

Finally, targeted analysis on the role of the

salinity effect on the ocean stratification and, thus, on

the HPE dynamics is encouraged. In fact, the

Northwestern Mediterranean is characterized by the

presence of both surface salinity gradients, due to the

large evaporation in the Gulf of Lion, and vertical

variations due to differences in water masses, namely

Atlantic Water is above Levantine Intermediate

Water, which is above Western Mediterranean Dense

Water (Millot and Taupier-Letage 2005). These

realistic salinity structures, together with the forma-

tion of low-salinity lenses in the areas of intense rain

(Lebeaupin Brossier and Drobinski 2009; Lebeaupin

Brossier et al. 2014), which have already been

included in the dynamics of the present work, are

planned to be the object of future detailed analysis.
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