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Abstract :

The response of the oceanic surface layer to atmospheric shallow convection is explored using realistic
atmospheric large eddy simulations coupled with an oceanic 1D model with high vertical resolution. The
effects of cloud shading, rain and enhanced heat loss due to gust fronts on the edge of cold pools and
their interactions are investigated on a case study of the Cooperative Indian Ocean Experiment on
Intraseasonal Variability /Dynamics of the Madden-Julian Oscillation experiment in the tropical Indian
Ocean, during a suppressed phase of the Madden-Julian Oscillation. The conditions of low surface wind
and strong solar heating result in diurnal warming of the oceanic surface of 2°C over a depth of 1 m.
Analysis of specific periods covering the diurnal cycle show contrasting effects of the cloud shading, rain
and turbulent heat fluxes under the cold pools on the sea temperature at surface and below. On the one
hand, decreasing the solar radiation (cloud shading) results in slight cooling horizontally extended and
penetrating down to 1 to 2 m depth, depending on the time of the day. On the other hand, turbulent heat
fluxes enhanced up to 300 W m-2 by gusts and freshwater lenses due to rain act together and more
locally. They isolate and strongly cool a thin inner layer at the surface, which eventually destabilizes the
surface layer and propagates the cooling downward. The exact relative part and efficiency of these
processes depend on the time evolution of the thermal stratification and vertical turbulent mixing in the
oceanic upper layer. Surface cooling up to —0.5°C may occur in a few tens of minutes and last for several
hours, mitigating significantly the effects of the diurnal warming over large extents. This article is protected
by copyright. All rights reserved.
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1 | INTRODUCTION

In tropical regions, ocean—atmosphere (O—A) interactions are key features for weather and climate. They occur on a wide range
of voatial and temporal scales, involve many processes in ocean and atmosphere as well as their couplings. Because of this
complexity, it is difficult to disentangle the mechanisms at play, although their appropriate representation is fundamental for

weather forecasting and climate modelling.
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Their numerical and experimental studies have been the focus of international programs such as the Tropical Ocean and
Global Atmosphere — Coupled Ocean—Atmosphere Response Experiment (TOGA-COARE; Webster and Lukas, 1992) or Coop-
erative Indian Ocean Experiment on Intraseasonal Variability /Dynamics of the Madden-Julian Oscillation (CINDY/DYNAMO;
Yoneyama et al., 2013). Earlier studies have primarily examined the O-A interactions at seasonal scales, as for instance those
relzted to monsoon regimes. More recently, O—A interactions at smaller scales have been shown to be of critical importance

~drding the intra-seasonal and inter-annual climate variability (Woolnough et al., 2007; Bernie et al., 2008; Flato et al.,
2013 Vitart et al., 2017). An important mode of intra-seasonal variability is the Madden—Julian Oscillation (MJO), a cloud
and rainfall pattern near the equator that typically recurs every 30 to 60 days. The MJO predictability has been improved in
the oast decade (Kim et al., 2017), thanks to coordinated multi-model experiments (Vitart et al., 2017) and field campaigns
.-.g. CINDY-DYNAMO). Part of this improvement stems from understanding that local coupled processes are critical in the

onditioning phase and the triggering of this large-scale phenomena (Seo et al., 2014; Chen et al., 2016; Jiang et al., 2020).
Indeed, the response of surface exchanges to intra-seasonal convective anomalies has been shown to be central during the active

se of the MJO (de Szoeke et al., 2015) but the role of O—A interactions in the MJO initiation remains not fully understood
(Moum et al., 2014).

The preconditioning phase of the MJO corresponds to a period of weak surface wind, leading to the occurrence of a oceanic
warm stable layer, called a diurnal warm layer (DWL), characterized by sea surface temperature (SST) diurnal variability
sveral degrees with a maximum in the early afternoon. DWLs are typically a few meters deep with vertical temperature
variations of up to several degrees. They horizontally extend over a thousand kilometers and persist for several days (Price et al.,
1986; Fairall et al., 1996; Soloviev and Lukas, 1997; Bellenger and Duvel, 2009; Matthews et al., 2014). Although DWLs have
an impact on the system at rather large spatio-temporal scales, the mechanisms at play and their role in O—A interactions are
mostly local. Due to its thermal inertia, the time scale of ocean response to atmospheric perturbations is generally larger than
wiar of continental surfaces (Clayson and Weitlich, 2007). However, in presence of DWL the ocean surface can react rapidly to
ospheric stimuli depending on the diurnal cycle phase and the ocean stratification, thus shortening the timescale of ocean
response. Under the suppressed phase of the MJO, deep atmospheric convection is inhibited but shallow convection can be
pre ent and generate short-lived precipitation (e.g. Ruppert and Johnson, 2015). While the impact of the SST on the structure
of the marine atmospheric boundary layer (MABL) and the cloud organization has been studied (Ruppert and Johnson, 2016),
' ffect of shallow atmospheric convection on the upper-ocean, particularly in the presence of a DWL, has not been studied
to our knowledge. This is the main objective of this paper. This convective activity, although associated with a small cloud
cuv r (typically less than 10%), can impact the ocean surface layer through different processes, among which: cloud shading
“1g the amount of incoming solar radiation, precipitation leading to salinity barrier layer and cold pools with wind gusts
modifying surface turbulent fluxes.

Over continental surfaces, Lohou and Patton (2014) or Horn et al. (2015) observed a dynamical response of the atmospheric
ooundary layer to surface heterogeneities induced by partial cloud shading. Over oceanic regions, Gentine et al. (2016), using
sin 1lations with a prescribed SST, found a minor impact of cloud shading unless large convective systems are present. The

_idcular oceanic conditions of a DWL might lead to different conclusions as the solar radiation absorption is the main heat
source of the DWL growth.

In the Tropics, the daily evolution of the SST is also influenced by sub-daily variations of sea surface salinity (SSS), mostly
due to rainfalls (e.g. Sprintall and Tomczak, 1992; Mignot et al., 2007). Strong salinity gradients in the first meters form a stably

..ified layer, which makes the mixed layer shallower and isolate the surface heat exchange from the sub-surface mixing (e.g.
Katsaros and Buettner, 1969; Price, 1979). In-situ observations have shown that these freshwater lenses can form quickly (20
to) min), extend laterally over several tens of kilometers and take several hours to dissipate (e.g. Soloviev and Lukas, 1996;
Reverdin et al., 2012, 2020). Statistical large-scale studies confirmed that these lenses are due to rain and that their effect can

persist up to 3 days (Henocq et al., 2010; Boutin et al., 2014). Based on drifter observations, salinity drops at the surface reach
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0.5 psu for 30% of the cases and correspond to temperature drops of 0.2 to 0.4°C occurring typically one hour later (Reverdin
etal., 2012).

The formation and spread of cold pools at the sea surface is another indirect effect of shallow convection on the ocean
surface layer. Cold pools are generated by the downward motion of cold air induced by the evaporation of rain drops into an
uns 'turated environment. As observed by de Szoeke et al. (2017), a sharp air temperature decrease is associated to cold pools,

.iowed by a gradual return to the initial state. At the surface, it spreads out horizontally and generates a gust front on its
*~ nwind side. The surface fluxes are therefore locally modified by the increased wind speed and O—A temperature gradient
(Yokoi et al., 2014; Gentine et al., 2016). Even if the impact of cold pools on surface fluxes is well established, especially in weak
wir | conditions (e.g. Jabouille et al., 1996; Redelsperger et al., 2000; Giglio et al., 2017; Thompson et al., 2019) their effect on
.ateractions between the convective MABL and the ocean surface layer have been under-explored. Shallow convective clouds

induce weak although numerous cold pools with horizontal spreads of the order of a few kilometers and lifetimes of about
one hour (Zuidema et al., 2012, 2017). As highlighted by Yokoi et al. (2014), based on observations, the turbulent heat fluxes
ociated with the cold pool can increase of 15-20 W m~2 and 30-70 W m~2 for the sensible and latent heat fluxes, respectively.

Currently, there are few numerical studies that focus on local-scale processes involved in O—A coupling system and most

" rence case studies mainly focus on only one of the two components of the coupled system. Conventionally, atmospheric
reference cases developed for Large Eddy Simulations (LES) are based either on a prescribed SST that does not vary according
1e air—sea exchanges, or on prescribed surface fluxes directly. Based on atmospheric and oceanic observations collected
during the DYNAMO field campaign (Yoneyama et al., 2013), Brilouet et al. (2021) built a numerical case-study to examine
the O-A interactions during the occurrence of a DWL. Coupling an atmospheric LES model with a 1D ocean model allows to
simulate the main O-A interactions with a realistic spatio-temporal variability of the SST and therefore of air—sea exchanges. A
notable advance of this framework is the consistently closed energy budget of the simulation. In Brilouet et al. (2021), it has been
wignlighted that the MABL mean structure and the shallow cumulus convection are directly rooted to the air—sea exchanges. Te
ence of a DWL leads to a diurnal cycle of the MABL depth and of the cloud layer with a larger cloud cover and a deepening
of the clouds in the late afternoon (Fig. 1). This coupled modelling O—A framework provides the opportunity to investigate the
tie' interplay between ocean surface layer structure, air—sea interaction, and shallow clouds.

This study aims at investigating in details the impact of fine-scale atmospheric processes related to precipitating shallow

section on the ocean surface layer when a DWL is present. In particular, a focus is given on the temperature and salinity
evolution of the upper ocean layer at the cloud and cold pool scales. This analysis is carried out to disentangle the role of three
etic :ts of shallow convection: cloud shading, gust fronts associated to the cold pools and rain. The paper is organized as follows:

led simulation and the methodology used to analyze the effects of shallow convection on the ocean surface layer are
described in Section 2. Section 3 presents the cloud and cold pool statistical characteristics. In section 4, extensive analysis of
spe ific periods (nocturnal, morning, afternoon and evening) is given leading to a generalization of respective role of clouds and

cold pools through a statistical approach described in Section 5. Our results are summarized and discussed in section 6.

2 | DATA & METHODS

-1 | Description of the Coupled Simulation

. extensive description of the case-study, the available observations and the modelling framework of the ocean-atmosphere
coupled system are given in Brilouet et al. (2021). Only key information is provided here. An atmospheric LES performed
wit'i the Meso-NH model (Lac et al., 2018) is coupled with horizontally independent 1D ocean model at each surface grid
point. The prognostic evolution of the SST is predicted in each ocean column according to the interface fields given by the

atmospheric LES. The simulation is run for 54 hours over a 30-km wide domain with a horizontal grid spacing of 50 m. The
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BRILOUET ET AL. 5

ocean model used is based on a prognostic equation of the turbulent kinetic energy (TKE) with a 1.5-order closure (Gaspar et al.,
1990; Lebeaupin Brossier et al., 2009). In order to reproduce properly the surface layer, the ocean vertical grid is composed of a
constant 10-cm grid mesh from the surface down to 5-m depth and then a progressively stretched grid mesh down to 300 m. The
present analysis focuses on specific periods of the second day (see section 2.2).
Figure 1 illustrates the well-marked diurnal cycle for both atmospheric and ocean boundary layers that encompasses cloud,
.iface (through the SST and the net shortwave radiation SWje¢) and oceanic mixing layer temperature along the 54 hours of
1lation. On the one hand, the cloud layer structure is tightly rooted to the SST through the surface turbulent fluxes and its
evolution is consistent with previous studies (Ruppert and Johnson, 2015, 2016). On the other hand, the structure of the ocean
mi- ng layer is closely driven by the penetrating shortwave radiative flux. The main processes competing in the DWL growth
aud collapse include thus i/ solar radiation, ii/ turbulent transport and iii/ surface heat loss (see details in Brilouet et al. (2021)).
:n the light wind conditions, we assume that the impact of the wave state on turbulent fluxes can be neglected. In the present
case, the surface wind stress, though relatively weak, plays a crucial role in initiating turbulent vertical mixing. This mixing
«..oes from the shear within the ocean surface layer, which transports downward the radiative energy accumulated close to the
surface, contributing to the deepening of the DWL during the day. At the air—sea interface, the ocean layer loses energy through
10n-solar heat fluxes. The duration and intensity of the DWL are deeply sensitive to this surface cooling. As noticed in
Brilouet et al. (2021), downward SW radiative flux experiences a phase shift of approximately 4 hours relative to SST diurnal
i, in agreement with observational studies (Price et al., 1986; Shinoda, 2005; Kawai and Wada, 2007). The simulated DWL
decay at sunset is however slower than observed. As the potential contribution of waves to the ocean turbulent mixing has been
neglected, this deserves to be explored in order to understand the persistence of the DWL in the late afternoon.
In order to properly outline the mechanisms at play, the equations of ocean mixing layer temperature in a 1-D framework are
given below. The temperature tendency (TEND) can be decomposed into a volume source of energy (DT _SW) and a term of

vertical mixing (TURB):

T SWet I OwW'T/
ot~ pocp Oz oz

—_— ———
TEND DT_Sw TURB

(€]

where pp and ¢, are the reference density and specific heat at constant pressure of seawater. The source of energy, DT _SW,
is the radiative heating rate, with I (z) the vertical transmittance of the SW. The direct cloud shading effect on the ocean surface
layer is directly represented by DT _SW. At the air-sea interface, the boundary condition imposed on TURB, is expressed in

terrs of the non-solar surface heating flux (Fps0/):
F
—WT/(z=0)= - )
POCp

Fnsor 1s the sum of the surface sensible heat (H), latent heat (LE) fluxes and the net surface long-wave radiative flux
(LWhet):

Fnsot = H+ LE + LWhet, 3

Hereafter, F,so/ is counted positive when it denotes a gain of energy for the atmosphere (i.e., a loss of energy for the ocean).

Each components of Fjs/, the upward long-wave radiative flux and turbulent (mainly latent) heat fluxes depend on the SST:
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6 BRILOUET ET AL.

H = _PacpaCHUO(SST -T2,
LE = —p, L, Celp(qs(SST) — qa), @
LWhet o« (SST)* -T2 .

where p, is the air density, cp, the specific heat of moist air, Up the surface wind speed, T, and g, are the temperature and the
spevific humidity in the atmospheric surface layer, £, is the latent heat of seawater vaporization at sea surface, Cyy and Cg are
transfer coefficients and T4 is the effective radiative temperature of the atmosphere. The boundary condition (cf. Eq. 2) at the

sea interface is therefore strongly dependent on the SST and on Up. The momentum and turbulent heat fluxes are computed
with the COARE 3.0 bulk parameterization (Fairall et al., 2003), which is perfectly adapted to the light-wind, tropical conditions

or our study.

2.2 | Selection of Specific Periods

On the second day of the simulation, four periods of two hours were selected and are highlighted in Figure 1. As the simulated
2" ds correspond to shallow convection, their lifetime is less than an hour (Zuidema et al., 2012; Feng et al., 2015). For this
reason, model has been run over these 4 periods in saving high-frequency outputs (every 2 min). The four selected periods are
representative of the different phases of the DWL, from its growth to its dissipation. The 0400 LT - 0500 LT period represents the

nocturnal regime with well-mixed conditions. The 0800 LT - 0900 LT period focuses on the growth phase associated with sunrise.

The 1600 LT - 1700 LT period samples a well-established DWL characterized by strong stable stratification and a maximum SST.

1900 LT - 2000 LT represents the dissipating phase of the DWL.

The analysis of the SST variability is challenging, given the nonlinear interplay of the intertwined mechanisms involved. In
order to isolate the cloud shading and cold pool spreading, the detailed analysis of the processes at play will be done for two
cor rasted periods: the first one is at night (0400 LT — 0500LT) with no cloud shading effect while the second one is on the
worning (0800 LT — 0900 LT), following sunrise during the DWL growth phase. We did not identify any configuration featuring
= ~"ud with a significant shading effect but devoid of cold pools. Such a scenario does not exist since a substantial shading effect
necessitates the presence of a sufficiently developed convective cloud, inevitably leading to precipitation, even light, generating
uic. a cold pool. For each time interval, a spatial zooming is performed to focus on a specific convective cloud and its associated

o 1. The high sampling frequency of the atmospheric and oceanic fields, combined with the high spatial resolution, enables
us to closely monitor the changes in surface fluxes and the evolution of the ocean mixing layer. This level of temporal and spatial
det: Is was found mandatory, as despite their brief lifespans these atmospheric structures are able to induce long-lasting changes

_u the ocean mixing layer.

2.3 | Cloud and Cold Pool Identification Method

. clouds and cold pools have been identified using an object identification method described in Brient et al. (2019) and
Villefranque et al. (2020). Brient et al. (2019) used it to identify up- and downdrafts and Villefranque et al. (2020) used it to
_.tify shallow clouds. Also, Rochetin et al. (2021) applied the method to detect cold pools and proposed a conceptual model
for convective density currents. In the following, this method is used to identify shallow cloud shade (2D-imprint) and cold pools.

The clouds are defined using the Liquid Water Path (LWP):

{x,y} ecloud & LWP(x,y)>001gm2, 5)
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BRILOUET ET AL. 7

The cold pools are defined as a negative anomaly, with respect to the average over the domain, of the virtual potential temperature
@y)atz=10m:

{x,y} € cold pool & 6,(x,y)<-0.3°C. (6)

¢ —0.3 °C threshold is consistent with the typical lower range of the anomaly induced by shallow convection cold pools as
=~=arted in Zuidema et al. (2012). A distinction between active and dissipating cold pools is made based on the presence of a
gust front at the edge. This gust front is defined by a surface wind speed deviation to the domain average Uy > 2.5 m s~1. Figure
2 il ustrates the clouds and cold pools detected with the object identification method. This approach enables us to assess various
_uaaracteristics, including their quantity, size, thermodynamic properties, and the impact they have on air—sea interactions. A
shold of 1 km? or 400 grid cells, identical to Feng et al. (2015), is applied to filter out the small objects. Further on, only
significantly large cloud and cold pools are selected. Given their small spatial extent and short lifetimes, the small objects are not

.sidered to individually generate enough significant SW and Fjs,/ variations to impact the ocean mixing layer.

> | CHARACTERISTICS OF THE CLOUD AND COLD POOL POPULATIONS

Figure 3 provides an overview based on hourly outputs of the population and characteristics of clouds and cold pools throughout
the simulation duration. The parameter anomalies are calculated at a given time, with respect to the average over the entire

domain.

A large number of very small clouds are simulated with an evolution in power scale. After filtering the smallest objects, 1%

or tne clouds are kept, representing about half (47%) of the cloud cover (Figs. 3a and 3b). Considering only the large clouds

.s to a cloud cover of around 5% which is comparable to observations in the tropics under suppressed conditions (Feng et al.,

2015). As shown in Fig. 3c, the smallest clouds have a negligible shading effect individually, while the large clouds can reduce

the SW up to —400 W m~2. Assuming that the LWP is related to the cloud vertical development, a higher vertical development
leads to a stronger SW extinction (Fig. 3d).

The coverage fraction of cold pools presented in Fig. 3e exhibits a well-marked diurnal cycle while cloud number and
fraction are fairly constant. The fraction is higher during the night when most of the active simulated cold pools are present.
Dur ng the afternoon and the evening, dissipating cold pools are more prevalent. Interestingly, there is no direct link between the

ls and their generating clouds in term of numbers and sizes. We can suppose that, once triggered by the rain evaporation,

the cold pool evolution becomes uncoupled, and their spatial distribution depends on the thermodynamic conditions of the ABL.
D ing the day, the cloud vertical extension is smaller (Fig. 1) leading to a small number of cold pools. Among these cold
pools, most are small, as for clouds. So, filtering at 1 km? remove many cold pools while maintaining a fairly large domain
coy ‘rage fraction. The size criterion is consistent with the active cold pool criterion (Fig. 3f). The influence of cold pools on
~.i¢ ocean mixing layer is measured through the anomaly of F5,/ averaged over the entire cold pool surface (Fig. 3g). Based
on ‘his metrics, for the entire population of cold pools, no clear impact on surface fluxes is observed with a quasi-gaussian
imetric distribution with a mean value of 6.9 W m~2, a standard deviation of 33.7 W m~2 and a skewness of -0.057. Part of
the cold pools are in a dissipating phase, characterized by stable conditions and a weaker mean wind; negative variation of Fso/
...pared to the cold pool environment can thus be induced. Considering the large cold pools, the surface flux anomalies are
slightly higher with a mean value of 17.1 W m~2, the distribution is less spread out with a standard deviation of 21.4 W m~2,
and is skewed towards higher values (skewness of 0.4). The active cold pools, with a gust front, lead to an enhancement of the
surface fluxes averaged over the entire cold pool with a mean value of 30.1 W m~2 and a standard deviation of 19.2 W m~2. The

distribution is broadly spread towards the higher values (skewness of 0.75) up to a maximum of 92.3 W m~2. The cold pool
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intensity can be characterised with the 6, anomaly (Fig. 3h). The more intense cold pools (up to —0.7K) present a gust front and

have stronger F,5,/ anomalies.

4 | DETAILED CASE STUDIES THROUGH THE DIURNAL CYCLE

%.i | Nocturnal case study

He :, we focus the analysis on a cold pool identified from the virtual potential temperature deviation at 10 m (Fig. 4). In regard
to the population of cold pools presented in Fig. 3, this cold pool is among the largest and most active ones. It lasts about one

a half hour and leads to a @;, perturbation of —1.35 K at 0434 LT. It propagates northwards and dissipates completely at 0600
LT. During its most intense spreading phase, the cold pool grows at the rate of 0.8 km? min~" until reaching a size of 26.4 km?.
~ gust front (purple contours on 10-m wind plot) is clearly identified on the northern boundary of this cold pool, in the direction
of its propagation. The corresponding wind speed maximum is 7.3 m s~' while the mean surface wind over the whole domain is

ns~!. This increase of the local surface wind enhances the surface turbulent fluxes with a maximum of F,5o; up to 335 W
m~2 inside the cold pool while the mean values are 214 W m~2 and 123 W m~2 over over the cold pool and the whole domain,

cectively. This flux enhancement is clearly correlated to the gust front region and localized at its forward edge. In the cold
pool core, stabilizing effects inhibit the turbulent mixing with low wind conditions and therefore weak surface turbulent fluxes.
Regarding the evolution of the SST anomalies, a minimum of —0.6 K is reached at 0600 LT. While the cold pool expands in an
almost circular manner, the SST anomaly patterns are elongated with the mean wind direction and look similar to the 20-min
averaged rainfall pattern (red contours with a threshold of 0.1 g kg~"). As shown below, the rainfall is indeed another process
playing a key role in the behaviour of ocean surface layer.

Figure 5 illustrates the evolution of the ocean surface layer along a transect crossing the cold pool (green line in Fig. 4).
Anomalies of up to —0.3 K and over a depth of 1 m are simulated. The temperature anomalies in the upper ocean are collocated
w | the patterns of rainfall. For this nocturnal case study, the oceanic temperature evolution is only driven by the turbulent
mixing term (T URB) forced at the surface by Fs,/. In order to determine the stability conditions in the ocean surface layer,

Richardson number, defined as Ri = N?/5? is computed (N being the buoyancy frequency and S the shear magnitude).
Stable conditions are characterized by Ri > 1/4 (green dashed line for Ri=1/4) while unstable thermal conditions occur for
Ri<) (brown dashed line for Ri = 0). Regions of Ri between 0 and 1/4 correspond to unstable dynamical conditions (surface

hear). The surface imprint of 20-min cumulated rainfall is similar to the horizontal extension of the negative anomaly
of turbulent mixing. By modifying the salinity vertical profile, rainfall induces a decrease of the sea water density over a thin

lav = As observed on the Ri evolution, this thin layer is characterized by stable thermal conditions (Ri > 1/4) and is consequently

decoupled from the ocean below. The surface ocean becomes more sensitive to the surface fluxes and able to cool more rapidly.

The dynamical shear instabilities being relatively weak at this DWL stage, the turbulent mixing does not propagate this cooling
ownward, which remains trapped near the surface.
Figure 6 presents the time series of variables for a fixed grid point located in the cold pool illustrated on Fig. 4. The latent
« flux contributes the most to F,so,; Whereas the sensible heat flux is almost negligible and the net longwave radiative flux
induced only small variations. The variations of £, are thus mainly driven by the wind intensity and moisture gradient at the
. surface. As the gust front of the cold pool is associated to a localized increase of wind module, the temporal evolution of
Frsor and Up are correlated as shown by the similar spatial variability of these parameters (Fig. 4). The rainfall peak at 0432 LT
e ces a rapid decrease of the salinity in the first 20 cm of ocean, decoupling this thin layer from the ocean below. Subsequently,
the O-A interface is more reactive to the F,so; and a decrease of the SST occurs, whereas ocean temperature at 20 cm decreases

at 0440 LT, i.e. 8 minutes later. This is consistent with the mechanisms highlights during the nocturnal case study. The salinity
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drop appears necessary to induce a modification of the oceanic temperature as the increase in F,so; before 0430 LT does not
impact the SST until the rain occurs. At 0450 LT, the cooling has been propagated downward at 20 cm depth forming a thin
mixed surface layer. The minimum temperature of this layer is reached at 0600 LT with an anomaly of —0.4 K. The cooling
affects a relatively thin layer (deeper than 40 cm and thinner than 2 m). While the ocean surface layer is destabilized in just a few

mirutes, it takes around three hours are necessary to return to an undisturbed state.

~.~ | Morning case study

Th same analysis is repeated right after the sunrise (0600 LT). Over the period 0800 LT — 1000 LT, the SW radiative flux
available at the sea surface under clear-sky conditions rises from 340 W m? to 775 W m2. This 2-h period corresponding to
_ t wind conditions (Uy ~ 1 ms™"), the ocean upper layer warms and the spatially averaged SST increases by 0.4 °C. The
ocean upper layer gradually becomes thermally stable (Fig. 1c). At 0900 LT, after filtering out the smallest objects, 11 clouds are
.wentified (for a total detected number of 638) covering 3.35 % of the whole simulation domain. In the same time, 19 cold pools
are detected, 4 having areas larger than > 1 km?), covering ~ 3 % of the domain and 2 showing a marked gust front.
Figure 7 illustrates, on a sub-domain of 7 km x 7 km, the evolution of one identified cloud and its associated cold pool, from

T covering an area of 10.6

their formation up to their dissipation. The convective cloud moves northwards at a speed of 1.45 m s~
- by 0900 LT with a lifespan of about 96 min. Generated by this cloud, the cold pool spreads northwards with a growth rate of
0.7 km? min~" to reach its maximum area of 19.5 km? at 0900 LT. At its intensity peak, the cold pool is characterized by a 6,
pertarbation of —1.2 K and a gust front with maximum wind intensity of 5.9 ms™" located at its northern edge (purple contours
in Figure 7). As during the night case, the F, s,/ is locally enhanced by the gust front. At 0900 LT, £,/ reaches a maximum
of 275 W m? while the domain-averaged value is 119 W m2. The evolution of the cold pool becomes rapidly decoupled from
the cloud. The cloud shading (magenta contours on Figure 7) cuts off the net shortwave radiation at the surface. Following the
_nal cycle, the clear sky net shortwave radiation increases from 414 W m? to 713 W m? (domain average) between 0820 LT
and 0940 LT. The cloud shading induces thus a strong reduction of the net surface shortwave radiation SW,.; leading to a large
ar' rent cooling. As during the night, the associated gust front increases the surface non-solar heating flux leading to the thin
cool layer near the surface. Compared to the night period, the spatial imprint of the apparent cooling covers a larger area during

morning period.
The following analysis aims to investigate with more details how the ocean surface layer is modified by the cloud and
asscciate cold pool. Time-height cross-sections of the main parameters driving the ocean surface layer are drawn along an axis
ansect in Fig. 7) in Fig. 8. A negative temperature anomaly of —0.1 K at 50 cm starts at 0820 LT in phase with the
SWhet cutoff. The cloud shading suspends the volumetric solar heating source D7 _SW with an in-depth immediate impact on
the ea temperature extending thus beyond the surface. Therefore, the negative temperature anomaly spreads vertically down to 1
m with a maximum intensity of —0.3 K. The cold pattern spreads horizontally over several kilometers. As the 1-D ocean model
use ! here is not able to represent the horizontal advection and its effects, the apparent horizontal extent is only due to the effects
. the cloud and cold pool propagating within the atmosphere along the considered axis. As for the nocturnal case study, the cold
pocl induces a surface cooling localized in a thin layer caused by the rain, making it more reactive to the increase of Fj5o/. The
.n turbulent mixing in the 0-50 c¢m layer is larger than for the night case and propagates the surface cooling down to 30 cm
(cooling rate —0.6 °C h~! to —1 °C h™"). The combined effects of cloud shading and cold pool surface flux enhancement impact
bcean over a deeper layer compared to the nocturnal case where the strong cooling was confined near the surface (see Fig. 8d

and 5c¢).

Figure 9 shows the high frequency evolution of relevant fields in the ocean and at the surface on a fixed point of the
domain experiencing the passage of both cloud and cold pool. The separate roles of cloud shading and cold pool are difficult to

disentangle. Due to cloud shading SW,¢; decreases nearly down to 0 from 0824 LT, i.e. 14 min before the rainfall. Related to
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10 BRILOUET ET AL.

this heating decrease, the sea temperature uniformly decreases over a layer of at least 40 cm, illustrating that the cloud shading
impacts the temperature more deeply than the cold pool. Even small clouds characterized by a LWP less than 700 g m~2 can
have a significant shading. The cold pool effects highlighted for the night case are nevertheless also at play. The maximum of
rainfall at 0838 LT leads to an abrupt decrease of the salinity at 20 cm, also slightly visible at 40 cm. The resulting decoupled
laycr being then more sensitive to the non solar flux, the ocean temperature decreases at the surface. The ocean temperature

-ween the surface and 40 cm decreases homogeneously due to the shading effect between 0824 LT and 0840 LT (Fig. 9g).
Thon, rain creates a freshwater lens at the surface down to 20 cm (Fig. 9f, yellow). The surface heat loss due to Fyso., which is
trapped in this layer, rapidly leads to a cooling from the surface down to 20 cm (Fig. 9g, yellow and green). The near surface
mi> ‘'ng (Fig 8f) is not strong enough to break this stratification and to propagate the cooling downwards. Maximum temperature
.omalies of —0.32 K and —0.28 K at the surface and 20 cm are reached between 0920 LT and 0930 LT. The recovery lasts for
" 7) to 2 h. Interestingly, the lowest temperature anomaly at 40 cm is reached at 1000 LT and this layer does not exhibit any

recovery for at least the subsequent three hours.

The night case study highlighted that the rain-induced freshwater lens combined with the enhancement of turbulent fluxes in
>old pool gust front lead to a spatially localized large negative SST anomaly. In this case, the cooling remains confined to a
thin layer near the surface. The comparison with the morning case shows that the cloud shading induces a cooling weaker than
due the cold pool but extending deeper in the ocean surface layer. The spatial extension of the resulting SST anomaly is also

larger in the morning case than in the night case.

4.3 | Extension to the Afternoon and Evening Periods

1wo additional time periods are now analyzed: one at the end of the afternoon (1600 to 1700 LT) when the DWL is established,
cher one during the early evening (1900 to 2000 LT) when the DWL is dissipating. We focus on the differences with previous
cases, in particular the impact of surface stratification due to the DWL.

The time evolution of the relevant fields in the ocean upper layer and at the surface is shown in Fig. 10 for fixed points
experiencing the passage of cloud and cold pool.

At the beginning of the afternoon (1600 LT), the net solar flux is 520 W m~2 but declining rapidly. Even over a limited
time period of 16 min, relatively shallow clouds (LW P < 180gm’2), leading to a maximum decrease of SWjes of 349 W m2,
impact the ocean surface layer with a cooling rather homogeneously propagated from the surface down to 40 cm. The ocean

ayer is strongly stratified with a secondary thermocline at 60 cm depth and a temperature difference of 2.07°C between
the surface and 2-m depth. The vertical turbulent mixing in this layer is strong (corresponding to cooling of —0.4 °C h™). The
we  -established DWL is more reactive to surface forcing than the well-mixed ocean surface layer found during the night. The
combined effects of the rain and of the F N, enhanced by the gust front cool rapidly the upper layer up to —0.22°C in 40
mir ates. This surface cooling destabilizes the layer above 20 cm and reinforces the mixing, which becomes strong enough to
_stabilize progressively the water column down to 1-m depth. The oceanic temperature is homogenized between the surface
anc 40 cm at 1800 LT with a recovery time shorter than for the morning period. Two differences with the morning case act
_ther to make the cooling more homogeneous between the surface and 40 cm depth. First, the preexisting strong temperature
stratification of the surface layer and the lower values of the solar heating enhance the decoupling and destabilization of the
ace due to the freshwater lens. Second, a strong preexisting surface mixing propagates down the surface cooling more rapidly
and efficiently (see the diurnal evolution of TURB Fig.4 in Brilouet et al. (2021) ).

The last period we investigated is after sunset when the DWL is slowly dissipating with an homogeneous temperature

between the surface and 1.1 m. At the beginning of the period (1905 LT), a strong thermal stratification remains with a

temperature difference of 1.36 °C between the surface and 2 m. Similarly to the nocturnal period, the ocean upper layer reacts
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BRILOUET ET AL. 11

to the rain and cold pool passages with a SST anomaly decreasing independently of the temperature anomaly at 20 cm just
after the formation of the thin barrier layer. After 10 min, the cooling due to heat loss in the ocean surface layer is nevertheless
sufficient to destabilize it over a 20-cm depth. The turbulent mixing propagates the sea surface temperature anomaly down to
20 cm (yellow line, bottom panel of Fig 10k), progressively reducing the impact of the surface heat loss. In contrast with the
afte -noon case, the deeper upper layer makes the surface thermocline more difficult to erode. The cooling of the surface layer,

.uch starts earlier than in the afternoon case, lasts also longer (yellow and blue profiles in Fig 10k).

5 | EXTENDED APPROACH THROUGH THE DIURNAL CYCLE

S»=imary of cooling effects attributed respectively to clouds and cold pools across the entire simulation domain is given for the
four investigated time periods in Figure 11. The cooling of the SST (color of the inner symbol) and of the sea temperature at 40
.color of the outer ring) are represented for 226 clouds (38% for the evening case) and 53 cold pools (32% for the evening
case). There is a remarkable homogeneity between the cooling associated to the clouds (square symbols) and to the cold pools
(circles) whether or not the shading effect of clouds is present, confirming that most selected clouds are associated with cold
pools.
To minimize redundancy, we optimize the number of independent cases by computing cooling effects within 20-min intervals
(10 min before and 10 min after the given hour). Three one-hour periods are extracted from high resolution (2 minutes) outputs
as investigated in the previous sections. For a given object at a given time, the anomaly of the solar radiation SW,e; (negative) is
computed as the spatial minimum of anomalies over the object on the 20 min interval. The anomalies of non solar flux F N,/
and rain amount (both positive) are computed similarly at the spatial maximum. The anomalies of temperature (cooling effect)
1> computed as solar radiation anomalies but corrected from the time evolution of the mean temperature over the domain on

2= idered period.

The combined role of the rain and anomaly of F Ny, is striking in the night and evening time periods (Fig. 11a and 11d).

Or 7 when rain is present, SST decreases of more than 0.3 °C. If not, non solar flux anomalies of more than 60 W m~2 result
1n cooling of less than 0.05°C. This illustrates the effect of the barrier layer due to rain exacerbating the effect of surface heat
by isolating it from the water below. At 40 cm conversely, there is no detectable role of rain, as the destabilizing effect

of freshwater at the surface is too weak or happens too late to trigger mixing able to reach 40 cm (maximum cooling 0.16°C).
For a given value of the non solar flux, the same amount of rain (symbol size) results in less cooling of the SST in the evening
) than at night (Fig 11a). This is the consequence of the surface turbulent mixing, which is much stronger during the

evening than at night (intensity of vertical mixing is indicated on each subplot of Fig. 11). It makes the destabilizing effect of the

fre 1water lens less efficient by distributing it downwards ultimately diluting the cooling effect.

During time periods where the shading effect is present (Fig 11b and 11c), the SST cooling is linked to both anomalies of

SV et and F Ngos. Between 0800 and 0900 LT, strong cooling of SST (—0.2°C or more) corresponds to anomalies of Fp5/ of
o W m~2, due to the cloud shading effect. Anomalies of SST similar to those of the night time period occur with similar non
solir flux enhancement and less rain, due to the cutoff of solar radiation. However, it is not possible to disentangle the respective
cts as the gradient of the cooling with respect to non solar flux and solar radiation anomalies are similar. The afternoon period
presents significant differences with the morning one. First, the maximum SST cooling is weaker than during any other period,
Lpite a strong effect of cloud shading (Fig 11c). Note than the largest SST cooling in the figure corresponds to the case study
(cloud and cold pool) detailed in section 4.3. Except for this case, the rain effect combined with the anomaly of F,s.; is weak
and very progressive compared to other cases. Second, the afternoon period is also the only one with no strong temperature
gradients between the surface and 40 cm. That results from the very strong mixing at the surface (—0.41 °C h™"). On the one

hand, it prevents the freshwater anomaly to persist and to reinforce the effect of the anomaly of F,s,, at the surface. On the other

a el *X0/8LL¥T

'SP/ sdny woly

5UB017 SUOWIWOD BAIaID 3|qedt|dde ay) Aq pausanob ale sapie YO ‘3sn Jo Sajni 10} Aridq1TauluQ A8|IM UO (SUONIPUOD-PUe-SWLIB)W0Y AB|1M AZe1q 1 BUlUO//SANL) SUONIPUOD pue SWd 1 Y1 888 *[7202/T0/S0] uo Algiauljuo A|IM ‘d1g auberlg anueD Y3 W41 Aq T59% b/z00T 0T/i0p/wod A im A



355

356

357

358

362

366

367

369

370

374

375

376

378

12 BRILOUET ET AL.

hand, it distributes the (weak) surface cooling down to 40 cm. The preexisting surface mixing (0 to 50 cm), which varies strongly
throughout the DWL cycle is thus an important preconditioning factor of the combined effect of rain and enhancement of F 50/

both on the SST and temperature at 40 cm.

6 | CONCLUSIONS

The impact of shallow atmospheric convection on the ocean surface layer during a DWL event has been examined over the
_ -conditioning non active phase of the MJO. In this phase, shallow clouds occur with short timescales, produce low rain
=223, which are nevertheless sufficient to generate cold pools. These processes are explicitly resolved by an atmospheric LES
model coupled at each grid point with a 1D ocean model able to reproduce the ocean surface layer processes. This framework,

iously designed and validated in Brilouet et al. (2021), has been used to simulate two complete diurnal cycles. The fine
spatial and temporal resolution enables a thorough exploration of the intricate interactions between the ocean surface layer,
air—sea exchanges, and atmospheric convection, shedding light on the underlying mechanisms. The simulated shallow convective
activity affects the ocean upper layer through several mechanisms: i/ Cloud shading reduces incoming solar radiation, thereby
i~ acting heat absorption in depth. ii/ Rainfall contributes to the formation of a thin salinity barrier layer. iii/ Gusty cold pools

modify surface turbulent fluxes.

During nocturnal conditions, at the leading edge of cold pools, wind gusts result in an increase of the non-solar heating flux,
leading to a cooling of 0.3 K over a thin layer of about 50 cm. However, the magnitude of the cooling induced by the surface heat
extraction (Fps,/) and its spatial extent is modulated by the rain patterns at the surface. The freshwater lenses due to rain form
« wuallow thermally stable layer close to the surface. This barrier layer, more reactive to a heat loss due to Fjso/, eventually
<< abilizes the surface and propagates the cooling downward. During the morning period, same processes are at play, but are
concomitant to the cloud shading decreasing the SW radiative heating. The most substantial shading effects are linked to the
lare :st clouds, which are almost always accompanied by a cold pool, leading to difficulties in disentangling the impact of the two
citects. Nevertheless, the two processes result in different cooling effects. The cooling due to solar flux extinction is distributed
“““ cally over a deeper layer (up to 1 m) and horizontally over larger areas than the cooling due to the combination of Fs, and

rain effects. The cloud shading effect is especially strong under the suppressed conditions considered in the case study with high

sus. I radiation and light surface wind speed. In other situations, the impact of cloud shading on the ocean may be less substantial.

apparent cooling due to the SW radiation absorption cut-off is distributed vertically over the entire surface layer. A
larger cooling related to the cold pool due to the enhancement of turbulent surface fluxes is confined in the thin rain-induced
bar er layer. While those processes occur over short time periods (about 30 min), the induced cooling on the ocean surface layer
persists for several hours. Thus, although shallow clouds are small and short-lived, they can generate spatial variability of SST
last ng over much longer time periods. The magnitude of the shallow convection effects on the ocean surface layer appears to be

..erent along the DWL phase, due to the time evolution of the thermal stratification and vertical turbulent mixing. Extending
the demonstrative night and morning period cases to the whole diurnal cycle does not enable to fully disentangle the involved
~ hanisms. Nevertheless, an analysis of all the cold pools and clouds covering more than 1 km? throughout the day confirms
the results above. In the afternoon or in the evening, the vertical turbulent mixing in the ocean surface layer is stronger and

ymes large enough to distribute downwards the surface cooling. The relative role of the freshwater lenses and surface heat
loss in destabilizing the surface layer is weaker. The turbulent mixing in the surface layer, which varies strongly throughout the
DWL cycle (Brilouet et al. (2021)) is a key preconditioning factor to have an efficient combined effect of rain and enhancement

of Fp50/ both on the sea surface temperature and below in the surface layer.

The present 1D-LES coupling framework used to study an observed DWL has allowed to explore the impact of the shallow

a el *X0/8LL¥T

'SP/ sdny woly

5UB017 SUOWIWOD BAIaID 3|qedt|dde ay) Aq pausanob ale sapie YO ‘3sn Jo Sajni 10} Aridq1TauluQ A8|IM UO (SUONIPUOD-PUe-SWLIB)W0Y AB|1M AZe1q 1 BUlUO//SANL) SUONIPUOD pue SWd 1 Y1 888 *[7202/T0/S0] uo Algiauljuo A|IM ‘d1g auberlg anueD Y3 W41 Aq T59% b/z00T 0T/i0p/wod A im A



394

395

396

397

105

418

419

BRILOUET ET AL. 13

atmospheric convection on the ocean surface layer and on the SST. The analysis of the involved processes is complex due to
the simultaneous and intertwined effects of cloud shading, rain and cold pools. To go further using the same tools, sensitivity
tests based on idealized simulations would be a good way to decouple the effects of cloud shading, gust fronts in the cold pools
and freshwater lenses. The mechanisms highlighted in the present study are based on a single, though robust case study. The
effects of the stratification and of the vertical mixing in the oceanic surface layer have been shown to play a strong role in
- intensity of the surface cooling and in the timing of its propagation downward. These surface conditions vary throughout
= ingle day but also from day to day depending on the surface wind and phase of the MJO among others. Similar realistic
studies, performed on other cases where shallow convection generating clouds and cold pools is present would help to generalize
the ‘indings of the present paper to other surface conditions. Finally, the present numerical framework presents also several
__alitations in representing realistically the radiative surface forcing and the response of the oceanic surface layer. First, using a
T itmospheric radiative scheme as currently done in our LES configuration can induce artefacts due to the cloud shading being
considered directly under the cloud. Taking into account the 3D radiative effects of the clouds might lead to slightly different
. .dal patterns of SW extinction (Jakub and Mayer, 2017; Villefranque and Hogan, 2021). Second, the present configuration
uses a 1D oceanic model to reproduce the evolution of the DWL. This 1D view includes several simplifications concerning the
~~—-esentation of the turbulent mixing: neglecting 3D turbulence and lateral advection probably affects the time evolution of
the mixing in our simulation, which has been found critical. In particular, Brilouet et al. (2021) noted that the SST decay at
“ >nd of the afternoon, in the DWL cycle, is significantly delayed in the simulation with respect to observations. One way to
reduce this delay could be the adjustment of the turbulence scheme in the oceanic mixed layer. Another way pursued in a parallel
ongoing work is the use of an oceanic LES on this case study, both allowing to solve this issue and opening the possibility to
couple an atmospheric LES model with an oceanic LES model to reproduce explicitly the oceanic and atmospheric turbulent
processes and the ocean-atmosphere interactions, within a comprehensive framework.

Finally, having a dedicated field campaign on shallow convection over the ocean, such as the Elucidating the role of
~! .ds-circulation coupling in climate (EUREC*A) campaign (Stevens et al., 2021) would be a considerable asset. Satellite
observations, including data from spaceborne synthetic aperture radar (SAR) images, which provide information on sea surface
rov hness, can also be of great interest to investigate the air—sea interactions (Brilouet et al., 2023). Combining the numerical

iramework used here with in situ data and satellite observations can deeply strengthen the inferences about the mechanisms at

1
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FIGURE 1 (a) Time-height cross-section of the simulated cloud cover with the observed cloud base (black) estimated from
ceilometer at the R/V Roger Revelle, (b) time series of the simulated sea surface temperature (solid orange) and net
short-wave radiation (dashed orange) with the corresponding R/V Revelle observations (black) and (c) Time—depth cross-section
of f e temperature in the ocean mixed layer. The simulated fields are spatially averaged over the domain. The shaded areas
.respond to focused periods with high-frequency outputs (every 2 min). (adapted from Brilouet et al. (2021)).
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FIGURE 2 Horizontal cross-sections the Day 2 at 0900 LT of (a) the liquid water path and of (b) the virtual potential
t= perature fluctuations at 10 m, and the associated (c) clouds and (d) cold pools detected with an object-oriented identification

(see text for details). In (e) and (f), the objects smaller than 1 km? have been filtered out.
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FIGURE 3 Cloud and cold pool characteristics along the entire simulation period: (a) time series of the number of clouds
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id lines) and the cloud cover (dashed lines), the purple lines refer to the entire set of objects identified as clouds and the cyan
lines represent the large objects (area > 1 km?), (b) distributions of cloud areas, the vertical gray line represents the filter at 1
km ', (c) distribution of the short-wave radiation anomalies under the clouds, (d) short-wave radiation anomalies as a function of

~ liquid water path of clouds, smaller symbols correspond to 1 h after sunrise and 1 h before sunset (e) time series of the
number of cold pools (solid lines) and the covered domain fraction (dashed lines), the brown lines refer to the entire set of

_ cts identified as cold pools, the green lines represent the large objects (area > 1 km?) and the blue lines correspond to cold
pools with a gust front (Ug > 2.5m s™1), () distributions of cold pool areas, the vertical gray line represents the filter at 1 km?2,
(g) distribution of the non-solar heating flux anomalies under the cold pools, (h) non-solar heating flux anomalies as a function of
the cold pool virtual potential temperature anomalies. The parameters A SWl jouq> LWP|ciouds A Fasorlcp and 87| p are
averaged values over the detected objects.
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SURE 4 Horizontal cross-sections tracking the life cycle of a cold pool on a sub-domain of 10 km x 10 km during the
nocturnal period of Day 2. From bottom to top, each snapshot are sketched at 20-min interval. From left to right: virtual
pot ntial temperature anomaly at 10 m, wind speed at 10 m, surface non-solar heating flux and SST anomaly. The vertical green
.c and the green cross indicate the axis and the fixed point used in Fig. 5 and Fig. 6, respectively. The black contours represent
the active cold pools (solid lines) and the dissipating cold pools (dashed lines), the magenta contours (only shown in the panels
‘ind speed and surface non-solar heating flux) correspond to the gust front and the cyan and red contours (only shown in the
right panels) are the clouds and the 20-min averaged rain with a threshold of 0.1 g kg™, respectively.
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FIGURE 5 Vertical cross-sections of the ocean surface layer on the axis X = 21,5 km associated to the sub-domain zoom
.. vnin Fig. 4. From left to right, each column is separated by 20 min. From top to bottom: transects along the Y section of

instantaneous and 20-min averaged rain (blue) and non solar heating flux (orange) along the section, temperature anomaly in the

uevau surface layer and vertical turbulent mixing (T URB). The purple and green dashed lines refer to R/ = 0 and R/ = 1/4,
respectively. (d) Domain-averaged oceanic temperature profiles for the three times.
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FI' 'URE 6 Time series on a fixed point (X =21.5 km, Y = 5 km) associated to the sub-domain zoom, Fig. 4: (a) rain and 6,

10 m, (b) Fpsos and Up at 10 m, (c) Fps0/ and its components H, LE and —L Wj,e¢, (d) gradients of temperature and humidity

between the surface and the first atmospheric model level, (e) salinity and (f) temperature anomalies in the ocean surface layer at
_..crent depths.
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JURE 7 Horizontal cross-sections tracking the life cycle of clouds and associated cold pools on a simulation sub-domain
of 7 km X 7 km in the morning of Day 2. From bottom to top, snapshots every 20 min. From left to right: virtual potential
ten Herature anomaly at 10 m, wind speed at 10 m, surface non-solar heating flux, net shortwave radiation at the surface and SST

.omaly. The vertical green line and the green cross indicate the axis and the fixed point used in Fig. 8 and Fig. 9, respectively.

The black contours represent the active cold pools (solid lines) and the dissipating cold pools (dashed lines), the magenta
ours correspond to the gust front, the cyan and the red contours represent the clouds and the 20-min averaged rain with a
threshold of 0.1 g kg™, respectively.
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FIGURE 8 Vertical cross-sections of the ocean surface layer on the axis X = 3 km associated to the sub-domain zoom shown
in Fig. 7. From left to right, snapshots every 30 min. From top to bottom: transects along the Y section of instantaneous and
min averaged rain (blue), net shortwave radiation (red) and non-solar heating flux (orange), temperature anomalies inside the
oceanic mixing layer, absorbed SW radiation (DT _SW) and vertical turbulent mixing (7URB). The purple and green dashed
linc  refer to the R/ = 0 and R/ = 1/4, respectively. (d) The domain-averaged oceanic temperature profiles for the three times.
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T JURE 9 Time series on a fixed point (X = 3.5 km, Y = 21 km) associated to the sub-domain zoom shown in Fig. 7 of (a)
LWP and SWe:, (b) rain and ), at 10 m, (c) Fps0/ and Up at 10 m, (d) Fpso/ and its components H, LE and —L W/, (€)
gradients of temperature and humidity between the surface and the first model level, (f) salinity and (g) temperature anomaly in
the bcean surface layer at different depths.
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FIGURE 10 Time series on fixed points undergoing the passage of clouds and cold pools for the well established DWL (left
coli'mn) and the dissipating phase of the DWL (right column). From top to bottom: (a) LWP and SWj;, (b,g) rain and 6y, (c,h)
_os and Up, (d,i) salinity and (e,j) temperature anomaly in the ocean surface layer at different depths. For each phase, (f,k)

oceanic temperature profiles are plotted at specific times indicated by the vertical lines.
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_GURE 11 Scatterplots of the cooling (colour scale) induced by the cold pools (circles) and clouds (squares) as a function
of the maximum anomaly of SW;e; (x axis) and Fpso (y axis). The size of the symbol corresponds to the maximum amount of
rai*  the colour in the inner part corresponds to the SST, the colour in the outer part corresponds to the temperature at 40 cm. In
<ach subplot, the numbers after the time period indicate the mean vertical turbulent mixing (°C h™") over the 0-50 cm layer, at
the middle of the time period.
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