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Abstract

This manuscript presents a study of oceanic diurnal warm layers in kilometer-scale global coupled simulations and their impact
on atmospheric convection in the tropics. With the implementation of thin vertical levels in the ocean, diurnal warm layers
are directly resolved, and sea surface temperature (SST) fluctuations of up to several Kelvin appear in regions with low wind
and high solar radiation. The increase of SST during the day causes an abrupt afternoon increase of atmospheric moisture due
to enhanced latent heat flux, followed by an increase in cloud cover and cloud liquid water. However, although the daily SST
amplitude is exaggerated in comparison to reanalysis, this effect only lasts for 5-6 hours and leads to an absolute difference of
1% for cloud cover and 0.01 kg m-2 for cloud liquid water. All in all, the impact of diurnal warm layers on convective cloud

cover is found to be negligible in the tropical mean.
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Key Points:

e Diurnal warm layers increase atmospheric moisture.

e The increase of cloud cover following the formation of a diurnal warm layer is im-
mediate and only lasts for several hours.

¢ The magnitude of the cloud cover increase is small and has no discernible influ-
ence on the global mean.
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Abstract

This manuscript presents a study of oceanic diurnal warm layers in kilometer-scale global
coupled simulations and their impact on atmospheric convection in the tropics. With the
implementation of thin vertical levels in the ocean, diurnal warm layers are directly re-
solved, and sea surface temperature (SST) fluctuations of up to several Kelvin appear

in regions with low wind and high solar radiation. The increase of SST during the day
causes an abrupt afternoon increase of atmospheric moisture due to enhanced latent heat
flux, followed by an increase in cloud cover and cloud liquid water. However, although
the daily SST amplitude is exaggerated in comparison to reanalysis, this effect only lasts
for 5-6 hours and leads to an absolute difference of 1% for cloud cover and 0.01 kg m~2
for cloud liquid water. All in all, the impact of diurnal warm layers on convective cloud
cover is found to be negligible in the tropical mean.

Plain Language Summary

The daily fluctuations of sea surface temperature (SST) have been extensively stud-
ied for the last decades, but the assessment of importance of this phenomenon for at-
mospheric convection on the global scale has come within reach only very recently, thanks

to the development of simulations with a horizontal resolution of O(1 km). In this manuscript

we show that we can indeed observe an impact of SST fluctuations on moisture in the
atmosphere. However, the impact on the amount of cloud in the tropics is found to be
short-lived and its magnitude negligible on average.

1 Introduction

Diurnal sea surface temperature anomalies and their interplay with the atmosphere
and in particular with the diurnal cycle of convection have been an object of study for
many decades. In this study, we investigate this connection for the first time using sim-
ulations that can explicitly resolve both the daily temperature variations in the ocean
and convection in the atmosphere on a global scale.

Daily variations in sea surface temperature (SST) have already been described in
Sverdrup et al. (1942). Since then, there have been numerous studies describing the physics
and the conditions of appearance of daily sea surface temperature (SST) variations, the
seminal work by Price et al. (1986) being the first detailed description of this phenomenon.
Under low-wind conditions and with sufficient insolation, a stable near-surface layer forms
during the day in the upper layers of the ocean (until the depth of O(10 m)) that leads
to a surface warming of up to 5 K (see Wick and Castro (2020)). In absence of solar ra-
diation during the night, the stratification dissolves as vertical turbulent mixing takes
overhand, until a homogeneous mixed layer is restored. The physics of this phenomenon
is described in detail in a monograph by Soloviev and Lukas (2013). This stratified, warm
layer is known as diurnal warm layer (DWL) and it is ubiquitous in all latitudes, caus-
ing SST fluctuations of 0.2 K or more in the entire Northern hemisphere and beyond dur-
ing boreal summer (see Gentemann et al. (2003)). A comprehensive discussion of its def-
inition and properties can be found in a review by Kawai and Wada (2007). In partic-
ular, the authors of the review point out that the presence of DWLs in observations as
well as in single column simulations leads to stronger latent and sensible heat fluxes. As
surface fluxes connect the surface to the atmospheric boundary layer and since changes
in boundary layer properties affect the development of convection, the question of the
impacts of DWLs on atmospheric convection arises.

Investigating this question in models requires both fine enough vertical resolution
in the ocean, to resolve DWLs, and fine enough horizontal grid spacing in the atmosphere,
to resolve atmospheric convection. With the development of deca- to kilometer scale sim-
ulations in a coupled configuration such investigations are becoming possible. Prominent
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among the newest studies are the papers by Voldoire et al. (2022) and Brilouet et al. (2021).

In Voldoire et al. (2022), a single column coupled model has been considered, while in
Brilouet et al. (2021), a one column ocean model has been coupled to an atmospheric
large-eddy simulation model integrated over a limited area. Both experiments are based
on or validated with the data from the Dynamics of the Madden Julian Oscillation (DY-
NAMO) campaign, during which daily SST differences of several Kelvin were observed.
Voldoire et al. (2022) showed that the impact of DWLs on the boundary layer depth,
atmospheric moisture and precipitation seems to be small. In contrast, de Szoeke et al.
(2021) argued that in the observations from the DYNAMO data set, convection is en-
hanced on days with large SST differences. Finally, Voldoire et al. (2022) conjectured
that a single column model cannot capture horizontal interactions that might lead to a
larger impact.

To the authors’ knowledge, there is yet no study extending the question of inter-
actions between DWLs and atmospheric convection to a realistic, global framework with
resolved convection. And yet, atmospheric convection plays a key role in the energy and
water cycle in the tropics, therefore describing the driving mechanisms of convection and
assessing their importance is crucial.

The present study aims at closing this gap and precisely analysing the impact of
DWLs on atmospheric convection in a global, coupled ICON simulation with 5km hor-
izontal resolution and decameter grid spacing in the first oceanic layers. This allows us
to resolve DWL and convection, to assess their interactions, also by resolving horizon-
tal gradients, and to analyse the global impacts of DWLs. We are particularly interested
in understanding whether the presence of DWLs enhances cloud cover in a time frame
of several days and if so, whether this happens through a direct moistening by the la-
tent heat flux or by enhancing spatial gradient in SST and mesoscale circulations. More-
over, the global nature of our simulation allows to zoom in on different areas and encom-
pass other meteorological and sea conditions than the ones of the DYNAMO campaign.

The manuscript is structured as follows. In Section 2 we describe the setup of the
experiments, and in Section 3 we analyse the representation and properties of DWLs in
global ICON simulations. In Section 4 we quantify the effect of DWLs on surface fluxes,
atmospheric moisture and clouds, and finally in Section 5 we present the conclusions of
our work.

2 Experimental setup

To study the effect of DWLs, we conduct global coupled simulations with the ICON
model in its Sapphire configuration. The Sapphire configuration targets simulations with
a horizontal grid spacing finer than 10 km. For our simulations, we use a setup similar
to the simulation called G_AO_5km in Hohenegger et al. (2022), with small deviations that
will be described below. The model is fully coupled, and at the horizontal resolution of
approximately 5 km it is at the boundary of resolving convection. Although the cloud
amount associated with shallow convection is expected to be overestimated (see Vial et
al. (2019) and Hohenegger et al. (2020)), it has been demonstrated in Vial et al. (2019)
that both amplitude and shape of the daily cloud cycle remain similar for horizontal res-
olutions varying between 150 m and 2.5 km in ICON simulations. This setup allows us
to directly access how an SST anomaly influences convection, to study possible interac-
tions between clouds and DWLs in a highly realistic context, and to analyse global im-
plications of including DWLs into models.

The main prerequisite for resolving DWLs in ocean simulations is high vertical res-
olution of the upper oceanic layers (cf. Brilouet et al. (2021)). The introduction of the
z* ocean coordinate into the ICON model (detailed in Singh and Korn (in preparation))
allows running global experiments with an unprecedented vertical resolution. For the pur-
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Figure 1: 48h simulation of DWLs in GOTM with the resolution specified in Figure Al
for an idealised heatflux with a maximal radiation of 600 W m~2, a constant wind speed
of 8 m s~!, and a time step of 80 s.

poses of this article, we conducted two simulations. One has 128 ocean vertical levels,
starting at 2 m at the surface and gradually growing with depth, which is also the setup
in G_AO_5km in Hohenegger et al. (2022). This simulation plays the role of the reference
simulation. The other has 139 ocean vertical levels, starting with 0.5 m and gradually
increasing and blending into the reference setup from 45.4 m depth (see Figure Al in

the Appendix). To determine layer thicknesses necessary for resolving DWLs, while keep-
ing the total number of layers as low as possible, we ran test simulations with the one
dimensional ocean model GOTM (Umlauf et al. (2005)). The vertical grid that we chose
is sufficiently coarse to obtain a numerically stable global run and produces DWLs whose
temperature field is indistinguishable in its depth, magnitude and overall vertical struc-
ture from a run with a 10 cm uniform grid (see Figure A2 in the Appendix and Figure
1). We run both simulations for 30 days starting January 21 2020 and with the coupling
and radiation time steps of 12 min, the atmosphere time step of 30 s, and the ocean time
step of 80 s. Both simulations have identical initial conditions, whereby the generation
of the initial ocean state is described in Hohenegger et al. (2022). We call the runs with
128 and 139 ocean levels Scontrol and Sypwr respectively.

3 Representation of diurnal warm layers

In this section we describe the features of DWLs as represented in our simulations
and compare them to known properties derived from measurements, reanalysis, and limited-
area decameter-scale simulations. As our main focus is on tropical convection, we con-
centrate our analysis on the tropics which we define here as the area comprised between
40°N and 40°S.

3.1 Occurrence and magnitude

First we diagnose DWLs and assess their occurrence and magnitude. Rigorously
speaking, DWLs are defined via vertical temperature gradients (see e.g. Matthews et al.
(2014)), as they represent a temperature anomaly sitting on top of the ocean mixed layer.
Instead of the temperature gradient, the daily SST amplitude (DSA) is often used as a
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proxy (e.g. in Voldoire et al. (2022)), because, as mentioned in Bellenger and Duvel (2009),
in the tropics one can assume that horizontal advection happens at longer time scales,

and the temperature changes in the upper ocean can be attributed to DWLs. We also
adopt this approach, formally defining DWLs as places with DSA larger than 0.1 K, which
corresponds to non-zero depth of a DWL in Matthews et al. (2014). Care is required when
following this approach, as SST in our model is defined as the temperature in the up-
permost layer. In S;pwr it is the average temperature over 0.5 m and in Scoptrol the av-
erage temperature over 2 m. Since in this study our main interest is the response of the
atmosphere, and since this is the temperature that the atmosphere sees, we do not cor-
rect for this difference in our analysis.

In our simulations, DWLs are ubiquitous: Even spots with DSA of over 1.5 K cover
5% of the tropical ocean area. Comparing DWLs in our simulations and in ERA5 reanal-
ysis, we can see in Figure 2 that for the last 10 days of January the spatial distribution
of DWLs is in good agreement with each other, with a correlation coefficient of 0.51. The
major hot spots of DWLs are in the Indian ocean south of the equator, along the west-
ern coasts of America and Africa, and in the southern part of the Pacific, both in our
simulations and in ERA5. Similar areas are also identified in the January climatology
map of Bellenger and Duvel (2009). A striking feature of our simulation is that, while
for Scontrol the DSA field appears nearly homogeneous and the extremes are underesti-
mated compared to ERAD, as expected from the use of thick ocean vertical layers, the
amplitudes in Sypwr, are much larger than in the reanalysis, with values twice as high.
This is in contrast with observations summarised in Kawai and Wada (2007). Since Kawai
and Wada (2007) employed the skin temperature to diagnose DWL, we can conclude that
DSA is overestimated in S;pwr,. This is confirmed by further observations. The PIRATA
buoys located at 0°N10°W and 0°NO°E at 1 m depth have each measured DSA of un-
der 0.7 K in the same period, and the average DSA measured during the EUREC*A field
campaign in the area 56.5°W—59°W and 12°N—14.5°N is about 0.15 K, while in S pwr,
the values at these locations are 1.8 K and 0.71 K respectively. A possible cause for the
overestimation is insufficient vertical mixing in the upper layers of the ocean. As this study
concentrates on the atmospheric effect of the DWLs, this problem does not jeopardise
the analysis, and if anything indicates that the simulated effects will be too strong.

Another important feature is that in S;pwr, DWLs tend to avoid areas with high
cloud cover: on a given day, 24% of cells over the ocean have a cloud cover of 0.9 or higher,
while for cells where DWLs develop this number reduces to 13%. However, there are also
many areas with a low cloud cover and yet no significant DWLs, as shown in Figure 3.

For instance, out of all areas with cloud cover below 0.3 on a given day, only 9% devel-
oped DWLs with DSA of 1.5 K or higher. This is a consequence of a property well doc-
umented in observational studies. Indeed, as explained in Soloviev and Lukas (2013), short-
wave radiation and surface wind are the two principal driving factors of DWLs, where

high shortwave radiation and low wind speed favor the appearance of DWLs. The pre-
viously mentioned areas with low cloud cover but no DWL correspond to high-wind zones.
The relationship of DWLs with downward shortwave radiation and near-surface wind
speed will be further explored in Section 3.2.

As to the horizontal extent of DWLs as simulated by S;pwr, there are two obser-
vations to be made. As shown in Figure 4a, there are many small clusters of DWLs, but
the total area they cover is practically negligible: although 177 clusters out of 799 are
of size < 625 km?, the total area covered by them amounts to only 0.3% of the entire
area covered by DWLs. On the opposite end of the histogram in Figure 4a, one can see
that there are a few clusters of size 106 km?. They form predominantly in the high DSA
areas from Figure 2 (not shown). Moreover, for each particular grid cell, the DWLs do
not seem to be persistent: for instance, in a region with very high DSA in the Indian ocean
(between 7T0°E—75°E and 5°S—10°S, see the white square in Figure 2b) during a period
of 30 days no episode of DSA> 0.6 K lasted longer than ten days, and 80% of all episodes
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Figure 2: Magnitudes of the daily SST amplitude (max—min), averaged between 22 and
30 January 2020 in (&) Scontrol; (P) S+pwrL, and (c¢) ERA5. The white rectangle in (b)
designates an area in the Indian ocean that is analysed in Section 3.1.
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Figure 3: Cloud cover on a particular day (23 January 2020) in S;pwr,. Red areas corre-
spond to DWL regions with DSA of over 1.5 K.
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Figure 4: (a) Clusters of DWLs to the threshold of 1.5 K on a particular day (23 January
2020) ordered in a histogram of cluster sizes. (b) Normalised histogram of DWL episode
lengths to different thresholds for the box 70°E—75° E and 5°S—10°S

lasted five days or less (see Figure 4b). Expectedly, the persistence time becomes shorter
if a higher threshold for DSA is considered. This result is similar to the findings in the
ERA40 forced simulation in Bellenger and Duvel (2009), where they showed that the DWL
episode duration decays faster than exponentially.

3.2 Structure of DWLs and preconditions for their formation

For a deeper understanding of how the known properties of DWLs are captured
by Sypwr, we focus on a study of this phenomenon in the tropical northern Atlantic re-
gion off the coast of Barbados, more precisely in the box 56.5°W—59°W and 12°N—14.5°N
corresponding to the region of the EUREC*A field campaign (Stevens et al. (2021)).

First, we examine the vertical structure of a DWL produced in the simulation Sypwr.
As shown in the anomaly profile (Figure 5), the incoming heat quickly accumulates in
the upper layers during the day, as the warming of the upper layers creates a stable strat-
ification if the mixing is slow, which is the case under low wind conditions. During the
night, the DWL slowly dissipates until a single mixed layer is restored. As mentioned
before, in this region, the heat anomalies are overestimated: a typical DSA in glider ob-
servations is approximately 0.15 K (see Hohenegger et al. (2022), Figure 11c), while in
S+pwr in a calm period it is around 0.3 K. The time of the maximum and minimum is
captured accurately compared to these observations (about 16 h LT and 8 h LT respec-
tively).

Another analysis demonstrates that the dependency of DSA on insolation and sur-
face wind observed, among others, in satellite measurements in Gentemann et al. (2003),
are reproduced in ICON simulations as expected, namely higher DSA correlates with lower
winds and higher downward shortwave radiation at the surface. The scatterplot in Fig-
ure 6a shows a relationship similar to the formula

U3 for U < 4-5m s~ !,
DSA ~
U=l for U >4-5ms !,

suggested in Soloviev and Lukas (2013) for 10 m wind speed U, although the threshold
appears to be located at 6—7 m s~! rather than at 4-5 m s~!. Also the linear depen-
dence on shortwave radiation described in Matthews et al. (2014) seems to be confirmed
in S;pwr, (Figure 6b). In particular, the slope of the linear regression between DSA and
surface downward shortwave radiation in ICON is 0.0023 K W—'m?, which is indeed close
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Figure 6: 2D histograms of SST amplitude and (a) 10 m wind speed as well as (b) short-
wave radiation over the box 56.5°W to 59°W and 12°N to 14.5°N in S pwr,. The blue
and red lines in (a) indicate the interpolation of U~! and U2 to higher and lower wind
speeds respectively. The red line in (b) is the linear regression fit between the variables.

to the slope of 0.0021 K W~!m? found in Matthews et al. (2014). The large scattering
of points in Figure 6b is caused by the joint influence of wind speed and radiation on DWLs.

4 Effect of DWLs on convection

The previous section shows that DWLs are frequent in the tropics, they cover large
areas and persist over several days. We can therefore hypothesize that they might have
an effect on atmospheric convection, either by creating horizontal air temperature gra-
dients, or by enhancing the moistening of the overlying air. Moreover, as DSA in S pwr,
is overestimated, the effect of DWLs is expected to be too strong.

To assess the impact of DWLs on convective clouds, we need to compare the val-
ues of relevant variables in places where DWLs develop to places where they do not de-
velop. A clean way to accomplish this without having to account for other sources of vari-
ability is to compare the differences between these values in S pwr, and Scontrol at places
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Figure 8: Time series (in local time) of Sipwr,-Scontrol for different ASST.

where DWLs of a certain magnitude are present in S;pwr,. A key point in this analy-

sis is to only include the first 4 days after the start of the simulation into the investiga-
tion to ensure that the two simulations remain close and do not diverge due to the chaotic
nature of the atmosphere. Figure 7 shows that both simulations indeed remain highly
correlated during the first several days.

To conduct our analysis, we proceed as follows. The ocean is subdivided into 0.25°x
0.25° disjoint squares, and for each square the hourly maximal SST difference between
Sipwr and Scontrol during a day, denoted by ASST, is computed. Based on this first day
of the analysis that we also call the detection day, two groups can be formed: one called
the "no DWL difference” group, where ASST stays below 0.1 K, and another one where
ASST lies between certain thresholds 77 and 75, which we call the ”"DWL difference be-
tween 77 and T»” group. Note that the plot of ASST yields a map very similar to Fig-
ure 2b (Figure B1 in the Appendix), and thus can be used as a proxy for identifying DWL
areas. We use this proxy from now on to cover a larger variety of cases and to obtain
a cleaner comparison.

The subsequent analysis consists in comparing the two groups to each other, fo-
cusing on the time series of the differences in relevant variables over the days 1-3, with
day 1 being the detection day, see Figure 8 for an example of the differences in SST. Sta-
tistically, it is supported by t-tests for equality of means for independent samples with
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cant.

different variances. Every group with 75 — 77 = 0.1 K has at least 1695 cells, a suffi-
cient number to ensure the robustness of the results. The size of the squares is chosen

in accordance to the cluster sizes discussed in Section 3.1 (see Figure 4), as a mesoscale
analysis is sufficient to capture a possible effect of DWLs, and also because the temper-
ature and moisture changes produced by one isolated cell of 0.1°x0.1° are not expected
to have a large effect and would be quickly mixed in the atmosphere. Moreover, we make
the assumption that the effects in cloudiness are localised. Indeed, the impact of DWLs
on cloud cover via moistening is a local effect, and the mesoscale circulation created by
SST gradients would also result in cloud formation over DWLs. With this assumption,
the samples can be treated as independent.

4.1 Impact on latent heat flux and related quantities

First we investigate whether higher ASST leads to more moisture in the air over
DWL areas. This will help understand whether cloud formation may be impacted over
DWLs. In particular, we are going to concentrate on differences in latent heat flux (LHF)
and water vapor path (WVP) to measure the effects on evaporation and column moist-
ening respectively, as shown in Figure 9.

The first observation concerning the plots (a, b) in Figure 9 is that the differences
between Sipwr, and Scontrol in the "no DWL difference” group after the detection day
revolve around zero, as expected and further justifying our approach. This is not the case
for the ”"DWL” groups. Differences are clearly appearing and are of larger magnitude,
the stronger the DWL is.

—10—
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The latent heat flux is increased when DWLs are present, with a peak around noon
on every day, as expected from the daily cycle in SST. WVP is always higher over DWLs.
The difference decreases in the morning hours of the detection day and increases rapidly
thereafter. The dip could be caused either by a dip in LHF, by an increase of precipi-
tation or by a weakening in convergence of moisture. As LHF is increased and there is
no excessive rain over DWLs (not shown), the dip must be due to weaker convergence,
which might be caused by a weakening of surface wind required for DWL formation. The
increase of WVP after 12 h LT reflects the increase in moisture due to increased LHF.
One can trace the propagation of the moisture response to DWLs in Figure 9, since the
onset and duration times of the effects are different: while LHF reacts immediately and
is tied directly to differences in temperature (see Figure 8), the effect on WVP is delayed
by several hours and persists over the following days without losing its magnitude.

Figure 9(c, d) confirms that the differences observed visually are highly significant
even on the third day and even for small ASST with p-values smaller than 0.005, except
for the nighttime values of LHF. However, an important point is that the absolute dif-
ferences are rather small, especially for smaller ASST: For instance, for ASST between
0.6 K and 1.0 K, the peak of LHF is below 15 W m~2 and WVP is below 0.2 kg m~2.

One can compare these values with global averages of the two quantities over the ocean,
which are ca. 130 W m~2 for LHF and ca. 34.6 kg m~2 for WVP. The order of magni-
tude of LHF changes is similar to that found in the single column configuration in Voldoire
et al. (2022).

4.2 Impact on cloudiness

The variables we consider for analysing the impact of DWLs on clouds are cloud
cover (CC) and cloud liquid water (CLW).

The responses of CC and CLW shown in Figure 10 are very similar to each other.
The "no DWL difference” time series is fluctuating around zero after the detection day,
but on the detection day itself there is a peak at midday. In contrast, the DWLs regions
exhibit dips at the same time, and the magnitude of these dips is positively correlated
with the ASST amplitude (see Figure 10(a, b) and Figure 10(e, f)). This illustrates the
prerequisite for DWLs to exist mentioned in Section 3.1: The appearance of DWLs is
generally favored by a lower cloud amount. Subsequently we can observe the cloud re-
sponse to the formation of DWLs on the detection day: after about 12 h LT, the differ-
ence between Sy pwr, and Scontrol in both CC and CLW over DWLs starts to grow, and
by 15 h LT both simulations have the same cloud amount. This growth is statistically
significant starting from an SST amplitude of 0.3 K, and the effect persists longer for
higher values of ASST, namely until 20 h LT for ASST of 1.5-2.0 K and until 18 h LT
for ASST of 0.3-1.0 K for CC. Moreover, the effect seems to last longer for CLW, although
the values of both variables fall back below the zero line already during the night. In to-
tal, the increase of cloud following the formation of a DWL lasts up to 5-6 h.

A behaviour similar to the first day, that is, less CC and CLW in S;pwr compared
t0 Scontrol i the morning and rise of these quantities in S, pwr, in the afternoon, can be
observed also on the second and third day after the detection day (Figure 10(a, b)), how-
ever, the deviation is barely significant: most of the time, the p-value is above 0.05, es-
pecially for higher values of ASST (Figure 10(c, d)). This means that the increase of the
quantities is often not homogeneous enough to be interpreted as systematic (see Figure
10(c, d)). A crucial factor here is the absolute magnitude of the differences: In extreme
cases, for ASST between 1.5 and 2.0 K, the deviation of CC reaches 0.03 and that of CLW
0.02 kg m~2 on the detection day. On the following day the corresponding maximal val-
ues fall to 0.01 and 0.01 kg m~2, while the averages are 0.001 and 0.002 kg m~2 respec-
tively (see Figure 10(a, b)). We can compare those to the average values of CC and CLW
over DWLs, 0.65 for CC and 0.11 kg m—2 for CLW. The average increase in CLW is about
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Figure 11: Daily mean CC differences (S{pwr-Scontrol) as a function of ASST (black
crosses). The red cross is the average CC difference against the average ASST.

1% and the increase in CC is about 0.2% on the day following even very large ASST.
We can therefore conclude that the effect on the cloud water content is higher than the
contribution of DWLs to cloud cover change, but the effects are very small.

The morning/midday dip of CC and CLW over DWLs even overcompensates the
subsequent rise of these quantities. Figure 11 shows mean CC differences between S pwr,
and Scontrol as a function of ASST on the detection day. For ASST above 0.3 K the sim-
ulation Sipwi, has lower values of CC than Scontrol, and only for ASST below 0.3 K the
reverse is true, such that on average, S;pwr has slightly less cloud than Scopgro1- The
effect of DWLs appears to be dominated by the variability of the model. All in all, we
can conclude that DWLs do not increase the global mean of cloud cover or cloud liquid
water path.

We continue the analysis by looking at deep and shallower clouds separately, as one
might expect to see more effects associated with one type of clouds. We differentiate be-
tween deep and shallow clouds by taking the outgoing longwave radiation at the top of
the atmosphere of 240 W m~2 as a threshold. This value is mentioned in Fu et al. (1990)
as the threshold often used to identify deep convection. While the figures for shallower
clouds are very similar to Figure 10 (not shown), the deviation for CLW in deep clouds
is somewhat larger, up to 0.03 kg m~2 on the detection day. As shown in Figure 12a for
CC, the effects, despite being a bit larger, remain very small and do not exhibit system-
atic significance (Figure 12c). Considering precipitation as an additional possibility to
see an impact of DWLs (Figure 12(b, d)), we see that there is no sufficient evidence to
attribute the fluctuations of precipitation, even for higher values of ASST, to anything
more than chance.

The last question that we want to investigate is to what extent the presence of DWLs
might affect the diurnal cycle of convection. We focus on the example of the EUREC*A
field campaign, which took place in the northern tropical Atlantic. For this region the
diurnal cycle of shallow convection has been studied in great detail in Vial et al. (2019).
In particular, it has been shown there that, in observations as well as in large-eddy sim-
ulations (LES), the cloud cover peaks during the day, which might make it more suscep-
tible to SST in comparison to other regions. In our case, both S;pwr, and Scontrol OVer-
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Figure 12: As Figure 9, but for CC (a, ¢) and precipitation (b, d) associated with deep
convection.

estimate the CC found in observations by a factor of 2, as was expected from the res-
olution sensitivity study in Vial et al. (2019), but capture perfectly the time structure

as well as the amplitude of the cycle: minimum between 12 and 15 LT, maximum at 2
LT, amplitude of about 0.1 (Figure 13), in good agreement with observations in Vial et
al. (2019). The increase in CC resulting from the appearance of DWLs occurs in the late-
afternoon. If anything, CC slightly decreases at other times. Both effects taken together
tend to slightly reduce the diurnal amplitude. The fact that DWLs only have a small
influence on the diurnal cycle of CC is consistent with the study in Vial et al. (2019) that
reproduced the main features of the cycle in LES despite using fixed SST.

5 Discussion and conclusions

By introducing thin vertical levels into the global coupled ICON model, we could
directly resolve diurnal warm layers (DWLs) and assess their impact on the atmosphere.
The simulations employed a grid spacing of 5 km, both in the atmosphere and ocean,
so that ocean mesoscale eddies and atmospheric convection can be resolved explicitly.
The DWLs produced by the simulation reproduce the physical features known from ob-
servations and limited area decameter simulations, but the magnitude of the daily SST
fluctuations is exaggerated in comparison to reanalysis, by about a factor of two.

The increase in the amplitude of the diurnal cycle of SST in regions with diurnal
warm layers leads to a corresponding increase in latent heat flux (LHF) and water va-
por path (WVP). The effects are significant, even on days 2 and 3 following the detec-
tion of a diurnal warm layer, but the values are small: 7 W m~? difference in LHF and
0.1 kg m~2 difference in WVP for a SST difference of 0.6 K. In the late-afternoon of the
detection day, cloud cover (CC) and cloud liquid water (CLW) content also increase, but
the effects are small and lose statistical significance within 5-6 hours of appearance. What
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composite over 30 days.

is however significant is a decrease in cloud cover and liquid water content on the day
of detection, around noon. This expresses the fact that diurnal warm layers favorably
form in areas of low cloud cover, and hence high insolation. This effect compensates the
subsequent increase. All in all, resolving diurnal warm layers does not affect the mean
cloud cover over tropical oceans.

The amplitude of the observed differences in LHF is simuliar to findings in Voldoire
et al. (2022), and the impact on cloud cover shows that convection over DWLs is enhanced,
as it is claimed in the observation study of de Szoeke et al. (2021). Moreover, the small
influence of DWLs on the CC cycle in the tropical Atlantic supports the results in Vial
et al. (2019). A surprising and unprecedented finding of our study is the impact of DWLs
on convection remains small even for a strongly enhanced daily SST amplitude over this
particular region as well as globally.

We finish the discussion by focusing on the implications and limitations of our study.
Regarding the question of the importance of DWLs in models, one needs to differenti-
ate between the local and the overall impact. In our exemplary study in the northern
tropical Atlantic, the presence of DWLs can reduce the amplitude of the diurnal cycle
of the cloud cover by up to 10% (see Figure 13). In some specific cases with extraordi-
narily high DSA, DWLs might indeed play a role. However, this remains a rare phenomenon.

The analysis in this manuscript only concerns short-term effects of DWLs. How-
ever, it is known that the mean SST increases in DWL areas (Bellenger and Duvel (2009)).
Therefore, inclusion of DWLs will have a long-term influence on the energy budget that
is not treated here, but at least for short-term effects, our study demonstrates that DWLs
do not have a global and significant impact.
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Appendix C Open Research

Detailed information concerning the ICON model is contained in the publication
Hohenegger et al. (2022). The ocean model GOTM is documented in Umlauf et al. (2005)
and can be installed from https://gotm.net. The ERA5 dataset used in this study has
been provided by the Climate Data Store.
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Key Points:

e Diurnal warm layers increase atmospheric moisture.

e The increase of cloud cover following the formation of a diurnal warm layer is im-
mediate and only lasts for several hours.

¢ The magnitude of the cloud cover increase is small and has no discernible influ-
ence on the global mean.

Corresponding author: Radomyra Shevchenko, radomyra.shevchenko@mpimet.mpg.de



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Abstract

This manuscript presents a study of oceanic diurnal warm layers in kilometer-scale global
coupled simulations and their impact on atmospheric convection in the tropics. With the
implementation of thin vertical levels in the ocean, diurnal warm layers are directly re-
solved, and sea surface temperature (SST) fluctuations of up to several Kelvin appear

in regions with low wind and high solar radiation. The increase of SST during the day
causes an abrupt afternoon increase of atmospheric moisture due to enhanced latent heat
flux, followed by an increase in cloud cover and cloud liquid water. However, although
the daily SST amplitude is exaggerated in comparison to reanalysis, this effect only lasts
for 5-6 hours and leads to an absolute difference of 1% for cloud cover and 0.01 kg m~2
for cloud liquid water. All in all, the impact of diurnal warm layers on convective cloud
cover is found to be negligible in the tropical mean.

Plain Language Summary

The daily fluctuations of sea surface temperature (SST) have been extensively stud-
ied for the last decades, but the assessment of importance of this phenomenon for at-
mospheric convection on the global scale has come within reach only very recently, thanks

to the development of simulations with a horizontal resolution of O(1 km). In this manuscript

we show that we can indeed observe an impact of SST fluctuations on moisture in the
atmosphere. However, the impact on the amount of cloud in the tropics is found to be
short-lived and its magnitude negligible on average.

1 Introduction

Diurnal sea surface temperature anomalies and their interplay with the atmosphere
and in particular with the diurnal cycle of convection have been an object of study for
many decades. In this study, we investigate this connection for the first time using sim-
ulations that can explicitly resolve both the daily temperature variations in the ocean
and convection in the atmosphere on a global scale.

Daily variations in sea surface temperature (SST) have already been described in
Sverdrup et al. (1942). Since then, there have been numerous studies describing the physics
and the conditions of appearance of daily sea surface temperature (SST) variations, the
seminal work by Price et al. (1986) being the first detailed description of this phenomenon.
Under low-wind conditions and with sufficient insolation, a stable near-surface layer forms
during the day in the upper layers of the ocean (until the depth of O(10 m)) that leads
to a surface warming of up to 5 K (see Wick and Castro (2020)). In absence of solar ra-
diation during the night, the stratification dissolves as vertical turbulent mixing takes
overhand, until a homogeneous mixed layer is restored. The physics of this phenomenon
is described in detail in a monograph by Soloviev and Lukas (2013). This stratified, warm
layer is known as diurnal warm layer (DWL) and it is ubiquitous in all latitudes, caus-
ing SST fluctuations of 0.2 K or more in the entire Northern hemisphere and beyond dur-
ing boreal summer (see Gentemann et al. (2003)). A comprehensive discussion of its def-
inition and properties can be found in a review by Kawai and Wada (2007). In partic-
ular, the authors of the review point out that the presence of DWLs in observations as
well as in single column simulations leads to stronger latent and sensible heat fluxes. As
surface fluxes connect the surface to the atmospheric boundary layer and since changes
in boundary layer properties affect the development of convection, the question of the
impacts of DWLs on atmospheric convection arises.

Investigating this question in models requires both fine enough vertical resolution
in the ocean, to resolve DWLs, and fine enough horizontal grid spacing in the atmosphere,
to resolve atmospheric convection. With the development of deca- to kilometer scale sim-
ulations in a coupled configuration such investigations are becoming possible. Prominent
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among the newest studies are the papers by Voldoire et al. (2022) and Brilouet et al. (2021).

In Voldoire et al. (2022), a single column coupled model has been considered, while in
Brilouet et al. (2021), a one column ocean model has been coupled to an atmospheric
large-eddy simulation model integrated over a limited area. Both experiments are based
on or validated with the data from the Dynamics of the Madden Julian Oscillation (DY-
NAMO) campaign, during which daily SST differences of several Kelvin were observed.
Voldoire et al. (2022) showed that the impact of DWLs on the boundary layer depth,
atmospheric moisture and precipitation seems to be small. In contrast, de Szoeke et al.
(2021) argued that in the observations from the DYNAMO data set, convection is en-
hanced on days with large SST differences. Finally, Voldoire et al. (2022) conjectured
that a single column model cannot capture horizontal interactions that might lead to a
larger impact.

To the authors’ knowledge, there is yet no study extending the question of inter-
actions between DWLs and atmospheric convection to a realistic, global framework with
resolved convection. And yet, atmospheric convection plays a key role in the energy and
water cycle in the tropics, therefore describing the driving mechanisms of convection and
assessing their importance is crucial.

The present study aims at closing this gap and precisely analysing the impact of
DWLs on atmospheric convection in a global, coupled ICON simulation with 5km hor-
izontal resolution and decameter grid spacing in the first oceanic layers. This allows us
to resolve DWL and convection, to assess their interactions, also by resolving horizon-
tal gradients, and to analyse the global impacts of DWLs. We are particularly interested
in understanding whether the presence of DWLs enhances cloud cover in a time frame
of several days and if so, whether this happens through a direct moistening by the la-
tent heat flux or by enhancing spatial gradient in SST and mesoscale circulations. More-
over, the global nature of our simulation allows to zoom in on different areas and encom-
pass other meteorological and sea conditions than the ones of the DYNAMO campaign.

The manuscript is structured as follows. In Section 2 we describe the setup of the
experiments, and in Section 3 we analyse the representation and properties of DWLs in
global ICON simulations. In Section 4 we quantify the effect of DWLs on surface fluxes,
atmospheric moisture and clouds, and finally in Section 5 we present the conclusions of
our work.

2 Experimental setup

To study the effect of DWLs, we conduct global coupled simulations with the ICON
model in its Sapphire configuration. The Sapphire configuration targets simulations with
a horizontal grid spacing finer than 10 km. For our simulations, we use a setup similar
to the simulation called G_AO_5km in Hohenegger et al. (2022), with small deviations that
will be described below. The model is fully coupled, and at the horizontal resolution of
approximately 5 km it is at the boundary of resolving convection. Although the cloud
amount associated with shallow convection is expected to be overestimated (see Vial et
al. (2019) and Hohenegger et al. (2020)), it has been demonstrated in Vial et al. (2019)
that both amplitude and shape of the daily cloud cycle remain similar for horizontal res-
olutions varying between 150 m and 2.5 km in ICON simulations. This setup allows us
to directly access how an SST anomaly influences convection, to study possible interac-
tions between clouds and DWLs in a highly realistic context, and to analyse global im-
plications of including DWLs into models.

The main prerequisite for resolving DWLs in ocean simulations is high vertical res-
olution of the upper oceanic layers (cf. Brilouet et al. (2021)). The introduction of the
z* ocean coordinate into the ICON model (detailed in Singh and Korn (in preparation))
allows running global experiments with an unprecedented vertical resolution. For the pur-
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Figure 1: 48h simulation of DWLs in GOTM with the resolution specified in Figure Al
for an idealised heatflux with a maximal radiation of 600 W m~2, a constant wind speed
of 8 m s~!, and a time step of 80 s.

poses of this article, we conducted two simulations. One has 128 ocean vertical levels,
starting at 2 m at the surface and gradually growing with depth, which is also the setup
in G_AO_5km in Hohenegger et al. (2022). This simulation plays the role of the reference
simulation. The other has 139 ocean vertical levels, starting with 0.5 m and gradually
increasing and blending into the reference setup from 45.4 m depth (see Figure Al in

the Appendix). To determine layer thicknesses necessary for resolving DWLs, while keep-
ing the total number of layers as low as possible, we ran test simulations with the one
dimensional ocean model GOTM (Umlauf et al. (2005)). The vertical grid that we chose
is sufficiently coarse to obtain a numerically stable global run and produces DWLs whose
temperature field is indistinguishable in its depth, magnitude and overall vertical struc-
ture from a run with a 10 cm uniform grid (see Figure A2 in the Appendix and Figure
1). We run both simulations for 30 days starting January 21 2020 and with the coupling
and radiation time steps of 12 min, the atmosphere time step of 30 s, and the ocean time
step of 80 s. Both simulations have identical initial conditions, whereby the generation
of the initial ocean state is described in Hohenegger et al. (2022). We call the runs with
128 and 139 ocean levels Scontrol and Sypwr respectively.

3 Representation of diurnal warm layers

In this section we describe the features of DWLs as represented in our simulations
and compare them to known properties derived from measurements, reanalysis, and limited-
area decameter-scale simulations. As our main focus is on tropical convection, we con-
centrate our analysis on the tropics which we define here as the area comprised between
40°N and 40°S.

3.1 Occurrence and magnitude

First we diagnose DWLs and assess their occurrence and magnitude. Rigorously
speaking, DWLs are defined via vertical temperature gradients (see e.g. Matthews et al.
(2014)), as they represent a temperature anomaly sitting on top of the ocean mixed layer.
Instead of the temperature gradient, the daily SST amplitude (DSA) is often used as a
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proxy (e.g. in Voldoire et al. (2022)), because, as mentioned in Bellenger and Duvel (2009),
in the tropics one can assume that horizontal advection happens at longer time scales,

and the temperature changes in the upper ocean can be attributed to DWLs. We also
adopt this approach, formally defining DWLs as places with DSA larger than 0.1 K, which
corresponds to non-zero depth of a DWL in Matthews et al. (2014). Care is required when
following this approach, as SST in our model is defined as the temperature in the up-
permost layer. In S;pwr it is the average temperature over 0.5 m and in Scoptrol the av-
erage temperature over 2 m. Since in this study our main interest is the response of the
atmosphere, and since this is the temperature that the atmosphere sees, we do not cor-
rect for this difference in our analysis.

In our simulations, DWLs are ubiquitous: Even spots with DSA of over 1.5 K cover
5% of the tropical ocean area. Comparing DWLs in our simulations and in ERA5 reanal-
ysis, we can see in Figure 2 that for the last 10 days of January the spatial distribution
of DWLs is in good agreement with each other, with a correlation coefficient of 0.51. The
major hot spots of DWLs are in the Indian ocean south of the equator, along the west-
ern coasts of America and Africa, and in the southern part of the Pacific, both in our
simulations and in ERA5. Similar areas are also identified in the January climatology
map of Bellenger and Duvel (2009). A striking feature of our simulation is that, while
for Scontrol the DSA field appears nearly homogeneous and the extremes are underesti-
mated compared to ERAD, as expected from the use of thick ocean vertical layers, the
amplitudes in Sypwr, are much larger than in the reanalysis, with values twice as high.
This is in contrast with observations summarised in Kawai and Wada (2007). Since Kawai
and Wada (2007) employed the skin temperature to diagnose DWL, we can conclude that
DSA is overestimated in S;pwr,. This is confirmed by further observations. The PIRATA
buoys located at 0°N10°W and 0°NO°E at 1 m depth have each measured DSA of un-
der 0.7 K in the same period, and the average DSA measured during the EUREC*A field
campaign in the area 56.5°W—59°W and 12°N—14.5°N is about 0.15 K, while in S pwr,
the values at these locations are 1.8 K and 0.71 K respectively. A possible cause for the
overestimation is insufficient vertical mixing in the upper layers of the ocean. As this study
concentrates on the atmospheric effect of the DWLs, this problem does not jeopardise
the analysis, and if anything indicates that the simulated effects will be too strong.

Another important feature is that in S;pwr, DWLs tend to avoid areas with high
cloud cover: on a given day, 24% of cells over the ocean have a cloud cover of 0.9 or higher,
while for cells where DWLs develop this number reduces to 13%. However, there are also
many areas with a low cloud cover and yet no significant DWLs, as shown in Figure 3.

For instance, out of all areas with cloud cover below 0.3 on a given day, only 9% devel-
oped DWLs with DSA of 1.5 K or higher. This is a consequence of a property well doc-
umented in observational studies. Indeed, as explained in Soloviev and Lukas (2013), short-
wave radiation and surface wind are the two principal driving factors of DWLs, where

high shortwave radiation and low wind speed favor the appearance of DWLs. The pre-
viously mentioned areas with low cloud cover but no DWL correspond to high-wind zones.
The relationship of DWLs with downward shortwave radiation and near-surface wind
speed will be further explored in Section 3.2.

As to the horizontal extent of DWLs as simulated by S;pwr, there are two obser-
vations to be made. As shown in Figure 4a, there are many small clusters of DWLs, but
the total area they cover is practically negligible: although 177 clusters out of 799 are
of size < 625 km?, the total area covered by them amounts to only 0.3% of the entire
area covered by DWLs. On the opposite end of the histogram in Figure 4a, one can see
that there are a few clusters of size 106 km?. They form predominantly in the high DSA
areas from Figure 2 (not shown). Moreover, for each particular grid cell, the DWLs do
not seem to be persistent: for instance, in a region with very high DSA in the Indian ocean
(between 7T0°E—75°E and 5°S—10°S, see the white square in Figure 2b) during a period
of 30 days no episode of DSA> 0.6 K lasted longer than ten days, and 80% of all episodes
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Figure 2: Magnitudes of the daily SST amplitude (max—min), averaged between 22 and
30 January 2020 in (&) Scontrol; (P) S+pwrL, and (c¢) ERA5. The white rectangle in (b)
designates an area in the Indian ocean that is analysed in Section 3.1.
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Figure 3: Cloud cover on a particular day (23 January 2020) in S;pwr,. Red areas corre-
spond to DWL regions with DSA of over 1.5 K.
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lasted five days or less (see Figure 4b). Expectedly, the persistence time becomes shorter
if a higher threshold for DSA is considered. This result is similar to the findings in the
ERA40 forced simulation in Bellenger and Duvel (2009), where they showed that the DWL
episode duration decays faster than exponentially.

3.2 Structure of DWLs and preconditions for their formation

For a deeper understanding of how the known properties of DWLs are captured
by Sypwr, we focus on a study of this phenomenon in the tropical northern Atlantic re-
gion off the coast of Barbados, more precisely in the box 56.5°W—59°W and 12°N—14.5°N
corresponding to the region of the EUREC*A field campaign (Stevens et al. (2021)).

First, we examine the vertical structure of a DWL produced in the simulation Sypwr.
As shown in the anomaly profile (Figure 5), the incoming heat quickly accumulates in
the upper layers during the day, as the warming of the upper layers creates a stable strat-
ification if the mixing is slow, which is the case under low wind conditions. During the
night, the DWL slowly dissipates until a single mixed layer is restored. As mentioned
before, in this region, the heat anomalies are overestimated: a typical DSA in glider ob-
servations is approximately 0.15 K (see Hohenegger et al. (2022), Figure 11c), while in
S+pwr in a calm period it is around 0.3 K. The time of the maximum and minimum is
captured accurately compared to these observations (about 16 h LT and 8 h LT respec-
tively).

Another analysis demonstrates that the dependency of DSA on insolation and sur-
face wind observed, among others, in satellite measurements in Gentemann et al. (2003),
are reproduced in ICON simulations as expected, namely higher DSA correlates with lower
winds and higher downward shortwave radiation at the surface. The scatterplot in Fig-
ure 6a shows a relationship similar to the formula

U3 for U < 4-5m s~ !,
DSA ~
U=l for U >4-5ms !,

suggested in Soloviev and Lukas (2013) for 10 m wind speed U, although the threshold
appears to be located at 6—7 m s~! rather than at 4-5 m s~!. Also the linear depen-
dence on shortwave radiation described in Matthews et al. (2014) seems to be confirmed
in S;pwr, (Figure 6b). In particular, the slope of the linear regression between DSA and
surface downward shortwave radiation in ICON is 0.0023 K W—'m?, which is indeed close
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wave radiation over the box 56.5°W to 59°W and 12°N to 14.5°N in S pwr,. The blue
and red lines in (a) indicate the interpolation of U~! and U2 to higher and lower wind
speeds respectively. The red line in (b) is the linear regression fit between the variables.

to the slope of 0.0021 K W~!m? found in Matthews et al. (2014). The large scattering
of points in Figure 6b is caused by the joint influence of wind speed and radiation on DWLs.

4 Effect of DWLs on convection

The previous section shows that DWLs are frequent in the tropics, they cover large
areas and persist over several days. We can therefore hypothesize that they might have
an effect on atmospheric convection, either by creating horizontal air temperature gra-
dients, or by enhancing the moistening of the overlying air. Moreover, as DSA in S pwr,
is overestimated, the effect of DWLs is expected to be too strong.

To assess the impact of DWLs on convective clouds, we need to compare the val-
ues of relevant variables in places where DWLs develop to places where they do not de-
velop. A clean way to accomplish this without having to account for other sources of vari-
ability is to compare the differences between these values in S pwr, and Scontrol at places
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where DWLs of a certain magnitude are present in S;pwr,. A key point in this analy-

sis is to only include the first 4 days after the start of the simulation into the investiga-
tion to ensure that the two simulations remain close and do not diverge due to the chaotic
nature of the atmosphere. Figure 7 shows that both simulations indeed remain highly
correlated during the first several days.

To conduct our analysis, we proceed as follows. The ocean is subdivided into 0.25°x
0.25° disjoint squares, and for each square the hourly maximal SST difference between
Sipwr and Scontrol during a day, denoted by ASST, is computed. Based on this first day
of the analysis that we also call the detection day, two groups can be formed: one called
the "no DWL difference” group, where ASST stays below 0.1 K, and another one where
ASST lies between certain thresholds 77 and 75, which we call the ”"DWL difference be-
tween 77 and T»” group. Note that the plot of ASST yields a map very similar to Fig-
ure 2b (Figure B1 in the Appendix), and thus can be used as a proxy for identifying DWL
areas. We use this proxy from now on to cover a larger variety of cases and to obtain
a cleaner comparison.

The subsequent analysis consists in comparing the two groups to each other, fo-
cusing on the time series of the differences in relevant variables over the days 1-3, with
day 1 being the detection day, see Figure 8 for an example of the differences in SST. Sta-
tistically, it is supported by t-tests for equality of means for independent samples with
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cant.

different variances. Every group with 75 — 77 = 0.1 K has at least 1695 cells, a suffi-
cient number to ensure the robustness of the results. The size of the squares is chosen

in accordance to the cluster sizes discussed in Section 3.1 (see Figure 4), as a mesoscale
analysis is sufficient to capture a possible effect of DWLs, and also because the temper-
ature and moisture changes produced by one isolated cell of 0.1°x0.1° are not expected
to have a large effect and would be quickly mixed in the atmosphere. Moreover, we make
the assumption that the effects in cloudiness are localised. Indeed, the impact of DWLs
on cloud cover via moistening is a local effect, and the mesoscale circulation created by
SST gradients would also result in cloud formation over DWLs. With this assumption,
the samples can be treated as independent.

4.1 Impact on latent heat flux and related quantities

First we investigate whether higher ASST leads to more moisture in the air over
DWL areas. This will help understand whether cloud formation may be impacted over
DWLs. In particular, we are going to concentrate on differences in latent heat flux (LHF)
and water vapor path (WVP) to measure the effects on evaporation and column moist-
ening respectively, as shown in Figure 9.

The first observation concerning the plots (a, b) in Figure 9 is that the differences
between Sipwr, and Scontrol in the "no DWL difference” group after the detection day
revolve around zero, as expected and further justifying our approach. This is not the case
for the ”"DWL” groups. Differences are clearly appearing and are of larger magnitude,
the stronger the DWL is.
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The latent heat flux is increased when DWLs are present, with a peak around noon
on every day, as expected from the daily cycle in SST. WVP is always higher over DWLs.
The difference decreases in the morning hours of the detection day and increases rapidly
thereafter. The dip could be caused either by a dip in LHF, by an increase of precipi-
tation or by a weakening in convergence of moisture. As LHF is increased and there is
no excessive rain over DWLs (not shown), the dip must be due to weaker convergence,
which might be caused by a weakening of surface wind required for DWL formation. The
increase of WVP after 12 h LT reflects the increase in moisture due to increased LHF.
One can trace the propagation of the moisture response to DWLs in Figure 9, since the
onset and duration times of the effects are different: while LHF reacts immediately and
is tied directly to differences in temperature (see Figure 8), the effect on WVP is delayed
by several hours and persists over the following days without losing its magnitude.

Figure 9(c, d) confirms that the differences observed visually are highly significant
even on the third day and even for small ASST with p-values smaller than 0.005, except
for the nighttime values of LHF. However, an important point is that the absolute dif-
ferences are rather small, especially for smaller ASST: For instance, for ASST between
0.6 K and 1.0 K, the peak of LHF is below 15 W m~2 and WVP is below 0.2 kg m~2.

One can compare these values with global averages of the two quantities over the ocean,
which are ca. 130 W m~2 for LHF and ca. 34.6 kg m~2 for WVP. The order of magni-
tude of LHF changes is similar to that found in the single column configuration in Voldoire
et al. (2022).

4.2 Impact on cloudiness

The variables we consider for analysing the impact of DWLs on clouds are cloud
cover (CC) and cloud liquid water (CLW).

The responses of CC and CLW shown in Figure 10 are very similar to each other.
The "no DWL difference” time series is fluctuating around zero after the detection day,
but on the detection day itself there is a peak at midday. In contrast, the DWLs regions
exhibit dips at the same time, and the magnitude of these dips is positively correlated
with the ASST amplitude (see Figure 10(a, b) and Figure 10(e, f)). This illustrates the
prerequisite for DWLs to exist mentioned in Section 3.1: The appearance of DWLs is
generally favored by a lower cloud amount. Subsequently we can observe the cloud re-
sponse to the formation of DWLs on the detection day: after about 12 h LT, the differ-
ence between Sy pwr, and Scontrol in both CC and CLW over DWLs starts to grow, and
by 15 h LT both simulations have the same cloud amount. This growth is statistically
significant starting from an SST amplitude of 0.3 K, and the effect persists longer for
higher values of ASST, namely until 20 h LT for ASST of 1.5-2.0 K and until 18 h LT
for ASST of 0.3-1.0 K for CC. Moreover, the effect seems to last longer for CLW, although
the values of both variables fall back below the zero line already during the night. In to-
tal, the increase of cloud following the formation of a DWL lasts up to 5-6 h.

A behaviour similar to the first day, that is, less CC and CLW in S;pwr compared
t0 Scontrol i the morning and rise of these quantities in S, pwr, in the afternoon, can be
observed also on the second and third day after the detection day (Figure 10(a, b)), how-
ever, the deviation is barely significant: most of the time, the p-value is above 0.05, es-
pecially for higher values of ASST (Figure 10(c, d)). This means that the increase of the
quantities is often not homogeneous enough to be interpreted as systematic (see Figure
10(c, d)). A crucial factor here is the absolute magnitude of the differences: In extreme
cases, for ASST between 1.5 and 2.0 K, the deviation of CC reaches 0.03 and that of CLW
0.02 kg m~2 on the detection day. On the following day the corresponding maximal val-
ues fall to 0.01 and 0.01 kg m~2, while the averages are 0.001 and 0.002 kg m~2 respec-
tively (see Figure 10(a, b)). We can compare those to the average values of CC and CLW
over DWLs, 0.65 for CC and 0.11 kg m—2 for CLW. The average increase in CLW is about
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1% and the increase in CC is about 0.2% on the day following even very large ASST.
We can therefore conclude that the effect on the cloud water content is higher than the
contribution of DWLs to cloud cover change, but the effects are very small.

The morning/midday dip of CC and CLW over DWLs even overcompensates the
subsequent rise of these quantities. Figure 11 shows mean CC differences between S pwr,
and Scontrol as a function of ASST on the detection day. For ASST above 0.3 K the sim-
ulation Sipwi, has lower values of CC than Scontrol, and only for ASST below 0.3 K the
reverse is true, such that on average, S;pwr has slightly less cloud than Scopgro1- The
effect of DWLs appears to be dominated by the variability of the model. All in all, we
can conclude that DWLs do not increase the global mean of cloud cover or cloud liquid
water path.

We continue the analysis by looking at deep and shallower clouds separately, as one
might expect to see more effects associated with one type of clouds. We differentiate be-
tween deep and shallow clouds by taking the outgoing longwave radiation at the top of
the atmosphere of 240 W m~2 as a threshold. This value is mentioned in Fu et al. (1990)
as the threshold often used to identify deep convection. While the figures for shallower
clouds are very similar to Figure 10 (not shown), the deviation for CLW in deep clouds
is somewhat larger, up to 0.03 kg m~2 on the detection day. As shown in Figure 12a for
CC, the effects, despite being a bit larger, remain very small and do not exhibit system-
atic significance (Figure 12c). Considering precipitation as an additional possibility to
see an impact of DWLs (Figure 12(b, d)), we see that there is no sufficient evidence to
attribute the fluctuations of precipitation, even for higher values of ASST, to anything
more than chance.

The last question that we want to investigate is to what extent the presence of DWLs
might affect the diurnal cycle of convection. We focus on the example of the EUREC*A
field campaign, which took place in the northern tropical Atlantic. For this region the
diurnal cycle of shallow convection has been studied in great detail in Vial et al. (2019).
In particular, it has been shown there that, in observations as well as in large-eddy sim-
ulations (LES), the cloud cover peaks during the day, which might make it more suscep-
tible to SST in comparison to other regions. In our case, both S;pwr, and Scontrol OVer-
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Figure 12: As Figure 9, but for CC (a, ¢) and precipitation (b, d) associated with deep
convection.

estimate the CC found in observations by a factor of 2, as was expected from the res-
olution sensitivity study in Vial et al. (2019), but capture perfectly the time structure

as well as the amplitude of the cycle: minimum between 12 and 15 LT, maximum at 2
LT, amplitude of about 0.1 (Figure 13), in good agreement with observations in Vial et
al. (2019). The increase in CC resulting from the appearance of DWLs occurs in the late-
afternoon. If anything, CC slightly decreases at other times. Both effects taken together
tend to slightly reduce the diurnal amplitude. The fact that DWLs only have a small
influence on the diurnal cycle of CC is consistent with the study in Vial et al. (2019) that
reproduced the main features of the cycle in LES despite using fixed SST.

5 Discussion and conclusions

By introducing thin vertical levels into the global coupled ICON model, we could
directly resolve diurnal warm layers (DWLs) and assess their impact on the atmosphere.
The simulations employed a grid spacing of 5 km, both in the atmosphere and ocean,
so that ocean mesoscale eddies and atmospheric convection can be resolved explicitly.
The DWLs produced by the simulation reproduce the physical features known from ob-
servations and limited area decameter simulations, but the magnitude of the daily SST
fluctuations is exaggerated in comparison to reanalysis, by about a factor of two.

The increase in the amplitude of the diurnal cycle of SST in regions with diurnal
warm layers leads to a corresponding increase in latent heat flux (LHF) and water va-
por path (WVP). The effects are significant, even on days 2 and 3 following the detec-
tion of a diurnal warm layer, but the values are small: 7 W m~? difference in LHF and
0.1 kg m~2 difference in WVP for a SST difference of 0.6 K. In the late-afternoon of the
detection day, cloud cover (CC) and cloud liquid water (CLW) content also increase, but
the effects are small and lose statistical significance within 5-6 hours of appearance. What
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Figure 13: Diurnal cloud cover cycle in the box 56.5°W to 59°W and 12°N to 14.5°N,
composite over 30 days.

is however significant is a decrease in cloud cover and liquid water content on the day
of detection, around noon. This expresses the fact that diurnal warm layers favorably
form in areas of low cloud cover, and hence high insolation. This effect compensates the
subsequent increase. All in all, resolving diurnal warm layers does not affect the mean
cloud cover over tropical oceans.

The amplitude of the observed differences in LHF is simuliar to findings in Voldoire
et al. (2022), and the impact on cloud cover shows that convection over DWLs is enhanced,
as it is claimed in the observation study of de Szoeke et al. (2021). Moreover, the small
influence of DWLs on the CC cycle in the tropical Atlantic supports the results in Vial
et al. (2019). A surprising and unprecedented finding of our study is the impact of DWLs
on convection remains small even for a strongly enhanced daily SST amplitude over this
particular region as well as globally.

We finish the discussion by focusing on the implications and limitations of our study.
Regarding the question of the importance of DWLs in models, one needs to differenti-
ate between the local and the overall impact. In our exemplary study in the northern
tropical Atlantic, the presence of DWLs can reduce the amplitude of the diurnal cycle
of the cloud cover by up to 10% (see Figure 13). In some specific cases with extraordi-
narily high DSA, DWLs might indeed play a role. However, this remains a rare phenomenon.

The analysis in this manuscript only concerns short-term effects of DWLs. How-
ever, it is known that the mean SST increases in DWL areas (Bellenger and Duvel (2009)).
Therefore, inclusion of DWLs will have a long-term influence on the energy budget that
is not treated here, but at least for short-term effects, our study demonstrates that DWLs
do not have a global and significant impact.
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Figure A2: (a) As in Figure 1, but with uniform 0.1 m thick vertical layers. (b) Differ-
ence between the temperature profiles in Figure 1 and (a).
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Figure B1l: ASST on detection day.

Appendix C Open Research

Detailed information concerning the ICON model is contained in the publication
Hohenegger et al. (2022). The ocean model GOTM is documented in Umlauf et al. (2005)
and can be installed from https://gotm.net. The ERA5 dataset used in this study has
been provided by the Climate Data Store.
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