
1. Introduction
Diurnal sea surface temperature (SST) 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 simulations that can explicitly resolve both the diurnal temperature variations 
in the ocean and convection in the atmosphere on a global scale.

Diurnal variations in 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 diurnal 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 the 
absence of solar radiation 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 mono-
graph by Soloviev and Lukas (2013). This stratified, warm layer is known as diurnal warm layer (DWL) and it 
is ubiquitous in all latitudes, causing SST fluctuations of 0.2 K or more in the entire Northern hemisphere and 
beyond during boreal summer (see Gentemann et al. (2003)). A comprehensive discussion of its definition and 
properties can be found in a review by Kawai and Wada (2007). In particular, 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 devel-
opment of deca- to kilometer scale simulations in a coupled configuration (Hohenegger et al. (2023)) such inves-
tigations are becoming possible. Prominent 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 
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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 Dynam-
ics of the Madden Julian Oscillation (DYNAMO) campaign, during which diurnal 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 enhanced 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 interactions between DWLs and atmos-
pheric 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 at analyzing the impact of DWLs on atmospheric convection in a 
global, coupled ICON simulation with 5 km horizontal resolution and decimeter grid spacing in the first oceanic 
layers. This allows us to resolve DWL and convection, to assess their interactions, also by resolving horizontal 
gradients, and to analyze the global impacts of DWLs. We are particularly interested in understanding whether 
the presence of DWLs enhances CC in a time frame of several days and if so, whether this happens through a 
direct moistening by the latent heat flux (LHF) or by enhancing spatial gradient in SST and mesoscale circula-
tions. Moreover, the global nature of our simulation allows to zoom in on different areas and encompass 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 analyze 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_5 km in Hohenegger et al. (2023), 
with small deviations that will be described below. The model is fully coupled, and at the horizontal reso-
lution 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 diurnal cloud 
cycle remain similar for horizontal resolutions varying between 150 m and 2.5 km in ICON simulations. This 
setup allows us to directly assess how an SST anomaly influences convection, to study possible interactions 
between clouds and DWLs in a highly realistic context, and to analyze global implications of including DWLs 
into models.

The main prerequisite for resolving DWLs in ocean simulations is high vertical resolution 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 purposes 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_5 km in Hohenegger et al. (2023). 
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 A1 in Appen-
dix A). To determine layer thicknesses necessary for resolving DWLs, while keeping 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 structure from 
a run with a 10 cm uniform grid (compare Figure A2 in Appendix A and Figure 1). We run both simulations 
for 30 days starting 21 January 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 
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generation of the initial ocean state is described in Hohenegger et al. (2023). 
We call the runs with 128 and 139 ocean levels Scontrol and S+DWL respectively.

3. Representation of Diurnal Warm Layers
In this section we describe the features of DWLs as represented in our simu-
lations 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 concentrate 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. Rigor-
ously 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 

diurnal SST amplitude (DSA) is often used as a 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 uppermost layer. In S+DWL it is the average temperature over 0.5 m and in Scontrol the average 
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 correct 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 reanalysis, we can see in Figure 2 that for the last 10 days of 
January the spatial distribution of DWLs is in moderately good agreement with each other, with a correlation 
coefficient of 0.51. The areas with large DSA are well represented by both simulations, but in the less active 
areas DWLs seem to appear more often in our simulations than in ERA5, creating a higher average. The major 
hot spots of DWLs are in the Indian ocean south of the equator, along the western 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). The discrepancy between the DSA pattern in 
simulations and ERA5 might be due to the divergence in atmospheric conditions over 10 days as well as to local 
biases in near-surface winds (not shown). A striking feature of our simulation is that, while for Scontrol the DSA 
field appears nearly homogeneous and the extremes are underestimated compared to ERA5, as expected from 
the use of thick ocean vertical layers, the amplitudes in S+DWL are much larger than in the reanalysis, with values 
twice as high. Our values are in contrast with observations as summarized in Kawai and Wada (2007), where the 
average DSA values during the boreal winter rarely surpass 1 K. Since Kawai and Wada (2007) employed the 
skin temperature to diagnose DWL, we can conclude that DSA is overestimated in S+DWL. This is confirmed by 
further observations. The PIRATA buoys located at 0°N10°W and 0°N0°E at 1 m depth have each measured DSA 
of under 0.7 K in the same period, and the average DSA measured during the EUREC 4A field campaign in the 
area 56.5°W−59°W and 12°N−14.5°N is about 0.15 K, while in S+DWL the values at these locations are 1.8 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 jeopardize 
the analysis, and if anything indicates that the simulated effects will be too strong.

Another important feature is that in S+DWL, DWLs tend to avoid areas with high CC: on a given day, 24% of 
cells over the ocean have a CC 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 CC and yet no significant DWLs, as shown in Figure 3. 
For instance, out of all areas with CC below 0.3 on a given day, only 9% developed DWLs with DSA of 1.5 K 
or higher. This is a consequence of a property well documented in observational studies. Indeed, as explained in 
Soloviev and Lukas (2013), shortwave 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 previously mentioned 

Figure 1. 48 hr simulation of diurnal warm layers in GOTM with 139 
ocean vertical levels (see Figure A1 for the detailed vertical resolution), as 
will be used in ICON, for an idealized heat flux with a maximal radiation of 
600 W m −2, a constant wind speed of 8 m s −1, and a time step of 80 s.
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areas with low CC but no DWL correspond to high-wind zones. The relationship of DWLs with downward short-
wave 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+DWL, there are two observations 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 2, 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 10 6 km 2. They form predominantly in the high DSA areas from Figure 2 (not shown). 

Figure 3. Cloud cover on a particular day (23 January 2020) in S+DWL. Red shaded areas correspond to diurnal warm layer 
regions with DSA of over 1.5 K.

Figure 2. Magnitude of the diurnal SST amplitude (max−min), averaged between 22 and 30 January 2020 in (a) Scontrol, (b) 
S+DWL, and (c) ERA5. The white rectangle in (b) designates an area in the Indian ocean that is analyzed in Section 3.1, and 
the black rectangle designates the EUREC 4A campaign area.
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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 70°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 10 days, and 80% of all episodes 
lasted 5 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. The lack 
of persistence applies even to large clusters that can completely change their location from 1 day to the next 
(not shown).

3.2. Structure of DWLs and Preconditions for Their Formation

For a deeper understanding of how the known properties of DWLs are captured by S+DWL we focus on a study 
of this phenomenon in the tropical northern Atlantic region 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 4A field campaign (Stevens 
et al. (2021)).

First, we examine the vertical structure of a DWL produced in the simulation S+DWL. 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 stratification if the mixing is slow, which is the case under low wind condi-

tions. 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 observations is approximately 
0.15  K (see Hohenegger et  al.  (2023), Figure 11c), while in S+DWL in a 
calm period it is around 0.3 K. The time of the maximum and minimum is 
captured accurately compared to these observations (between 14 and 17 hr 
LT and between 5 and 8 hr LT respectively).

Another analysis demonstrates that the dependency of DSA on insolation 
and surface 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 short-
wave radiation at the surface. The scatterplot in Figure 6a shows a relation-
ship similar to the formula

DSA ∼

{

�−3 for � < 4-5m s−1,

�−1 for � > 4-5m s−1,
 

Figure 4. Diurnal warm layer (DWL) statistics for S+DWL: (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) normalized histogram of DWL episode lengths to different thresholds for the box 70°E−75°E and 5°S−10°S (see white box in Figure 2) over a 
period of 30 days.

Figure 5. Sea water temperature (3 hr mean output) averaged over 3 days over 
the box 56.5°W–59°W and 12°N–14.5°N, time anomaly.
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suggested in Soloviev and Lukas (2013) for 10 m wind speed U, although the threshold appears to be located at 
6−7 m s −1 rather than at 4–5 m s −1. Also the linear dependence on shortwave radiation described in Matthews 
et al. (2014) seems to be confirmed in S+DWL (Figure 6b). In particular, the slope of the linear regression between 
DSA and surface downward shortwave radiation in ICON is 0.0023 K W −1 m 2, which is indeed close to the slope 
of 0.0021 K W −1 m 2 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 gradients, or by enhancing the moistening of the overlying air. Moreover, as DSA in 
S+DWL 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 values of relevant variables in places 
where DWLs develop to places where they do not develop. A clean way to accomplish this without having to 
account for other sources of variability is to compare the differences between these values in S+DWL and Scontrol at 
places where DWLs of a certain magnitude are present in S+DWL. A key point in this analysis is to only include 
the first 4 days after the start of the simulation into the investigation 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, and this correlation is well above a simple measure of 
persistence, computed here as 1-day lag correlation in Scontrol.

To conduct our analysis, we proceed as follows. As we are interested in the temporal evolution of the effects of 
DWLs, we move the entire output to local time. The analysis then starts at a given point on the first full day, 
making sure that at every grid cell a spin up period of at least 12 hr can be discarded. The ocean is then subdivided 
into 0.25° × 0.25° disjoint squares, and for each square the hourly maximal SST difference between S+DWL and 
Scontrol during a day, denoted by ΔSST, 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 ΔSST stays below 
0.1 K, and another one where ΔSST lies between certain thresholds T1 and T2, which we call the “DWL differ-
ence between T1 and T2” group. Note that the plot of ΔSST yields a map very similar to Figure 2b (Figure B1 in 
Appendix B), 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.

Figure 6. 2D histograms of sea surface temperature amplitude and (a) 10 m wind speed as well as (b) shortwave radiation over the box 56.5°W to 59°W and 12°N to 
14.5°N in S+DWL. The blue and red lines in (a) indicate the interpolation of U −1 and U −3 to higher and lower wind speeds respectively. The red line in (b) is the linear 
regression fit between the variables.
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The subsequent analysis consists in comparing the two groups to each other, focusing 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. Statistically, it is supported by t-tests for equality of means for independent samples 
with different variances. We consider groups with T1 and T2 increasing in steps of 0.1 K, every T2 − T1 = 0.1 K 
group having at least 1,695 cells, a sufficient 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 anal-
ysis is sufficient to capture a possible effect of DWLs, and also because the temperature and moisture changes 
produced by one isolated output cell 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 localized. Indeed, the impact 
of DWLs on CC 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. We 
analyze the results over 3 days, because we want to study the overall duration of the atmospheric reaction in 
the  areas where there were DWLs and catch possible reinforcement phenomena under realistic persistence condi-
tions of DWLs. To avoid capturing temporally correlated events, we also refrain from treating the output shifted 
by a day or more as additional samples.

4.1. Impact on Latent Heat Flux and Related Quantities

First we investigate whether higher ΔSST 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 differ-
ences in LHF and column water vapor path (WVP) to measure the effects on 
evaporation and column moistening respectively, as shown in Figure 9.

The first observation concerning the plots (a, b) in Figure 9 is that the differ-
ences between S+DWL 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.

The LHF is increased when DWLs are present, with a peak around noon on 
every day, as expected from the diurnal 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 precipitation 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 

Figure 7. Temporal evolution of the global correlation between Scontrol and S+DWL (black line) and of Scontrol with itself shifted by 24 hr (green line) for (a) near-surface 
wind, (b) cloud cover, and (c) incoming shortwave radiation at the surface. The vertical line at 6 hr LT designates the approximate beginning of the formation of diurnal 
warm layers.

Figure 8. Time series of S+DWL-Scontrol for different ΔSST.
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WVP after 12 hr 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.

Figures 9c and 9d confirms that the differences observed visually are highly significant even on the third day 
and even for small ΔSST with p-values smaller than 0.005, except for the nighttime values of LHF. However, an 
important point is that the absolute differences are rather small, especially for smaller ΔSST: For instance, for 
ΔSST between 0.6 and 1.0 K, the maximum difference 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 magnitude of LHF changes is similar to that found in the 
single column configuration in Voldoire et al. (2022).

In Acquistapace et al. (2022), the authors described an observational case study in the EUREC 4A region that 
compares the atmospheric response to a mesoscale cold patch with 1 K difference to other parts of the ocean in 
this region. Although this difference in SST is comparable to the differences caused by DWLs, the impact on 
the LHF in this study is much higher than the values shown in Figure 9a and has on average 70 W m −2 higher 
values in the subcloud layer over the warmer area. The difference between the two studies could come from the 
different height use to compute the LHF, at the surface versus in the subcloud in Acquistapace et al.  (2022). 
This is nevertheless unlikely as LHF only slightly increases with height (see Siebesma et al. (2003)). The other 
explanation could be the wind. The principal difference between DWLs and an SST anomaly of a different origin 
is that the appearance of DWLs requires windstill conditions, and this has an influence on LHF, as it scales line-
arly with wind. Indeed, the winds in Acquistapace et al. (2022) are about 10 m s −1, while in our case, winds in 

Figure 9. Time series of S+DWL-Scontrol and t-test significance levels in bins of 0.1 K for latent heat flux (a, c) and water vapor path (b, d). On panel c and d, white means 
not significant.
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the 1 K difference group are on average 2.75 m s −1. Given that in the 1 K difference group the LHF difference 
is 18 W m −2 (see Figures 8 and 9), a three times higher wind would have given values similar to Acquistapace 
et al. (2022). We can conclude from this simplified calculation that the wind is an important inhibition mecha-
nism for the possible effect of SST anomalies caused by DWLs on the atmosphere.

4.2. Impact on Cloudiness

The variables we consider for analyzing the impact of DWLs on clouds are total CC and cloud liquid water 
(CLW) path (CLW). In our configuration of the ICON model, the CC values are binary, so the values over 0.25° 
boxes represent the fraction of the gridpoints in that box covered by clouds.

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 ΔSST amplitude (see Figures 10a and 10b and Figures 10e and 10f). 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 response to the formation of DWLs on the detection day: after about 12 hr 
LT, the difference between S+DWL and Scontrol in both CC and CLW over DWLs starts to grow, and by 15 hr LT the 
peak of discrepancy is reached. This growth is statistically significant starting from an SST amplitude of 0.3 K, 
and the effect persists longer for higher values of ΔSST, namely until 20 hr LT for ΔSST of 1.5–2.0 K and until 
18 hr LT for ΔSST 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 total, the increase of cloud following 
the formation of a DWL lasts up to 5–6 hr.

A behavior similar to the first day, that is, less CC and CLW in S+DWL compared to Scontrol in the morning and rise 
of these quantities in S+DWL in the afternoon, can be observed also on the second and third day after the detection 
day (Figures 10a and 10b), however, the deviation is barely significant: most of the time, the p-value is above 
0.05, especially for higher values of ΔSST (Figures 10c and 10d). This means that the increase of the quantities 
is often not homogeneous enough to be interpreted as systematic (see Figures 10c and 10d). A crucial factor here 
is the absolute magnitude of the differences: In extreme cases, for ΔSST 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 values fall to 0.01 and 0.01 kg m −2, while the averages are 0.001 and 0.002 kg m −2 respectively (see 
Figures 10a and 10b). 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 1% and the increase in CC is about 0.2% on the day 
following even very large ΔSST. We can therefore conclude that the effect on the cloud water content is higher 
than the contribution of DWLs to CC change, but the effects are very small.

The morning/midday dip of CC and CLW over DWLs even overcompensates the subsequent rise of these quanti-
ties. Figure 11 shows mean CC differences between S+DWL and Scontrol as a function of ΔSST on the detection day. 
For ΔSST above 0.1 K the simulation S+DWL has lower values of CC than Scontrol, and only for ΔSST below 0.1 K 
the reverse is true, such that on average, S+DWL has slightly less cloud than Scontrol. 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 CC or CLW 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 between deep and shallow clouds by taking the outgo-
ing 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. The figures for shallower clouds are very 
similar to Figure 10 (not shown), which can be explained by the fact that most DWLs are found outside of deep 
convective regions, see Figure 2b or Figure B1. 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 systematic significance (Figure 12c). Considering precipitation as an additional 
possibility to see an impact of DWLs (Figures 12b and 12d), we see that there is no sufficient evidence to attribute 
the fluctuations of precipitation, even for higher values of ΔSST, to anything more than chance.

The global results obtained in this section for the CC, CLW, and precipitation seem robust with respect to the 
chosen large-scale area. In particular, excluding the subtropics has no effect on the amplitudes or the temporal 
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behavior of these quantities. Moreover, the results remain quantitatively unchanged if the simulations are 
compared after additional 24 hr of spinup (not shown).

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 4A 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 simulations 
(LES), the CC peaks during the day, which might make it more susceptible to SST in comparison to other regions. 
In our case, both S+DWL and Scontrol overestimate the CC found in observations by a factor of 2, as was expected 
from the resolution 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 

Figure 10. Time series of S+DWL-Scontrol, t-test significance levels in bins of 0.1 K, and maximal (red) and minimal (blue) value of the deviation on the detection day for 
cloud cover (a, c, e) and cloud liquid water (b, d, f).
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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 an SST with no diurnal 
cycle.

5. Discussion and Conclusions
By introducing thin vertical levels into the global coupled ICON model, we 
could directly resolve 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 observations and limited area decameter simu-
lations, but the magnitude of the diurnal 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 DWLs leads to a corresponding increase 
in LHF and WVP. The effects are significant, even on days 2 and 3 following the detection of a DWL, but the 
values are small: 7 W m −2 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, CC and CLW content also increase, but the effects are small and lose 
statistical significance within 5–6 hr of appearance. What is however significant is a decrease in CC and liquid 
water content on the day of detection, around noon. This expresses the fact that DWLs favorably form in areas of 

Figure 11. Diurnal mean cloud cover (CC) differences (S+DWL-Scontrol) as a 
function of ΔSST (black crosses). The red cross is the average CC difference 
against the average ΔSST.

Figure 12. As Figure 9, but for cloud cover (a, c) and precipitation (b, d) associated with deep convection.
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low CC, and hence high insolation. This effect compensates the subsequent 
increase. All in all, resolving DWLs does not affect the mean CC over trop-
ical oceans.

The amplitude of the observed differences in LHF is similar to findings in 
Voldoire et  al.  (2022), and the impact on CC 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 diurnal cycle 
in the tropical Atlantic supports the results in Vial et al. (2019). A surpris-
ing finding of our study is that the impact of DWLs on convection remains 
small even for a strongly enhanced diurnal SST amplitude over this particular 
region as well as globally. A possible reason for this is that DWLs develop 
in windstill areas, and their impact on the LHF therefore remains small, in 
contrast to the observational study in Acquistapace et al. (2022) showing a 
large atmospheric effect of a 1 K SST anomaly under high wind (10 m s −1). 
In view of this crucial difference, we conclude that it is important to resolve 
(sub)mesoscale oceanic structures such as eddies that result in large SST 
anomalies even under strong wind conditions.

We finish the discussion by focusing on the implications and limitations of our study. In the subtropics, the 
resolution of 5 km can strongly distort the representation of shallow convection. Although the similar behavior 
between the different resolution simulations in Vial et al. (2019) is encouraging, we cannot exclude at the outset 
that our results may be biased by a poor representation of shallow convection. Still, we could also not find any 
significant effect of DWL on deep convection, which suffers less from the limitation in grid spacing.

Regarding the question of the importance of DWLs in models, one needs to differentiate 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 CC by up to 10% (see Figure 13). In some specific cases with extraordinarily 
high DSA, DWLs might indeed play a role. However, this remains a rare and local phenomenon.

The analysis in this manuscript only concerns short-term effects of DWLs. However, 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.

Appendix A: Vertical Resolution of the Simulations
Figure A1 demonstrates the difference in vertical resolutions between S+DWL and Scontrol.

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.

Figure A1. Layer thicknesses for S+DWL and Scontrol for the upper 150 m.
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Figure A2 shows vertical temperature profiles for a GOTM run with 0.1 m uniform vertical resolution.

Appendix B: Average ΔSST as Proxy for DSA
Figure B1 shows the field of ΔSST on the detection day.

Data Availability Statement
Detailed information concerning the ICON model is contained in the publication Hohenegger et al. (2023). The 
ocean model GOTM is documented in Umlauf et  al.  (2005) and can be installed from https://gotm.net. The 
ERA5 data set used in this study has been provided by the Climate Data Store. The versions of ICON and 
GOTM used to produce the output, the run scripts, as well as the code that produces the figures can be found in 
https://hdl.handle.net/21.11116/0000-000C-1447-E.
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