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1 | INTRODUCTION

Abstract

We assess whether tropical islands tend to warm or cool the troposphere. To
this end, we use idealized simulations of the radiative-convective equilibrium
employing a simulation domain that contains flat tropical islands represented
by a land surface scheme. Results show more frequent precipitation over land
as coastal breezes establish, and gravity waves triggered by afternoon convec-
tion propagating away from the islands. These waves horizontally homogenize
density and in doing so communicate convectively induced temperature anoma-
lies from the islands onto the ocean. What is the influence of the islands on
tropospheric temperature? The diurnal surface warming of the islands tends to
push the afternoon convection over land towards a warmer moist adiabat and,
along with it, the temperature profile of the troposphere. However, at the same
time, drying of the land surface pulls it towards a colder moist adiabat. All in
all, we find that islands cool rather than warm the troposphere. More specifi-
cally, we obtain a weakly colder domain-mean troposphere during episodes with
a larger share of precipitation over land, or when the prescribed land fraction
is increased. In particular, we find that the cooling becomes more pronounced
over large islands. Overall, the results indicate that the inability of evaporation
to keep up with the daytime surface warming over land, in contrast to the ocean,
is of key relevance for understanding land effects on the mean climate.
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induced mesoscale circulations in response to the varia-
tions in surface fluxes (Segal and Arritt, 1992; Avissar and

Rainfall in the Maritime Continent is strongly shaped  Liu, 1996). The forcing provided by the circulations facili-
by islands and mostly originates from daily thunder- tates frequent initiation of clouds which then convect into
storms (e.g., Yamanaka et al, 2018). The islands act  a (neutrally stable) atmosphere following a moist adia-
as surface heterogeneities that drive diurnal thermally  batic lapse rate (Betts, 1982; Xu and Emanuel, 1989). Once
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mature and precipitating, the clouds further enhance rain-
fall over and next to the islands (Sobel et al., 2011; Wang
and Sobel, 2017; Ruppert and Chen, 2020); and sometimes
they organize into Mesoscale Convective Systems (Houze
etal.,1981; Mori et al., 2004) or excite offshore-propagating
gravity waves (Mapes and Houze, 1993; Love et al., 2011;
Coppin and Bellon, 2019; Ruppert and Zhang, 2019). Fac-
tors controlling the spatial distribution and amount of pre-
cipitation over islands, in particular interactions between
convection and sea breezes, have been studied extensively
(e.g., Yang and Slingo, 2001; Qian, 2008; Robinson et al.,
2008; Cronin et al., 2015; Ulrich and Bellon, 2019). The
effects of islands on the mean tropical climate has so far
received less attention. Here we aim at addressing the
question of whether islands tend to warm or cool the
tropical troposphere beyond their immediate outline.

The mechanism providing the means for local tem-
perature perturbations to project onto the regional envi-
ronment is that of horizontal density adjustments. In
the deep Tropics, horizontal density anomalies occur-
ring in the mid-troposphere are eliminated by grav-
ity waves (Bretherton and Smolarkiewicz, 1989). These
rapidly spreading waves induce subsidence that warms the
environment of the convective clouds, and in this way tie
the large-scale (density) temperature profile of the tropo-
sphere to the moist adiabat set by the deep convective
clouds. In other words, the troposphere needs to adjust to
the characteristic temperature of its clouds since it cannot
sustain the density anomalies they induce. This theory is
fundamental to the tropical atmosphere and is commonly
referred to as the weak temperature gradient approxima-
tion (Sobel et al., 2001); or the weak buoyancy gradient,
or the weak density gradient approximation (Yang, 2018).
However, what adiabat is the troposphere ultimately tied
to? More specifically, can the presence of land shift that
profile to higher or lower temperatures? For that to hap-
pen, the clouds associated with islands need to be dif-
ferent from those originating over the ocean. We argue
that the near-surface temperature and humidity anomalies
induced by the islands provides the prerequisite for them
to become so.

In idealized simulations of the radiative-convective
equilibrium (RCE), Cronin et al. (2015) found that the
presence of islands tends to warm the troposphere. They
conducted RCE simulations that included one circular
island surrounded by ocean. Overall, they found that the
island led to a warming that exceeded 1K, once the land
fraction covered more than 10% of the computational
domain. The warming was attributed to the distinct timing
of cloud fraction between land and ocean (cloud radia-
tive effect) and to the warmer sub-cloud layer over land.
The latter effect is based on the idea that deep convection
is usually initiated over the areas exhibiting the highest
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percentiles of sub-cloud layer equivalent potential tem-
perature (e.g., Emanuel et al., 1994). Cronin et al. (2015)
argued that the presence of an island inflates the vari-
ability of the sub-cloud layer and thus also the tail of
the equivalent potential temperature distribution. In other
words, deep convection is typically associated with the spa-
tially warmest and moistest near-surface air, and thus deep
convective clouds end up on a warmer moist adiabat since,
during the day, surface air over the island is warmer than
over the ocean. Ultimately, the warmer adiabat is then
radiated to the rest of the domain by gravity waves, lead-
ing to a comparatively warmer domain-mean temperature
profile (also Shamekh et al., 2020).

In the simulations of Cronin et al. (2015), the island
was represented by an anomaly in the heat capacity of a
slab ocean while the parameters entering the surface flux
computation maintained oceanic values. While this con-
figuration is elegant, it means that evaporation is never
limited by moisture availability, and thus always occurs
at its potential rate. We argue that the drying of the soil
should be considered as well since this limits evaporation
and, through this, affects the temperature profile over the
islands. Drying thus moves the atmosphere onto a colder
moist adiabat, whereas warming moves it to a warmer
moist adiabat. As the soil dries, the near-surface atmo-
sphere will both dry and warm, and it is unclear which one
of the two effects wins. In this study, we extend the work
of Cronin et al. (2015) by considering that evaporation over
land can become limited by the available soil moisture, and
determine whether islands cool or warm the troposphere
in this situation.

We extend the horizontally homogenous non-rotating
RCE simulation configuration by including a set of islands.
Land surface effects are taken into account using a land
surface scheme as commonly employed in weather and
climate models. The standard RCE configuration provides
a popular configuration for numerical simulation since it
depicts a simple model of the tropical atmosphere, which is
governed by the balance between warming by convection
and cooling by radiation (e.g., Held et al, 1993; Tomp-
kins and Craig, 1998; Bretherton et al., 2005; Wing et al.,
2017). Despite the homogeneous initial and boundary con-
ditions, these simulations exhibit feedbacks between radi-
ation, water vapour and deep convection that lead to the
self-aggregation of deep convection into large clusters and
to the formation and maintenance of distinct dry and moist
regions.

It is known that, in the RCE configuration, heteore-
genities in the ocean and land surface exert control on the
organization of convection. For instance, when anomalies
in sea surface temperature (SST) are prescribed, ascend-
ing motion and deep convection are commonly found
over the highest SSTs and large clusters of convection
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slowly migrate towards them (Grabowski et al., 2000; Sobel
et al., 2001; Tompkins, 2001; Grabowski, 2006; Shamekh
et al., 2020). When an interactive land-surface scheme
is employed, the feedbacks become more complicated as
shallow circulations triggered by the land surface as well
as by the atmosphere compete to set the precipitation dis-
tribution (Hohenegger and Stevens, 2018). In particular,
Hohenegger and Stevens (2018) made the argument that
the ability of the land to dry out was of key relevance
to explain the spatial distribution of convection in their
idealized land planet.

In the present manuscript, we exploit RCE simula-
tions to further assess the effect of tropical islands on
the domain-mean temperature profile. It is structured as
follows. The numerical model and the conducted simu-
lations are described in Section 2. The spatial variability
of precipitation introduced by breeze circulations over
islands, and the communication of convectively induced
temperature anomalies from the islands onto the ocean,
are illustrated in Section 3.1. Afterward, we assess whether
tropical islands tend to warm or cool the domain-mean free
tropospheric temperature in RCE simulations using time
series analysis (Section 3.2), and simulations containing a
smaller land fraction (Section 3.3). In Section 4, we discuss
the presented results and formulate a hypothesis explain-
ing why large islands tend to cool the troposphere. Finally,
we conclude the study in Section 5.

2 | METHODS

21 | Model description

We perform RCE simulations with the fully compress-
ible non-hydrostatic Consortium for Small-scale Model-
ing model v5.0 (COSMO; Steppeler et al., 2003). It is
based on the thermo-hydrodynamical Euler equations,
discretized using finite-difference methods on a hor-
izontally regular longitude-latitude-height mesh. The
discretization schemes in the dynamical core include
a split-explicit three-stage second-order Runge-Kutta
time-stepping scheme for the forward integration in time
(Wicker and Skamarock, 2002), and a fifth-order upwind
scheme for horizontal advection (Baldauf et al., 2011). At
the upper model boundary, gravity waves are damped by
an implicit Rayleigh damping term acting on the vertical
velocity at the end of each acoustic time step (Klemp et al.,
2008).

Subgrid-scale processes include an interactive radia-
tive transfer scheme based on the 6-two-stream approach
(Ritter and Geleyn, 1992), and a single-moment bulk
cloud-microphysics scheme with five hydrometeor species
(cloud water, cloud ice, rain, snow, and graupel; Reinhardt

and Seifert, 2005). Additionally, subgrid-scale cloudiness
is considered in the radiation scheme using a rela-
tive humidity-based diagnostic. Besides, the planetary
boundary layer is parametrized using an approach based
on turbulent kinetic energy (Mellor and Yamada, 1982;
Raschendorfer, 2001). Over the islands, the multi-layer soil
model TERRA_ML is used. In this soil parametrization,
soil water content is predicted using a formulation based
on the Richardson equation (Heise et al., 2006). In the
current model version, a bedrock formulation is specified
at the lowest soil layer, leading to soil water removal by
gravitational drainage. The parametrization for convection
(shallow and deep) has been switched off.

The presented set of simulations were conducted with
a version of COSMO capable of exploiting the capabili-
ties of Graphics Processing Units (GPUs; Fuhrer et al.,
2014; Leutwyler et al., 2016). These accelerators appear to
be better suited for weather and climate codes than cur-
rent multi-core processors, mainly because they provide
substantial parallelism, higher memory bandwidth, and
improved latency hiding (Owens et al., 2008). For the GPU
version of COSMO, extensive validation has been con-
ducted using kilometre-scale configurations: It includes
a ten-year-long re-analysis-driven simulation over Europe
(Leutwyler et al., 2018), validation of clouds (Hentgen
et al., 2019), and surface winds (Belusi¢ et al., 2018). Dif-
ferences between simulations on CPUs and GPUs relate
to rounding errors emerging from re-association of mathe-
matical expressions, mathematical approximations or con-
traction operators, and architecture-specific implementa-
tions of transcendental functions (Arteaga et al., 2014;
Schir et al., 2020). A first study employing that model ver-
sion for RCE simulations is presented in Beucler et al.
(2020).

2.2 | Model configuration and numerical
experiments

The present study is based on simulations of the RCE
employing fixed SST, no planetary rotation and spatially
homogeneous insolation. The configuration follows that of
the RCE Model Intercomparison Project (RCE-MIP; Wing
et al., 2018), except for using a diurnal cycle of solar inso-
lation with the sun rising at 0600 and setting at 1800
everywhere. The square computational domain (30° x 30°)
hasbeen chosen such that a deep gravity wave can horizon-
tally travel the domain within 24 hr, allowing adjustment
to density perturbations within one day (Figure 1 in Rup-
pert and Hohenegger, 2018). Most importantly, the pre-
sented simulations contain patches of land, representing
flat tropical islands embedded in an ocean with fixed SST
(300 K). To obtain a representative island layout, an excerpt
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from the Maritime Continent was chosen (10°S-20°N,
104°-134°E). Thereafter all the land overlapping with the
domain boundaries was removed, such that the simulation
could be run in a double-periodic configuration.

The double-periodic square computational domain
contains 1,006 X 1,006 x 74 grid points with a horizontal
grid spacing of 3km, and the time step amounts to 30s.
The vertical direction is discretized using 74 stretched
model levels ranging from the first level at 37.5m to the
model top at 33km. Ten model levels are located below
1km and Rayleigh damping is applied to the uppermost
30 model levels (i.e., above 18 km height). Soil hydrology
is discretized in seven active soil layers that vary from
1cm thickness at the surface to 2.88 m in the deep soil.
The soil type has been set to loam, a common soil type
in COSMO simulations (table 11.4 in Doms et al., 2011).
Plants are described by a leaf area index of 2.96, a root
depth of 2.56 m, and a plant cover of 0.84 (also Schlemmer
etal.,2011), and the surface albedo has been set to the same
values for land and ocean (0.07). Soil water was initialized
fully saturated, and the initial soil temperature was set to
the same value as the SST (300 K).

To better understand the control of the land surface
on the temperature profile, we conduct simulations for
two different island layouts. In the first configuration
(10LAND), about 10% of the domain is covered by land.
In the second configuration (SLAND), the land fraction
was reduced to 5% by removing the island of Borneo. To
account for the random nature of convection, simulation
ensembles consisting of six 150-day-long simulations were
conducted for both island layouts. The different ensem-
ble members were obtained by using a different realization
of random noise on the temperature field (0.01 K). The
analysis period is defined as the last 50 simulation days
(days 100-150).

Note that, although column water vapour reaches a
stable value after about 70 days of simulation, the atmo-
spheric moisture budget is not strictly conserved. More
specifically, during the analysis phase about 0.021 kg-m?
-day~! of water is unaccounted for, that is, about 1.5% of the
latent heat flux is lost. However, we believe that the argu-
ments outlined in the presented article hold nonetheless.

2.3 | Analysis domains

For the analyses presented in Sections 3.1.1 and 3.3, con-
ditional spatial means are computed. The first set of con-
ditions relates to the presence of the islands. Land and
ocean are defined by the land mask of the respective simu-
lations (10LAND, 5LAND), and a “Coastal Ocean” region
is defined as a L=60 km-wide band (20 grid points) sur-
rounding each island (Figure Sla,b). The width of the
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FIGURE 1
10LAND simulation averaged for the analysis period (days 100-150).

Ensemble-mean precipitation amount of the

The coloured shading denotes the ensemble-mean precipitation
amount and the thin black outlines the prescribed islands. The
thick black line marks grid points that correspond to the median
value of column precipitable water. It is used to separate the domain
into a moist and a dry region. The moist region corresponds to the
domain half with more precipitation, and the dry region to that
with less [Colour figure can be viewed at wileyonlinelibrary.com]

band relates to nocturnal land-breezes and the associated
precipitation maximum located at L/2 = 30km off the
coast (Section 3.1.1). The second condition is based on the
spatial distribution of atmospheric moisture. In traditional
simulations of RCE and also in our simulations (also
Section 3.1.1), atmospheric moisture horizontally aggre-
gates into coherent wet and dry regions. We define these
regions by splitting the domain in half, based on the
median of column precipitable water (moist and dry
region; Figure S1c). The conjunction of the two sets of con-
ditions defines the Moist/Dry Land, Moist/Dry Ocean, and
Moist/Dry Coastal Ocean (Figures S1d-f).

3 | RESULTS
3.1 | Tropicalislands in large-domain
RCE simulations

3.1.1 | Distribution of precipitation
and deep convection

Figure 1 shows the distribution of mean precipitation
occurring during the analysis period of the simula-
tion (days 100-150). The precipitation is organized into
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large-scale precipitating and non-precipitating regions,
which correspond to large-scale regions of high and low
precipitable water. Those regions are akin to the moist
and dry regions which have been shown to develop when
convection self-aggregates in traditional RCE simulations.
In the ensemble mean, the moist region overlaps with
the prescribed islands and precipitates on average up to
20 mm-day~!. Offshore, two dry regions form: a first circu-
lar region forms to the northwest of Borneo and a second
smaller region between the islands of Borneo, Sumatra,
and Sulawesi. They precipitate much less than the moist
region — on average below 1 mm-day~!.

On the mesoscale, precipitation is additionally shaped
by local wind systems that provide dynamical forcing
for deep convection initiation. These circulations are
well documented in the literature (see Introduction)
and emerge from the distinct heat capacity of land and
ocean, and from the associated variations in surface heat
fluxes (Figure S1). In the presented simulations, a noc-
turnal land breeze (coastal wind blowing from land to
ocean) initiates precipitating deep convection right off-
shore, leading to a maximum in coastal precipitation
around 0800 local time (Figure 2a,b). After sunrise, a
sea-breeze forms (coastal wind blowing from ocean to
land) which enhances precipitation over land and sup-
presses it on the seaward side of the coast (Figure 2a, c).
Enhancement and suppression vary with island size
and layout, and is most pronounced for islands enclos-
ing an area between 100 and 10,000 km? (Figure S4).
Overall, precipitation over land averages to 7.55, and
49mm-day~! along the coastal ocean (Table 1). The
ocean only exhibits about 3mm of precipitation per
day.

(a) Diurnal Cycle of Precipitation Amount (mm-day~')

20 Land

15

10 Coastal Ocean

Local Time

FIGURE 2

TABLE 1 Daily precipitation amount (mm-day ') over
simulation days 100-150
Domain Coastal
Simulation mean Land Ocean Ocean
10LAND 4.20+0.53 7.55+2.32 4.91+0.84 3.1+0.84
5LAND 4.26+0.76  6.32+1.55 4.39+0.46 3.58+0.53

Note: Displayed are the ensemble-mean daily average plus/minus one
standard deviation.

During the steady phase of the simulation
(days 100-150), the moist region still meanders slowly.
When considering instantaneous snapshots from
individual ensemble members (rather than the ensemble
mean as in Figure 1), the horizontal distribution of deep
clouds varies substantially in time, and occasionally the
dry regions extend to the islands (Figures 3a,b). That
temporal variability in the large-scale moisture field is
important, since the diurnal convection initiated by the
sea-breeze reliably deepens into precipitating convection
only when islands are co-located with the moist region. In
the snapshot displayed in Figure 3b, for example, the dry
region extends over Borneo while clusters of deep convec-
tion are located directly to the west and east. Although
on that day diurnal clouds were initiated over the major-
ity of Borneo during the morning hours, they remained
shallow in the afternoon (Figure 3c). As a result, diurnal
precipitation events do not occur everywhere on land all
the time (Table 2) (Section 3.2). More specifically, on land
it rains on 51% of the days on average when islands reside
under a moist troposphere, and under a dry troposphere it
rains on 9% of the days. The ocean receives precipitation
only about half as often as land when co-located with a

Sub-daily precipitation amount in the 10LAND simulation. (a) Diurnal cycle of precipitation over ocean (blue), over the

coastal ocean (cyan), over land (brown), and for the domain mean (black). The coloured lines denotes the ensemble mean and the colored
shading the standard deviation of the ensemble. (b, c) Ensemble-mean precipitation amount (b) between 0700 and 0800, and (c) between
1600 and 1700 local time. The coloured shading denotes the ensemble-mean precipitation sum, and the black line the island outline [Colour

figure can be viewed at wileyonlinelibrary.com]
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(C) Ens. 1 Zoom Day 149 17:00

Outgoing Longwave Radiation (W-m™)

110 150 200

FIGURE 3

250 300 330

Outgoing Long-wave Radiation (OLR, W-m~2) obtained from the 10LAND simulation. The white shading indicates OLR

and the white lines the island outline. (a, b) Snapshots on day 149 at 1700 local time, taken from ensemble members 2 and 1. (c) Expansion

into the grey rectangle in (b)

moist troposphere (24%), and almost never under a dry
troposphere (1%).

3.1.2 | Adjustment of tropospheric
virtual temperatures to islands

In the absence of rotation, tropospheric horizontal density
anomalies are rapidly radiated away by gravity waves. As a
consequence, horizontal anomalies in virtual temperature
Ty are eliminated at the time-scale set by the wave prop-
agation. Since diurnal precipitation over land is frequent,
we expect islands to introduce a detectable signal into the
diurnal evolution of mid-tropospheric Ty.

The imprint of the islands on the troposphere can be
detected visually in the timing of the ensemble-mean daily
T, maximum on the 560 hPa pressure level (Figure 4).
Although the spatial distribution is somewhat chaotic, one
can observe several circular wavefronts spreading from the
islands (Figure 4a). Near Borneo, for instance, the colour
shading becomes successively darker with increasing dis-
tance from land, indicative of a propagating wave.

Gravity waves propagate with different speeds and
wavelength (Alexander and Holton, 2004). They propagate
fastest in the mid-troposphere (black arrow on the 560 hPa
pressure level in Figure 4b) with a speed estimated to be
about 50 m-s~!. This value corresponds to our expectation
of a deep first mode gravity wave with a vertical wavelength
of 30km (twice the depth of the heating), as found in
other simulations of gravity waves induced by deep heating
profiles (e.g., Lane and Reeder, 2001).

Over the islands, a prominent daytime T\ signal can
be detected below the 700 hPa pressure level which orig-
inates at the shoreline and propagates towards the centre
of the islands (at 20 m-s~!). At night-time, another signal
can be found seaward of the island which propagates to
the ocean (at 13m-s™!). The timing of these signals coin-
cides with the formation of clouds, induced by the daytime
sea breeze (over land) and the night-time land breeze (over
the coastal waters). Note that the night-time sea-breeze
signal is affected at its lower edge by the local daytime
T, maximum of the boundary layer, and thus appears
awkward.

Spatial averages reveal a systematic propagation on the
560 hPa pressure level (not shown). Over land, the diur-
nal cycle of T, attains its maximum at 1500, 2 hr before
the peak in diurnal precipitation occurs (at 1700; Figure 2).
Over the Coastal Ocean and the Ocean, the T, maxima
occur later in the day (1600 and 1700), more than 8 hr after
the diurnal precipitation maxima in these areas, and actu-
ally at the time of minimum precipitation over the ocean.
The successive timing of the maxima in the three regions
(first land, then Coastal Ocean, and ultimately Ocean) sug-
gests adjustment of the domain-mean density, upscaling
from the diurnal cycle of precipitation over land.

The analysis presented in Figure 4 suggests that the
small fraction of land may influence free-tropospheric
temperature by means of density adjustment and subsi-
dence warming. However, does the presence of islands
mostly shape when and where convection occurs, or do the
islands systematically influence the domain-mean temper-
ature profile? And if so, do they warm, as in Cronin et al.



1794 Quarterly Journal of the
Royal Meteorological Society

ERMets LEUTWYLER AND HOHENEGGER

TABLE 2 Ensemble-mean wet-day frequency (%) in the 1I0LAND and 5LAND simulations, conditioned on the presence of a moist or of
a dry troposphere
Simulation Domain mean Land Ocean Moist Land Dry Land Moist Ocean Dry Ocean
10LAND 15 29 13 51 9 24 1
5LAND 15 24 14 50 7 26 2

Note: The respective wet-day frequency is obtained by first applying a threshold on the daily precipitation sum (P>1 mm-day~'), and then spatially averaging
conditioned on the desired (static) land-sea and/or (instantaneous) moist-dry mask. The final wet-day frequency is obtained after taking the temporal average
applied over the last 50 simulation days of all ensemble members.

(a) Time of Diurnal Maximum T,
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FIGURE 4 Local time of the diurnal maximum in ensemble-mean virtual temperature (T,) in the 10LAND simulation. The blueish
and reddish shadings indicate PM and AM respectively, and the solid black line the island outline. The hatched area marks locations where
the amplitude of the diurnal cycle amounts to less than 0.2 K (less than half the domain-mean amplitude). Here the diurnal cycle is often not
well defined and, for example, exposes multiple diurnal maxima and minima. (a) Timing at the 560 hPa pressure level, corresponding to the
pressure level with the fastest wave propagation detected (uppermost arrow in (b)). The dotted line denotes the location of the cross-section

displayed in (b). (b) Cross-section across Borneo. The brown shading at the bottom indicates land. The hand-drawn arrows indicate
propagating gravity waves (middle of the panel) and breeze circulations (near the surface). Their length is proportional to the distance a
signal travels in 3hr [Colour figure can be viewed at wileyonlinelibrary.com]

(2015), or do they cool it? In the two subsequent sections,
we extend the analysis from diurnal anomalies in virtual
temperature to the domain-mean temperature profile. We
do so first by assessing how the occurrence of precipi-
tation over land and the mid-tropospheric temperature
co-vary, and then by exploiting an additional simulation
with reduced land fraction.

3.2 | Modification of bulk
mid-tropospheirc temperature
by island-based deep convection

To assess the co-variability in the occurrence of
precipitation over land and free tropospheric temperature,
we examine the variability of precipitation and quantify it
by using the wet-land frequency. This metric is defined as
the number of land grid points receiving more than 1 mm
of precipitation per day divided by the total number of
grid points of the computational domain.

During the analysis period, the domain-mean variabil-
ity of precipitation amount is rather small (Table 1). In
other words, time series of precipitation show about the
same domain-mean amount each day (now shown). On
the other hand, considerable temporal variability can be
found in the fraction of land receiving precipitation in
the individual ensemble members, as the column water
vapour field does not remain static but is meandering
slowly (Section 3.1.1). In ensemble member 1, for example,
variations in the wet-land fraction of 1% can be observed
(brown curve in Figure 5). Episodes exhibiting a higher
wet-land fraction correlate with colder domain-mean tro-
pospheric (virtual) temperature (Figure 5). The Pearson
correlation coefficient of the first ensemble member (p)
between wet-land fraction and temperature amounts to
about p = —0.91 in the displayed time series. The cor-
responding ensemble-mean coefficient amounts to p =
—0.45. The anti-correlation between the wet-land fraction
and temperature at 500 hPa hints at a colder troposphere
when a larger share of precipitation is occurring over land.
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Timeseries of Ensemble Member 1
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FIGURE 5 Evolution of the wet-land fraction and

domain-mean temperature on the 500 hPa pressure level for the last
50 simulation days in ensemble member 1. The brown line denotes
the fraction of land receiving more than 1 mm precipitation per day.
The solid black line denotes temperature (T) on the 500 hPa
pressure level and the dotted black line the virtual temperature (7).
Note that for visual clarity, a constant of 0.38 K has been subtracted
from T, (domain-mean virtual effect) [Colour figure can be viewed
at wileyonlinelibrary.com]

In other words, the land cools the domain-mean tropo-
sphere.

To test this idea further, we supplement another simu-
lation ensemble which has the island of Borneo removed.
Based on the results presented so far, we expect the sec-
ond ensemble to exhibit a warmer free troposphere than
the first one, since the land fraction is reduced from 10%
(10LAND) to 5% (5LAND).

3.3 | Domain-mean temperature profile
in simulations with reduced land fraction

In the SLAND simulation, the same domain-mean precip-
itation amount can be found as in 10LAND (Table 1), and
rain on an island occurs as frequently when it is located
below a moist troposphere (Table 2). A major difference
between the two simulations is the large-scale distribu-
tion of water vapour, precipitation and clouds. Instead
of the meridionally extended moist region overlapping
with most of the islands like in 10LAND, here the moist
region extends zonally and is only co-located with the
Philippines (Section 4). In practice, the fraction of land
co-located with a moist troposphere is reduced, and thus
the overall wet-day frequency over land is slightly lower
in 5SLAND (24%) than in 10LAND (29%). In other words,
the average wet-land fraction in 5LAND is about 1.2%,
while in 10LAND it is about 3%. As a consequence, in
SLAND precipitation amounts are larger over ocean and
smaller over land, as compared to 10LAND (Table 1).
Nevertheless, the S5LAND simulation still exhibits
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FIGURE 6 Ensemble-mean difference in the domain-mean
temperature profiles of the SLAND and the 1I0LAND simulation for
the days 100-150. The solid (dashed) black line denotes the
difference in temperature (virtual temperature). The black shading
denotes the standard deviation of the temperature difference
obtained when randomly selecting two ensemble members

precipitation enhancement over the islands, but slightly
less strong.

The ensemble-mean difference of the domain-mean
temperature profiles between 5LAND and 10LAND
reveals vertically uniform warming of the free tropo-
sphere, a cooling of the sub-cloud layer, and a colder
stratosphere when the land fraction is reduced (Figure 6).
The signal is interpreted as being significant. First, the
domain-mean warming of the free troposphere amounts
to about 0.15K, that is, to about half the amplitude of
the domain-mean diurnal cycle at 500 hPa (0.3 K). Sec-
ond, randomly selecting two ensemble members results
in a systematic warming of the free troposphere when
the land fraction is reduced (shading in Figure 6). The
difference in virtual temperature (T,) matches that of
temperature, indicating that the two simulations yield
a similar domain-mean moisture profile. These results
are consistent with the analysis presented in Figure 5
and indicate a tendency for the islands to cool the
troposphere.

4 | COOLING OF THE FREE
TROPOSPHERE

The cooling of the troposphere may be understood by con-
sidering the evolution of the sub-cloud layer over land.
More specifically, we propose that convection over islands
may follow a comparatively colder adiabat than convection
over ocean, if relative humidity decreases substantially
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FIGURE 7 Temperature at the lifting condensation level
(T'LcL, colour shading) estimated from near-surface air temperature
(Ts) and relative humidity (RH;) using the formula proposed by
Bolton, (1980). The two white circles denote the diurnal-mean Ty ¢y,
over ocean, and the filled dots the respective mean Ty, at 1200
local time, for every individual island of 10LAND and SLAND. The
markers are coloured by the island size with lighter colours
indicating larger islands. Ty and RH; were obtained from the lowest
model level and spatially averaged to compute the Ty cr. Results
vary little if T ¢, is first computed using an iterative method, and
spatially averaged afterwards (Figure S5). All the quantities are
computed based on the ensemble-mean estimates in the moist
region for the simulation days 100-150 [Colour figure can be viewed
at wileyonlinelibrary.com]

enough during the day. The resistance of soils to evap-
oration leads to an order of magnitude larger daytime
Bowen Ratio over land (0.6 at 1200) than over ocean (daily

297 25 (a) Diurnal Cycle of T, [K]
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295.25 \ ’ — 10LAND
- -—=5LAND
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FIGURE 8

mean value of 0.01), and thus to warmer and less saturated
near-surface air over the islands (Figure S3). The day-
time hot anomaly over islands leads to convection at a
warmer lifting condensation level (LCL), however at the
same time, lower relative humidity also elevates the LCL
to lower temperatures, as more lifting along the dry adia-
batis required until saturation is reached. Deep convection
over land may thus end up on a warmer or a colder adi-
abat compared to ocean, depending on whether the con-
trasts in near-surface temperature or humidity are more
substantial.

The LCL temperature formula by Bolton (1980) con-
firms that the drying in near-surface relative humidity
(RHj) over islands more than compensates the warming.
This can be seen from the steeper slope of the island Ty ¢,
estimates in Figure 7, compared to that of the Ti¢r, con-
tours. Also, the contours become less inclined for lower
values of RH, meaning that, for the dryer islands, even less
drying in relative humidity is required to compensate for a
surface warming. For example, at RHs=80% and Ts=300K
(the majority of islands), a 1 K warming in T is about com-
pensated by a reduction in RH; of 4%, while only about
3% is needed at RHy=60% and Ts=302K. In other words,
the lifting effect over land becomes more pronounced the
dryer an island becomes.

The temperature of the LCL over land strongly varies
with island size (Figure 7). For small islands, the diurnal
minimum Typcp, is very similar to the mean over ocean,
that is, many black dots in Figure 7 are scattered closely
around the white circles. Over these islands, Ticr, is about
the same as over the ocean, either because RH and T
are similar, or because warming and drying compensate
each other. However, once the islands enclose an area of
more than 100 km? (also Figure S4), the LCL over land
becomes slightly colder than over the ocean, and for the

(b) 10LAND: Diurnal Minimum T, (C) SLAND: Diurnal Minimum T,¢, [K]

297
296
295
294
293
292
291

290

Variability of the temperature at the LCL (T cr). (2) Ensemble-mean diurnal cycle for the 10LAND (full lines) and the

SLAND (dotted) simulations in the moist region. Spatial averages are shown for Land (brown), the Coastal Ocean (cyan) and the Ocean
(blue) that coincide with the moist area. (b, ¢) Diurnal minimum T, in the (b) 10LAND and (c) SLAND simulations. The hatching denotes
the (disregarded) dry region [Colour figure can be viewed at wileyonlinelibrary.com]
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largest islands T ¢y, can become more than 2 K colder than
over ocean.

The LCL temperature over land exhibits substantial
variability in space and time, besides that emerging from
island size. For instance, T cr, over land is actually higher
than over ocean during night (Figure 8a), but as convection
over land is predominantly triggered during the day, the
noon and morning values over land are more representa-
tive (Figure 2). In addition, Tycp becomes very low dur-
ing episodes when the land sits under a dry troposphere
(Figure 8b, c). That would bias the statistics towards cold
values in particular, since during these times, no precipita-
tion tends to occur (Table 2). Therefore, we removed those
points from the statistics presented above. Based on these
considerations, we conclude that the lower T}, over land
is not a statistical artifact.

5 | CONCLUSIONS

We have conducted a six-member ensemble of ideal-
ized RCE simulations using a simulation configuration
that includes a set of islands obtained from the Mar-
itime Continent. The imposed diurnal cycle of solar
insolation fosters the development of mesoscale coastal
breeze circulations that induce afternoon rainfall max-
ima landside of the coast, and morning maxima sea-
ward. In the afternoon, gravity waves propagate away
from the islands over the ocean, connecting the islands
to the domain-mean profile by eliminating tropospheric
density anomalies originating from diurnal daytime
convection.

Similar to RCE simulations without islands, deep con-
vection aggregates into large clusters and organizes the
humidity field into large-scale moist and precipitating, as
well as dry and non-precipitating, regions. Most of the
time, the moist regions align with the islands. During
these episodes, substantial island precipitation enhance-
ment can be observed and rainfall is more frequent over
land than over the ocean. During episodes when the dry
region aligns with the islands, precipitation is overall less
frequent, but still more frequent over land than over the
ocean. These results portray the well-known effectiveness
of the spatial distribution of the large-scale humidity field
in shaping precipitation, but they also indicate that it
would be misleading to think that convection can never
develop in a moderately dry atmosphere. These results
are consistent with the findings of Bergemann and Jakob
(2016). They have shown that coastal precipitation occurs
under a much drier mid-troposphere than over the ocean,
and that it does not exhibit a critical humidity threshold.

We found that islands have the potential for modify-
ing the domain-mean tropospheric temperature profile.

Royal Meteorological Society

We observed that temperature on the 500 hPa pressure
level becomes warmer during days with less frequent
precipitation over land, and colder if precipitation is more
frequent. To corroborate this result, we compared two
simulation ensembles that have a different land fraction
prescribed (10 and 5%). Randomly selecting domain-mean
temperature profiles from each of the two simulation
ensembles consistently results in a colder free tropo-
sphere in the ensemble with more land. These two anal-
yses demonstrate a systematic domain-mean tempera-
ture perturbation of less than 1K related to the presence
of land.

A recent hypothesis suggests that the increased vari-
ability introduced by surface heterogeneities such as
islands will push deep convection towards a warmer moist
adiabat, as clouds typically form at the warmest and coinci-
dentally moistest locations of the sub-cloud layer (Cronin
et al., 2015). That hypothesis suggests a domain-mean
warming of the troposphere by islands, yet our simula-
tions yield a cooling. A modification in our model system
explains the observed difference. Instead of representing
islands with a local anomaly in the heat capacity of a
mixed-layer ocean as in Cronin et al. (2015), we employ
a land surface scheme that takes into account that, over
land, the water supply from the surface is not unlimited,
as over ocean. In the absence of precipitation, the soil
becomes dry and thus evaporation is limited below its
potential rate. As aresult, the sub-cloud layer over land not
only becomes warmer (surface air temperature) but also
dryer (surface relative humidity) than over ocean during
the day.

Intuition on these diverging effects can be gained by
exploiting the analytic LCL height formula established by
Bolton (1980). We propose that the observed domain-mean
cooling emerges from the resistance of land to evapora-
tion. While the daytime surface warming yields a warmer
LCL, and hence a warmer moist adiabat, the daytime
drying elevates the LCL to lower temperatures. Our anal-
ysis shows that, for small islands, warming of the LCL is
about compensated by the drying, but for large islands,
the LCL over land becomes slightly colder than over
the ocean. Over large islands, deep convection thus ends
up on a weakly colder adiabat than over the ocean.
Ultimately, a larger share of convection associated with
large islands will thus result in a colder domain-mean
troposphere.

The influence of the soil’s resistance to evaporation
on the LCL height over land has been documented in
the literature decades ago (e.g., Betts, 1992). However,
soil moisture is only one among many factors control-
ling the LCL height (e.g., turbulence, island shape, lat-
eral mixing, large-scale flow, topography) over the islands
of the Maritime Continent. While these factors warrant
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separate assessments, we suggest that the inability of the
land to keep up with the daytime surface warming is of
key relevance for the temperature profile in the Maritime
Continent.
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