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Abstract
Stratocumulus (Sc) clouds and stratocumulus-to-cumulus transitions (SCTs) are
challenging to represent in global models and they contribute to a large spread
in modeled subtropical cloud feedbacks. We evaluate the impact of increasing the
horizontal model resolution (∼135, 60 and 25 km, respectively) and increasing the
complexity of the aerosol–cloud interaction parameterization (interactive versus
non-interactive at medium resolution) on springtime subtropical marine Sc proper-
ties and SCTs in the atmosphere-only version of HadGEM3-GC3.1. No significant
impact on the spatial location of the SCT could be found between the different model
versions. Increasing horizontal resolution led to small but significant increases in
liquid water content and a stronger (more negative) shortwave (SW) cloud radiative
effect (CRE), in particular over the southern-hemisphere Sc regions. However, for
two out of the four studied regions, the stronger SW CRE also brought the model out-
side the range of satellite-derived values of the SW CRE. Applying non-interactive
aerosols instead of interactive aerosols also led to significantly higher liquid water
content and a stronger SW CRE over the southern-hemisphere Sc regions, while over
the northern-hemisphere Sc regions, a competition between a substantial increase
in the cloud droplet number concentration and small changes in the liquid water
content resulted in a weaker SW CRE or non-significant changes. In general, using
interactive instead of non-interactive aerosol–cloud interactions brought the model
closer to satellite-retrieved mean values of the SW CRE. Our results suggest that
increasing the horizontal resolution or the complexity of the aerosol–cloud param-
eterization has a small but statistically significant effect on the SW CRE of marine
Sc, in particular over regions with high liquid water content. For these regions, the
effect of introducing non-interactive versus interactive aerosol–cloud interactions is
about as large as increasing the horizontal resolution from medium to high.
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1 INTRODUCTION

Marine stratocumuli (Sc) cover 20%–25% of the world’s
oceans and are globally the dominant cloud type in
terms of their areal extent (Norris, 1998; Wood, 2012).
They have a strong negative global average radiative
effect, and a small change in the fraction of marine Sc
may substantially impact global climate (Slingo, 1990).
Conditions for marine Sc formation are favorable over
the cold parts of the subtropical and tropical oceans,
within the subsidence regions along the eastern bound-
aries of the large ocean basins (Wood, 2012). Trade winds
advect the marine Sc westward and toward the equa-
tor where they eventually break up into trade wind
cumuli, so-called stratocumulus-to-cumulus transitions
(SCTs; Albrecht et al., 1995; Bretherton and Wyant, 1997;
Wood and Bretherton, 2004; Sandu and Stevens, 2011).
SCTs are mainly driven by an increase in sea surface
temperature (Bretherton and Wyant, 1997), but they
are also strongly influenced by the large-scale subsi-
dence and the strength of the inversion capping the
stratocumulus-topped boundary layer (Sandu et al., 2010;
Sandu and Stevens, 2011). SCTs over warm surface waters
with weak capping inversions are generally faster (tran-
sition within approximately one day) than SCTs over
cold waters with strong capping inversions (transition
within four days) as these factors influence the turbulent
mixing within the marine boundary layer. Other vari-
ables such as precipitation intensity and the amount of
downwelling longwave radiation also affect the rate of
the cloud cover change associated with SCT (Sandu and
Stevens, 2011).

An SCT feedback as a result of global warming, with
decreased Sc cloud cover and an increased amount of
shallow cumulus clouds, has been suggested based on
observations (Eastman et al., 2011) and large eddy simu-
lation (LES, Schneider et al., 2019). However, the amount
of change of different cloud types is highly uncertain and
provides the largest source of disagreement in subtropi-
cal cloud feedbacks in general circulation models (GCMs)
(Bony and Dufresne, 2005; Soden and Vecchi, 2011; Ceppi
et al., 2017). Observations also show a large spread in trop-
ical low cloud cover change with temperature. Depend-
ing on the region of study, the data source, and the type
of cloud considered, the feedback may be either positive
or negative (Clement et al., 2009; Bellomo et al., 2014;
McCoy et al., 2017). Experiments using LES demon-
strate that the difference in response may be explained
by several counteracting processes (Blossey et al., 2013;
Bretherton, 2015). These processes are of more or less
importance in different regions and may be resolved or
parameterized in different ways in GCMs (Brient and
Bony, 2013; Zhang et al., 2013; Vial et al., 2016). For

example, Yamaguchi et al. (2017) showed that prognostic
cloud droplet number concentrations (CDNCs), as well as
cloud- and precipitation-related sinks of aerosol or CDNC,
can promote a more rapid SCT than fixed CDNCs in LES,
as the former gives rise to more drizzle and thus an accel-
erated reduction in Sc cloud cover.

Representing marine Sc microphysics and dynamics in
GCMs is in general a challenging task. The amount and
properties of the clouds rely on a range of parameterized
processes and their interactions also influence the transi-
tion of Sc to trade cumulus. Progress has been made over
the years in understanding marine Sc and SCT, especially
in the LES community, but large-scale models still typ-
ically suffer from a “too few too bright” cloud problem
(Karlsson et al., 2008; Nam et al., 2012; Konsta et al., 2022).
SCTs were, for example, the focus of an early GCSS
(GEWEX Cloud System Study) model intercomparison
study (Bretherton et al. 1999; Svensson et al., 2000), which
recently was repeated for state-of-the-art boundary-layer
parameterizations, showing that many of the problems
identified earlier persist (Neggers et al., 2017). The rapid
increase in computing power makes it possible to increase
the horizontal resolution of GCMs, which could improve
the representation of some of the processes important for
low-level Sc clouds and their feedbacks. Other options
would be to increase the vertical resolution to improve the
representation of thermodynamics gradients, such as the
temperature inversion capping the boundary layer, include
more explicit descriptions of different cloud microphysical
processes in GCMs, or to increase the level of complexity
of the parameterizations.

In the atmosphere, aerosol particles act as cloud con-
densation nuclei and are crucial for cloud formation. A
change in the number, size or composition of aerosols may
affect the CDNC, drizzle production and other microphys-
ical variables important for Sc formation, properties and
SCT. However, aiming at accurately representing atmo-
spheric aerosols and their effect on clouds in models is
computationally very expensive – and also notoriously dif-
ficult. Still, the level of complexity of these parameteriza-
tions is known to enhance the performance of models in
terms of reproducing observed temperature trends or phys-
ical phenomena (Wilcox et al., 2013; Ekman, 2014; Kodros
and Pierce, 2017; Yamaguchi et al., 2017). To save com-
putational power, especially when using high horizontal
resolution, GCMs often make use of prescribed aerosol or
cloud condensation nuclei fields. It is currently not clear
how this type of simplified representation affects low-level
tropical clouds or their feedback on climate change. Bula-
tovic et al. (2019) used LES to show that the shortwave
cloud radiative effect of a marine stratocumulus cloud can
be three times as large in simulations with fixed CDNCs
compared to prognostic CDNC.

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4494 by T
est, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



EKMAN et al. 3

In the present study, we examine how the simulated
radiative and microphysical properties of marine stra-
tocumulus and SCTs are affected by different horizontal
resolution (∼135, 60 and 25 km, respectively) and differ-
ent levels of complexity of the aerosol–cloud interaction
parameterization in the Hadley Centre Global Environ-
mental Model (HadGEM3) Global Coupled version 3.1
(HadGEM3-GC3.1; Williams et al., 2017). The latter is
done by comparing a model version that uses prescribed
monthly average values of aerosol optical properties and
CDNC with a model version where the number and
mass concentrations of different types of aerosols are pre-
dicted at each model time step and where the aerosols are
explicitly interacting with clouds and precipitation pro-
cesses. We focus the analysis on the Sc regions defined
in Klein and Hartmann (1993) and transects inspired by
the GCSS/WGNE Pacific Cross-Section Intercomparison
(GPCI) project (Teixeira et al., 2011). Section 2 describes
the HadGEM3-GC3.1 model, the different model versions
used, and the simulation output used for the analysis. The
selected marine stratocumulus regions and transects are
also described. The results are presented in Section 3 and
discussed in Section 4. Conclusions are drawn in Section 5.

2 METHOD

2.1 The Hadley Centre Global
Environmental Model Global Coupled
version 3.1

We use model output from the atmosphere-only version
of the HadGEM3-GC3.1 (Williams et al., 2017; Kuhlbrodt
et al., 2018; Menary et al., 2018), which we hereafter refer
to as HadGEM3. HadGEM3 uses the Prognostic Cloud
fraction Prognostic Condensate (PC2) cloud scheme (Wil-
son et al., 2008), and the Suite Of Community RAdiative
Transfer (SOCRATES) radiative transfer code (a rewrit-
ten version of Edwards and Slingo, 1996). In PC2, mass
mixing ratios of cloud liquid condensate and cloud ice con-
densate are prognostic variables along with liquid cloud
volume fraction and ice cloud volume fraction. CDNCs
are either prescribed (non-interactive version using the
EasyAerosol module) or calculated interactively (interac-
tive version using the GLOMAP aerosol module) and the
CDNCs affect the autoconversion rates. The large-scale
warm rain precipitation scheme is based on Boutle
et al. (2014a), which includes a prognostic rain formula-
tion and three-dimensional advection of the precipitation
mass mixing ratios. The autoconversion rate is parameter-
ized according to Khairoutdinov and Kogan (2000), with a
bias correction introduced by Boutle et al. (2014b) to rep-
resent the effect of sub-grid variability on autoconversion

and accretion rates. Fall velocities and rain-rate-dependent
particle size distributions follow Abel and Boutle (2012)
and Abel and Shipway (2007), respectively. Note that the
number concentrations of raindrops and ice hydrometeors
are not explicitly predicted by the model. In SOCRATES,
the raindrop size distribution is calculated from the CDNC
following Liu et al. (2008), where the widening of the
cloud droplet spectrum with increasing cloud conden-
sation nuclei is accounted for. To achieve an adequate
representation of in-column evaporation, the precipita-
tion scheme is also called with a higher frequency (every
2 min) than the atmospheric model time step of 20 min.
For boundary-layer mixing, the model uses the first-order
turbulence closure scheme of Lock et al. (2000) with
the modifications described in Lock (2001) and Brown
et al. (2008). Further details on the atmospheric part of
the model and the different parameterization schemes are
found in Walters et al. (2019).

GLOMAP (Global Model of Aerosol Processes) is a
part of the United Kingdom Chemistry and Aerosol
(UKCA) model. The version of GLOMAP used here,
GLOMAP-mode (Mann et al., 2010; Bellouin et al., 2013),
simulates aerosol mass and number concentrations in five
size modes, using a “pseudo-modal” aerosol dynamics
approach. This approach implies that the size distribution
of aerosols within each mode is assumed to be log-normal,
but the size distribution is simplified to a single diame-
ter in each mode when calculating aerosol process rates
(i.e., primary emissions, dry deposition, sedimentation,
scavenging, aging, hygroscopic growth, nucleation of new
particles, coagulation, condensation and cloud process-
ing). The chemistry part of UKCA determines oxidation
and aging rates that affect the formation and evolution of
aerosols in GLOMAP. Four different aerosol components
are considered: sulfate, black carbon, organic matter and
sea salt. These components are internally mixed within
each mode. The composition of each mode affects the
refractive index of the mixture, which is calculated inter-
actively by volume averaging. Mineral dust is calculated
separately from the other aerosol types using the CLAS-
SIC scheme (Bellouin et al. 2011) and is not part of the
GLOMAP framework. It can therefore be considered as
externally mixed with the other GLOMAP aerosol com-
ponents. Look-up tables based on Mie theory are used to
obtain aerosol optical properties which in turn affect the
modeled radiation.

A Köhler-theory-based aerosol activation parameteri-
zation (Abdul-Razzak and Ghan, 2000; West et al., 2014)
is used to diagnose CDNC based on the GLOMAP aerosol
size distribution and composition. The diagnostic CDNC
is then used in the calculation of liquid cloud droplet
effective radius (Martin et al., 1994) and in the calcula-
tion of autoconversion of cloud droplets to precipitation
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4 EKMAN et al.

(West et al., 2014), that is, to simulate aerosol indirect
effects. In HadGEM3, autoconversion only occurs when
the number concentration of cloud droplets with radius
larger than 20 μm exceeds 1,000 m−3, found by assuming a
Khrgian–Mazin-modified gamma cloud droplet size distri-
bution. Nucleation and impaction scavenging of aerosols
follows the approach by Mann et al. (2010), where the
removal rates are proportional to the modeled precipita-
tion rates. There are no interactions between aerosols and
ice clouds in HadGEM3. Historical emissions of aerosols
and aerosol emissions follow Hoesly et al. (2018).

The EasyAerosol module within HadGEM3 prescribes
monthly averages of aerosol optical properties (aerosol
extinction, absorption, and asymmetry parameter aver-
aged over the six shortwave and nine longwave wave-
bands of SOCRATES) as well as prescribed CDNCs to
calculate the effect of aerosols on radiation, liquid cloud
albedo and liquid precipitation formation. Background
values of the optical variables and CDNCs are obtained
from a HadGEM3 simulation using GLOMAP and aerosol
emissions corresponding to pre-industrial conditions (year
1850). The MACv2-SP framework (Stevens et al., 2017)
is then used to perturb the background variables, that
is, to add anthropogenic perturbations to aerosol optical
properties and CDNC on top of the background values.

2.2 Experimental design

Our analysis is based on output for the years 1978–2008
from four simulations which were forced with prescribed
sea surface temperatures (SSTs) (Table 1). High-resolution
daily SSTs and sea ice concentrations from the Hadley
Centre Sea Ice and Sea Surface Temperature data set ver-
sion 2.2 on a 0.25◦ grid (HadISST2.2; Kennedy et al., 2017)
were used in all simulations and remapped to the respec-
tive model grid. The simulations using EasyAerosol span
over three horizontal resolutions: high (N512, ∼25 km),
medium (N216, ∼60 km) and low (N96, ∼135 km), respec-
tively, using the same vertical resolution of 85 pressure
levels in the atmosphere, where 10 levels are below approx-
imately 800 m (Roberts et al., 2019). All simulations use
the same tuning configuration (Roberts et al., 2019). The
medium resolution simulation was also repeated with
the interactive high-complexity aerosol scheme GLOMAP.
The only difference between the two simulations with
medium resolution (shown in Table 1) is the way aerosols
and their climate effects are represented: either fully
interactive aerosol–cloud and aerosol–radiation interac-
tions using GLOMAP or prescribed aerosol optical prop-
erties and CDNC from GLOMAP+MACv2-SP using the
EasyAerosol approach. All four model configurations were
used for the sixth Climate Model Intercomparison Project

T A B L E 1 List of simulations used in the analysis. N is the
number of latitude points between the pole and equator on a
Gaussian grid

Simulation name Resolution Aerosol representation

HiRes-EA N512 Non-interactive aerosols
(EasyAerosol)

MedRes-EA N216 Non-interactive aerosols
(EasyAerosol)

MedRes-GLOMAP N216 Interactive aerosols
(GLOMAP)

LowRes-EA N96 Non-interactive aerosols
(EasyAerosol)

(CMIP6); the EasyAerosol versions were used for the High-
ResMIP simulations while the GLOMAP version was used
for a selection of other MIPs.

All analyzed variables presented in Sections 3.1 and
3.2 are presented for the spring season in each hemi-
sphere (March–April–May in the northern hemisphere
and September–October–November in the southern hemi-
sphere) as this is the season with maximum low-level
cloud cover (cf. Hahn and Warren, 2007; Wood, 2012,
and Figure A1). Seasonal averages of monthly model out-
put are analyzed, except for precipitation where seasonal
averages of three-hourly output are also calculated. Out-
put for aerosol optical depth (AOD) and CDNC was only
available for MedRes-GLOMAP and LowRes-EA. How-
ever, the AOD and CDNC fields applied in MedRes-EA and
HighRes-EA are equivalent to the ones in LowRes-EA, as
they were interpolated from the low-resolution grid to the
higher resolutions. Note that all CDNCs are weighted by
cloud fraction, effectively giving cloud-free sky a weight
of zero. The statistical significance of any presented differ-
ence has been calculated using a two-sided Student’s t-test
at the 95% level. In the following, “significant” refers to
statistically significant results.

2.3 Definition of marine stratocumulus
regions and transects

Four regions (cf. Figure 1) with persistent marine Sc cloud
cover along the western coasts of South America (Peruvian
region), Southern Africa (Namibian region), North Amer-
ica (Californian region) and Northern Africa (Canarian)
taken from Klein and Hartmann (1993) are analyzed.
Due to the difference in model resolution (Table 1), the
size of each area differs slightly between the simulations.
Similarly, four transects consisting of eight to 10 grid
points originating in the Sc regions are selected: North-
east Atlantic (NEA), Northeast Pacific (NEP), Southeast
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EKMAN et al. 5

F I G U R E 1 Grid point positions along the North East Atlantic (NEA), North East Pacific (NEP), South East Pacific (SEP) and South
East Atlantic (SEA) transects for different horizontal resolution versions of HadGEM3. Black dots mark the mean air mass trajectories from
Sandu et al. (2010). Background map shows the climatology of sea surface temperature (unfilled contours), mean sea level pressure (gray),
winds (arrows) and low cloud cover for 1978–2008 from ERA5 reanalysis. The gray boxes display the four stratocumulus regions: Canarian,
Californian, Peruvian and Namibian [Colour figure can be viewed at wileyonlinelibrary.com]

Atlantic (SEA) and Southeast Pacific (SEP) transects
(Figure 1). The grid positions of the transects were deter-
mined based on Sandu et al. (2010) who used reanaly-
sis data to calculate boundary-layer air mass trajectories.
Due to the different horizontal resolutions of the differ-
ent model versions, the grid point positions, in latitudi-
nal steps of around 2◦ and longitudinal steps of around
4◦, along the transects do not completely intersect and
the closest grid points along the predefined transect were
sampled from each simulation, see Figure 1. Also shown
is the yearly climatology of SSTs for 1978–2008 along
with surface winds and low cloud cover based on ERA5
reanalysis (Hersbach et al., 2020). The transects gener-
ally follow the trade winds over the SST gradients toward
the equator. They are situated in the subtropical–tropical
part of the Hadley circulation (see Figure 2, please note
the logarithmic height axis), beginning in the subsidence
region. Toward the equator, all transects except NEA dis-
play positive vertical motion, that is, a “region of deep
convection.” In between the Sc and region of deep con-
vection, there is a “transition region.” Only very small
and non-significant differences between the simulations
are found in the near-surface mean wind speed and the
statistically-preferred wind direction along the transects
(not shown).

2.4 Satellite retrievals

We use satellite-retrieved values of AOD at 550 nm, cloud
liquid water path, precipitation, and radiation fluxes in our

evaluation of the model results. AOD values are obtained
from the obs4MIPs archive (https://esgf-node.llnl.gov),
and are based on the Moderate Resolution Imaging Spec-
troradiometer (MODIS) level 2 product (Levy et al., 2009)
for the years 2000–2012. Cloud liquid water path is calcu-
lated as an average over the years 1988–2016 using aggre-
gated observations from multiple satellite microwave sen-
sors (MAC-LWP, Elsaesser et al., 2017). The LWP retrievals
are associated with uncertainty, but are in general most
reliable in regions with a low ratio between precipita-
tion and liquid water path, which is also the case for
the Sc regions (Elsaesser et al., 2017). Precipitation data
are obtained from the Global Precipitation Climatology
Project (GPCP) Climate Data Record Version 2.3 (Adler
et al., 2016; 2018) for the years 1979–2008 while for radi-
ation fluxes, data from the Clouds and the Earth’s Radi-
ant Energy System (CERES) Energy Balanced and Filled
(EBAF, Loeb et al., 2018) Ed. 4.1 for the years 2000–2021
was used. Note that we have chosen to use the longest time
period available for all satellite data, and that they all span
different time periods than the simulations (1978–2008).

3 RESULTS

3.1 Microphysical and radiative
properties of marine stratocumulus

CDNC values are typically higher with interactive
than with non-interactive aerosols, at least within the
main low-level cloud layer, and differences are larger
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6 EKMAN et al.

F I G U R E 2 Mean vertical cross-section of subsidence (Pa s−1) from the MedRes-EA simulation for all transects (from left to right: NEP,
NEA, SEP, SEA) for the spring season in each hemisphere. The stratocumulus regions are marked with shaded boxes [Colour figure can be
viewed at wileyonlinelibrary.com]

over the northern-than southern-hemisphere regions
(Figure 3). Close to the surface, that is, below approx-
imately 200 m altitude, the CDNC tends to be higher
with non-interactive than with interactive aerosols. The
generally higher CDNCs with interactive aerosols are con-
sistent with the AOD values, which are 16%–28% higher in
MedRes-GLOMAP than in MedRes-EA (Table 2), and sug-
gest that the aerosol concentrations are also higher with
interactive compared to non-interactive aerosols. These
differences highlight the impossibility of reproducing a
time-averaged prescription of CDNC with instantaneous
simulations where CDNC is derived from interactive
aerosols numbers. Note that the AOD is obtained differ-
ently and independently in the GLOMAP and EasyAerosol
modules so the distributions differ between the two model
versions. Nevertheless, regardless of the aerosol module,
AOD is clearly underestimated over all regions compared
to the MODIS retrievals but is somewhat closer to the
retrievals with interactive compared to non-interactive
aerosols, as shown in Table 2. The difference is larger over
the regions in the northern hemisphere (Californian and
Canarian) than in the southern hemisphere (Namibian
and Peruvian).

For the northern-hemisphere Sc regions (Californian
and Canarian), neither the horizontal resolution nor
the aerosol–cloud interaction parameterization complex-
ity has a large impact on the liquid water path of the
stratocumulus clouds; the differences are generally less
than 5% (Figure 4 and Table 2). However, the simulation
with low resolution (LowRes-EA) has less liquid water
than all other simulations and the differences are signifi-
cant in the Canarian region. For the southern-hemisphere
Namibian and Peruvian regions, the differences between
the different model versions are more pronounced than
over the southern-hemisphere regions. The liquid water

amount increases significantly with increasing model res-
olution and the simulation with non-interactive aerosols
(MedRes-EA) has significantly more liquid water than the
simulation with interactive aerosols (MedRes-GLOMAP).
This liquid water increase happens despite smaller CDNCs
in MedRes-EA, suggesting that either changes in cloud
processes (as a response to changes in autoconversion) or
confounding responses due to cloud dynamics or inter-
nal variability affect the overall liquid water response.
A closer examination of the mean subsidence rates in
the subtropics in MedRes-EA and MedRes-GLOMAP (not
shown) also shows that the subsidence rates are some-
what higher in the subtropics in MedRes-EA. All model
versions overestimate the liquid water path compared
to the MAC-LWP dataset. The simulation with low res-
olution (LowRes-EA) is closest to the retrievals and
is within one standard deviation over the Californian
region.

Differences in seasonal mean precipitation rates cal-
culated based on monthly average output are generally
very small and non-significant (not shown). However,
if three-hourly output data are used (which was only
available for precipitation rates), then interactive aerosols
(MedRes-GLOMAP) give significantly higher precipita-
tion rates than non-interactive aerosols (MedRes-EA),
except over the Canarian region (Table 2). The differ-
ences in domain-averaged precipitation rates are very
low, only a fraction of a mm per day, but these types of
small differences may still be important for the dynam-
ics of the stratocumulus clouds (Svensson et al., 2000).
Changing the model resolution gives no clear change
in domain-averaged three-hourly precipitation rates. All
model versions clearly underestimate the precipitation
rates compared to satellite retrievals over the Californian
and Canarian regions. Over the Namibian and Peruvian
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EKMAN et al. 7

F I G U R E 3 Mean (solid line) and median (dotted lines) vertical distribution of cloud droplet number concentration (CDNC) [cm−3]
for MedRes-GLOMAP and LowRes-EA for the spring season in each hemisphere and for all regions (from left to right: Californian, Canarian,
Namibian, Peruvian, cf. also Figure 4). Color shadings indicate 25th to 75th percentiles of CDNC. Gray-shaded regions bounded by dashed
lines indicate mean cloud cover (%) in the two simulations (includes both liquid and ice). Note that the CDNC fields in LowRes-EA and
MedRes-EA are equivalent (see Section 2.2) [Colour figure can be viewed at wileyonlinelibrary.com]

regions, all model versions are close to observations
(underestimate less than 20%).

The shortwave (SW) cloud radiative effect (CRE) at the
top of the atmosphere (TOA) becomes stronger (more neg-
ative) with increasing resolution and the differences are
more pronounced over the southern-hemisphere regions
(up to 10 W m−2 comparing low and medium resolution),
in agreement with the differences in liquid water path.
The results are more complex when comparing the simula-
tions with different aerosol complexity. For the Californian
and Canarian regions, the SW CRE is stronger (about
1–2 W m−2) when using interactive (MedRes-GLOMAP)
compared to non-interactive (MedRes-EA) aerosols, most
likely as a result of the slightly higher CDNC (Figure 3)
and the relatively similar liquid water paths (Table 2).
Over the Namibian and Peruvian regions, the SW CRE is
weaker (between 2 and 6 W m−2) in MedRes-GLOMAP
compared to MedRes-EA as a result of the lower liquid
water path with interactive aerosols (Table 2) and similar
CDNC values (Figure 3). All model versions are in reason-
able agreement with the satellite data considering the large
standard deviation in the observations (Table 2). However,
HiRes-EA overestimates the SW CRE over the Canarian
and Peruvian regions. In general, the use of interactive
instead of non-interactive aerosols brings the model closer
to the observed mean of the SW CRE. The differences
between the different model versions in the simulated net
SW radiation at the TOA largely reflect the changes in the
SW CRE (Table 2). However, the differences in the net SW
radiation at TOA are generally non-significant, most likely
due to the larger spatial and temporal variability. All model

versions underestimate the net all-sky radiation at TOA
compared to the satellite retrievals.

3.2 Marine stratocumulus-to-cumulus
transition

The CDNC within the low-level cloud layer is either higher
or similar with interactive aerosols compared to with
non-interactive aerosols (Figure 5). The exception is the
SEA region where the CDNC is sometimes substantially
lower in MedRes-GLOMAP compared to LowRes-EA, in
particular within the region of deep convection. Figure 6
shows the vertical cross-section of cloud liquid water
together with the mean cloud fraction for the spring sea-
son in each hemisphere. All HADGEM3 versions show the
general features of a SCT over all regions except the NEA
(cf. Figure 2): within the higher latitudes of the subtrop-
ics there are shallow liquid stratocumulus clouds. These
clouds tend to thicken with decreasing latitude as the
height of the capping boundary-layer inversion increases.
At lower latitudes within the sub-tropics, the cloud type
shifts to broken cumulus and the average liquid water con-
tent decreases. Close to the equator, the main cloud type
is deep convective clouds. Similar to the Sc regions ana-
lyzed in Section 3.1, the differences in cloud liquid water
for the northern-hemisphere transects (NEP and NEA) are
generally small and non-significant. This result is even
more clear in Figure 7 which shows the cloud liquid water
path along the transects. It is only the LowRes-EA that
gives a discernable difference compared to the other model
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8 EKMAN et al.

T A B L E 2 Mean values of different quantities for all simulations and all stratocumulus regions during their respective spring
season (March–April–May for the northern hemisphere and September–October–November for the southern hemisphere)

LowRes-EA MedRes-EA MedRes-GLOMAP HiRes-EA Satellite

Aerosol optical depth (@ 550 nm)

Californian 0.089 0.089 0.106a 0.089 0.14± 0.02

Canarian 0.172 0.172 0.207a 0.172 0.22± 0.02

Namibian 0.166 0.166 0.205a 0.166 0.33± 0.02

Peruvian 0.072 0.072 0.100a 0.072 0.12± 0.01

Cloud liquid water path [g m−2]

Californian 52.6 55.2 57.1 55.1 48.1± 5.1

Canarian 33.7 36.7 36.3 38.3 26.3± 3.7

Namibian 54.1 70.0 64.4 75.4 47.6± 4.6

Peruvian 84.4 95.8 91.3 99.3 79.4± 4.7

Precipitation [mm day−1]

Californian 0.39 0.36 0.41 0.37 0.54 [0.12,1.78]

Canarian 0.37 0.39 0.38 0.32 0.60 [0.06,1.12]

Namibian 0.12 0.13 0.14 0.13 0.15 [0.03,0.21]

Peruvian 0.14 0.13 0.14 0.15 0.16 [0.01,0.20]

Shortwave cloud radiative effect at top of the atmosphere [W m−2]

Californian −59.2 −63.2 −66.6 −64.0 −66.8± 13.2

Canarian −35.0 −38.5 −39.7 −40.4 −30.5± 9.4

Namibian −61.8 −72.1 −66.2 −74.3 −63.4± 11.8

Peruvian −77.1 −82.5 −80.2 −84.9 −71.2± 11.2

Net all-sky shortwave radiation at top of the atmosphere [W m−2]

Californian 325.6 321.7 318.0 320.1 272.3± 13.7

Canarian 351.3 348.1 347.2 346.2 316.8± 9.7

Namibian 331.4 321.2 326.9 319.0 295.6± 12.1

Peruvian 318.3 312.9 314.9 310.6 290.1± 11.6

Note: All values are based on monthly mean output except precipitation, which is based on three-hourly output. Significant differences compared to the
reference (MedRes-EA, marked in italic) are marked with bold font. Cloud liquid water path values are for all-sky. Satellite-retrieved mean values and
standard deviations are shown in the rightmost column and are described further in Section 2.4. For precipitation, the 10- and 90-percentile range is
given instead of the standard deviation.
a AOD is only compared between MedRes-GLOMAP and LowRes-EA because AOD in MedRes-EA and HiRes-EA is simply an interpolation of
LowRes-EA AOD.

versions (as indicated by the significance level), and only
in the deep convection part of the NEP and NEA tran-
sects. Deep convection parameterizations and correspond-
ing cloud fields are known to be sensitive to horizontal
resolution (e.g., Phillips et al., 1995), an issue that is not
the focus of the present study and that will not be investi-
gated further. For the southern-hemisphere transects (SEP
and SEA), the differences in cloud features are also small
(due to either a change in resolution or aerosol complex-
ity) and not easily distinguished when displayed as ver-
tical cross-sections (Figure 6). However, Figure 7 shows
that there are indeed substantial differences in integrated

liquid water over both the stratocumulus regions and the
transition regions, in particular for SEA. The liquid water
content is in general higher with higher resolution and
with non-interactive aerosols.

The mean precipitation rates along the transects are
similar in all model versions when comparing seasonal
averages based on monthly average model output (not
shown). However, with three-hourly output for precip-
itation rates (Figure 8), all regions show statistically
significant differences between the HadGEM3-GLOMAP
and HadGEM3-EasyAerosol simulations. Similar to
Section 3.1, the differences in precipitation rates are only
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EKMAN et al. 9

F I G U R E 4 Horizontal distribution of column integrated all-sky liquid cloud water [CLW; g m−2] for all versions of HadGEM3, for the
spring season in each hemisphere and for all regions. Markers indicate transect positions (cf. Figure 1) [Colour figure can be viewed at
wileyonlinelibrary.com]

a fraction of a mm per day, but this may still impact the
SCT (Svensson et al., 2000). Higher resolution and lower
aerosol–cloud complexity generally result in lower pre-
cipitation rates, which is consistent with the higher liquid
water paths (Figure 7). For all regions except NEP, this
difference in precipitation rates is visible along most parts
of the transects.

The SW CRE at TOA is in general slightly larger
(i.e., more negative) over all Sc and transition regions

when increasing the horizontal resolution from low
to medium (Figure 9). For the southern-hemisphere
regions, this result is in agreement with the higher liq-
uid water paths (Figure 7). Over the northern-hemisphere
regions, the reason for the difference is more unclear,
but could be related to somewhat higher cloud frac-
tions in MedRes-EA compared to LowRes-EA (Figure 6).
The difference between the simulations with interac-
tive and non-interactive aerosols is more complex. For
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10 EKMAN et al.

F I G U R E 5 Mean difference in cloud droplet number concentration [cm−3] between MedRes-GLOMAP and LowRes-EA for the spring
season in each hemisphere and for all transects (from left to right: NEP, NEA, SEP, SEA, cf. Figure 1). Stratocumulus regions are marked with
gray-shaded boxes. Gray isolines indicate 5%, 10%, 25%, and 50% cloud fraction (both liquid and ice, from LowRes-EA) while colored isolines
denote cloud droplet number concentration (CDNC) differences equal to−60, −30, 0, 30 and 60 cm−3. Note that the CDNC fields in
LowRes-EA and MedRes-EA are equivalent (see Section 2.2) [Colour figure can be viewed at wileyonlinelibrary.com]

SEP and SEA, MedRes-GLOMAP shows a significantly
smaller (less negative) CRE over both the Sc and
the transition region. In these regions, the integrated
cloud water was significantly lower in MedRes-GLOMAP
compared to MedRes-EA while the CDNC values in
MedRes-GLOMAP were similar or even slightly lower
in MedRes-GLOMAP than in LowRes-EA (Figure 2b).
For NEP, MedRes-GLOMAP shows a significantly larger
(more negative) CRE over the Sc region than MedRes-EA,
despite having about the same liquid water path val-
ues (Figure 7). The reason is most likely the substan-
tially higher CDNCs in MedRes-GLOMAP compared to
MedRes-EA (Figure 2b) resulting in a higher cloud albedo
and a stronger CRE. Over the NEA, the differences in net
CRE are small and non-significant despite relatively large
differences in CDNC. Despite sometimes substantial dif-
ferences in SW CRE between the different simulations, the
impact on the all-sky SW radiation at TOA is in general
small (less than ∼10 W m−2) and not statistically signifi-
cant (not shown).

4 DISCUSSION

If the timing of the SCT is affected by the model representa-
tion of aerosol–cloud interactions or by the horizontal res-
olution, then there should be a visible change in the extent
or location of the different transect regimes, that is, the
extent of the Sc, transition and convective regions should
be different. There is no such clear shift or change in the
regimes in any of the transects (Figure 7). One possible
exception is the low-resolution simulation (LowRes-EA)
which for all regions shows a peak in the integrated liquid
water content for the Sc regime at a slightly higher latitude

compared to the other model versions, but the difference
is less than 1◦.

For the cloud microphysical and radiative properties,
the analysis of the Sc and SCT regions in Sections 3.1
and 3.2 show consistent results. With increasing horizon-
tal resolution, the liquid water content generally increases,
which results in a more negative SW CRE. The effect is
stronger over the southern than northern-hemisphere SCT
transects and Sc regions, most likely due to the overall
higher cloud fraction over the southern-hemisphere Sc
regions (Figure 1).A higher horizontal resolution should
result in better resolved horizontal temperature gradients,
which may affect inversion strength, winds and thereby
turbulence and subsequently the source of moisture to the
stratocumulus cloud. Thomas et al. (2019) examined the
global impact of model resolution on SW CRE in four dif-
ferent models and obtained qualitatively similar results
as ours for the marine Sc regions (see figures 2 and 3 in
their study). Furthermore, Terai et al. (2020) compared
a global model that resolves sub-kilometer scales with a
coarser-resolution version of the same model and found
that the former produced higher liquid water paths than
the latter.

The influence of a change in the aerosol–cloud inter-
action complexity is less straight-forward to analyze.
Not only is the absolute aerosol amount different for
the different model versions (cf. Table 2 and Figure 5),
but the aerosol population in GLOMAP will also vary
at each model time step while the EasyAerosol ver-
sions of HadGEM3 use fixed monthly values of CDNC
and AODs. Non-linearities in aerosol–cloud interactions
may therefore give rise to somewhat counterintuitive
results. For example, the prescribed CDNCs applied
in the EasyAerosol versions of HadGEM3 are typically
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EKMAN et al. 11

F I G U R E 6 Mean vertical cross-section of cloud liquid water (colors) and the mean cloud fraction (contours) for all versions of
HadGEM3 (from top to bottom: LowRes-EA, MedRes-EA, MedRes-GLOMAP, MedRes-EA) for all transects (left to right: NEP, NEA, SEP,
SEA) for the spring season in each hemisphere. Isolines denote 5% cloud fraction. Stratocumulus regions are marked with gray-shaded boxes
[Colour figure can be viewed at wileyonlinelibrary.com]

lower than the values obtained using MedRes-GLOMAP
(Figures 3 and 5). However, the precipitation rates are
also lower (Figure 8 and Table 2). The latter result
leads to higher liquid water content in MedRes-EA
than in MedRes-GLOMAP, in particular over the
southern-hemisphere transects and Sc regions. For the
southern hemisphere, the difference in SW CRE is dom-
inated by the change in liquid water content and the
SW CRE is larger (more negative) with non-interactive

aerosols (MedRes-EA) than with interactive aerosols
(MedRes-GLOMAP). In the northern hemisphere, the
change in CDNC plays a relatively larger role and the dif-
ference in SW CRE is either non-significant or even larger
(more negative) in MedRes-GLOMAP than in MedRes-EA.
In general, interactive aerosols bring the model closer to
satellite-retrieved values of the SW CRE. The exception is
over the Canarian region where the impact of interactive
versus non-interactive aerosols is non-significant.
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12 EKMAN et al.

CL
W

F I G U R E 7 Mean integrated liquid cloud water path [CLW; g m−2] for all versions of HadGEM3 (colors) and satellite retrievals (black)
for all transects (left to right: NEP, NEA, SEP, SEA) for the spring season in each hemisphere. Statistically significant differences between
MedRes-GLOMAP and MedRes-EA are marked with purple dots at the bottom and top of the figures. Shaded areas indicate 25th to 75th
percentiles of the LowRes (green) and HighRes (orange) simulations. Stratocumulus regions are marked with gray-shaded boxes [Colour
figure can be viewed at wileyonlinelibrary.com]

F I G U R E 8 Mean (solid lines) and median (dashed lines) precipitation rates [mm day−1] for all versions of HadGEM3 and (colors) and
satellite retrievals (black) for all transects (left to right: NEP, NEA, SEP, SEA) for the spring season in each hemisphere using 3-hourly model
output. Statistically significant differences between MedRes-GLOMAP and MedRes-EA are marked with purple dots at the bottom and top of
the figures. Shaded areas indicate 25th to 75th percentiles of the LowRes (green) and HiRes simulations (orange). Stratocumulus regions are
marked with gray-shaded boxes [Colour figure can be viewed at wileyonlinelibrary.com]

The impact of changes in model resolution and
aerosol–cloud interaction complexity on modeled net TOA
SW radiation was in Section 3.1 generally found to be
non-significant, despite the significant changes in SW
CRE. The reason is most likely the larger spatial and
temporal variability in net TOA SW radiation compared
to the SW CRE. However, a closer look at the clear-sky
values of the net SW radiation at TOA (not shown)
shows that the differences between the different model
versions are generally small (less than 0.4 W m−2) and
non-significant, but nevertheless in the opposite direc-
tion to the differences found for the CRE. This result
implies that changes in the SW clear-sky radiation may
to some extent mask the changes in SW CRE induced
by changes in the aerosol–cloud parameterization or by
changes in model resolution. Nevertheless, the main rea-
son for the non-significant changes in all-sky net TOA SW
radiation is that the perturbations induced by changes in

aerosol–cloud interaction parameterization or horizontal
resolution are relatively small compared to the internal
variability of the model.

In the sensitivity simulations, the vertical resolution
was not changed although that has been shown to have an
impact on Sc clouds (e.g., Xie et al., 2018). Changing verti-
cal resolution requires much more effort as parameteriza-
tions are not always independent of the vertical grid (Rasch
et al., 2019). In comparison with many other climate mod-
els, HadGEM3 has a fairly high vertical resolution but it
is still very limited considering how thin Sc are and how
dependent they are on interactions between turbulence,
including entrainment, radiation and cloud microphysics.
Another aspect that might influence the limited effects
found here is that prescribed SSTs have been used; in
coupled simulations, we expect to see larger changes, espe-
cially if the skin temperature has a diurnal cycle (e.g., Chen
and Wang, 2016).
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EKMAN et al. 13

F I G U R E 9 Mean short-wave cloud radiative effect [W m−2] at the top of the atmosphere for all versions of HadGEM3 (colors) and
satellite retrievals (black) for all transects (left to right: NEP, NEA, SEP, SEA) for the spring season in each hemisphere. Statistically
significant differences between MedRes-GLOMAP and MedRes-EA are marked with purple dots at the bottom and top of the figures. Shaded
areas indicate 25th to 75th percentiles of the LowRes (green) and HiRes simulations (orange). Please note the difference in vertical axes for
the different regions. Stratocumulus regions are marked with gray-shaded boxes [Colour figure can be viewed at wileyonlinelibrary.com]

5 SUMMARY AND CONCLUSIONS

In this study, we have used output from an
atmosphere-only general circulation model (HadGEM3)
to examine if springtime subtropical marine Sc and
SCT properties are in a statistical sense significantly
influenced by different levels of complexity of the
aerosol–cloud interaction parameterization (interactive
versus non-interactive). We have also analyzed the impact
of using low (∼135 km), medium (∼60 km) and high
(∼25 km) horizontal resolution. We chose the spring sea-
son of each hemisphere as this is when the regions are
most cloudy and generally display the largest sensitivity
to changing environmental conditions. All model ver-
sions use high-resolution sea surface temperature fields
(HadISST2.2; Kennedy et al., 2017) that are remapped
to the respective model grid. In the non-interactive
version of the aerosol–cloud model (EasyAerosol), pre-
scribed monthly-averaged background aerosol optical
properties and CDNCs were based on simulations using
the interactive aerosol–cloud version of HadGEM3
(GLOMAP).

No significant change in the areal extent of the differ-
ent cloud regimes along the four different SCT transects
was found in any of the simulations. Significant, although
small, changes in precipitation, liquid water and TOA SW
CRE were found along the SCT transects and in all four
marine Sc regions – both when changing the horizontal
resolution and the aerosol–cloud interaction parameter-
ization complexity. However, the impact on all-sky net
SW TOA radiation was in general non-significant. Over-
all, the liquid water content was higher and precipitation
rates were lower when higher resolution or non-interactive
aerosols were used, in particular over the southern hemi-
sphere.

Changing from low (135 km) to medium (60 km) hor-
izontal resolution had the largest impact on the stra-
tocumulus SW CRE, with significant mean seasonal and
domain average differences up to 10 W m−2 over the
Namibian marine Sc region (comparing MedRes-EA and
LowRes-EA). Changing the resolution from medium to
high (25-km) resolution resulted in smaller (about 1–2
W m−2) but still significant differences in SW CRE (com-
paring HighRes-EA and MedRes-EA), indicating that
the effect of changing horizontal model resolution may
saturate at very high resolutions. A comparison with
satellite-retrieved values of SW CRE showed that a higher
liquid water path and higher SW CRE did not always
improve the model performance. In this study, we have not
examined the impact of changing the vertical resolution of
the model which may result in a larger impact on the SCT
and marine Sc properties (cf. e.g., Neubauer et al., 2014).

While the difference in SW CRE changed mono-
tonically and similarly over all regions and transects
with increasing horizontal resolution, the difference
was more complex when changing from non-interactive
to interactive aerosols. Over the southern-hemisphere
regions and transects, the higher liquid water con-
tent in MedRes-EA (non-interactive aerosols) than in
MedRes-GLOMAP (interactive aerosols) resulted in a sig-
nificantly more negative SW CRE of 2–6 W m−2. Over the
northern-hemisphere regions and transects, the change
in liquid water was smaller and the higher CDNCs
in MedRes-GLOMAP compared to MedRes-EA resulted
in a higher (2–3 W m−2 more negative) SW CRE, or
a non-significant change, when the interactive aerosol
model version was used. We therefore conclude that a
change in the complexity of the aerosol–cloud parame-
terization may significantly affect the TOA SW CRE, at
least locally, but the sign and magnitude of the impact
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14 EKMAN et al.

will depend on the background level and relative change
in liquid water as well as the absolute change in CDNC
of the specific model version. Interestingly, the simula-
tions with interactive aerosols generally brought the model
closer to the satellite-retrieved values of the SW CRE com-
pared to when using non-interactive aerosols. We note that
the background CDNCs in the lower-complexity version
of the aerosol–cloud model applied (EasyAerosol) were
obtained using the same host model (HadGEM3) as in
the high-complexity aerosol–cloud simulations. The dif-
ferences obtained using non-interactive and interactive
aerosols will most likely be larger if different host mod-
els are used for the different simulations, in particular if
a fully coupled ocean–atmosphere GCM is applied where
the location of major precipitation regions, such as the
intertropical convergence zone, and subsequent wet scav-
enging of aerosols may be very different. This result lends
support to the MACv2-SP protocol, which applies rela-
tive, rather than absolute, anomalies to model background
CDNCs for the same reasons. Furthermore, in HadGEM3,
the CDNCs used in the radiative and precipitation cal-
culations are diagnostic; using a model with prognostic
CDNCs may result in even larger differences between the
interactive and non-interactive aerosol model (Yamaguchi
et al., 2017; Bulatovic et al., 2019) and such comparisons
would be interesting to conduct in the future.
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APPENDIX A

F I G U R E A1 Mean vertical cross-section of cloud liquid water (colors) together with the mean cloud fraction (contours) for all
transects (left to right: NEP, NEA, SEP, SEA) for all seasons in each hemisphere (top to bottom: Spring, Summer, Fall, Winter) for the
MedRes-EA version of HadGEM3. Isolines denote 5%, 10% and 25% cloud fractions. The stratocumulus regions are marked with shaded
boxes [Colour figure can be viewed at wileyonlinelibrary.com]
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