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Aerosol-induced modification of organised convection and

top-of-atmosphere radiation

Nidhi Nishant'*3, Steven C. Sherwood'? and Olivier Geoffroy'*

Aerosol effects on cloud cover and precipitation could affect the global climate but have proven difficult to verify, because cloud
and rain amounts are so strongly influenced by local meteorological conditions. Here model and observational evidence is
presented that an increase in CCN concentration slightly invigorates mixed-phase convective clouds and narrows tropical
convergence and rain bands, while expanding associated cloud cover particularly at mid-levels. A suite of model simulations with
various approaches indicates a 4 + 3.8% decrease in the rain-to-cloud area ratio per doubling of the CCN concentration, an effect
also detected in satellite observations. Idealised numerical experiments suggest the area ratio change is due to the invigoration-
induced static stability increase. Although the invigoration and cloud amount changes are much smaller than suggested in some
studies, in simulations the latter cool the planet by 0.71 + 0.25 W/m? in deep convective regions, suggesting a global effect of order
0.2-0.5 W/m?, per aerosol doubling. The contribution to present-day anthropogenic forcing is even harder to quantify but could
compare to that of the direct aerosol radiative forcing. These results indicate a previously unrecognised pathway for aerosols to
indirectly cool the climate by altering convective clouds dynamically.
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INTRODUCTION

Aerosol-induced changes in cloud structure have clear implica-
tions for cloud radiative effects and precipitation'™ via
aerosol—cloud interactions.*” Until now most attention has
focused on low clouds (i.e., non-precipitating or warm-rain),
where reduction of cloud droplet size is well established® ' but
the net effect on the albedo and lifetime of the low clouds
remains controversial.”>"'® For deep-convective clouds, which
contain frozen and liquid hydrometeors, these effects are
extremely complex and poorly understood due to the compli-
cated dynamics, thermodynamics and microphysics of these
clouds.

It has been hypothesized that aerosols can affect deep
convective clouds via a process, here called “Aerosol-cloud
invigoration,” where an increase in aerosol loading deepens the
convective clouds due to the strong coupling between the cloud
microphysics and cloud system dynamics.'”'®  Numerous
observation-based studies have reported higher cloud tops and
cloud cover with greater aerosol loading;'?™*% however, difficulty
in discriminating aerosol-cloud interaction from meteorological
covariations®® and uncertainties in satellite retrievals®*® are
major limitations for quantifying these effects.?® Additionally,
there has been no observational estimate of radiative forcing by
aerosol-cloud interactions in deep convective clouds.

These major limitations in observing aerosol-cloud effects call
for the use of numerical modelling. A number of studies have
examined aerosol effects on deep convection in cloud-resolving,
global and regional models.'®*°3 However, representation of
cloud microphysics and aerosol-cloud interactions in numerical
models remains a major challenge, particularly in global models,
while the lack of feedbacks between clouds and their large-scale

environment may compromise findings from cloud-resolving
models3*3® Several studies have employed regional model
downscaling over continents’7° Such simulations represent
meteorology realistically, but a limitation is that some state
variables are typically relaxed to a global field, which could damp
perturbations involving changes to such variables. Some model
studies suggest aerosol invigoration is minimal when averaged
over time and space, due to larger-scale adjustments, even if
localized instantaneous effects do occur.***'

In this study, we use a novel approach of simulating aerosol
effects in a closed, idealised, meteorologically heterogeneous
domain with a large-scale overturning circulation and an
organized zone of deep convection. To our knowledge this is
the first model study to consider aerosol impacts on organised
deep convection in a closed domain with large-scale circulation.
This experimental setup allows the representation of the
environmental feedbacks related to changes in large-scale
circulations. Furthermore, in order to address uncertainties about
aerosol process representation, we employ multiple approaches
for representing aerosol effects in the model. Finally, we show that
model-predicted effects are supported by observations and
suggest and test an explanatory mechanism.

Our numerical experiments use the Weather Research and
Forecasting model version 3.5.1.*> To represent a large-scale
tropical overturning circulation, we adopted a setup used in
previous studies**** with domain boundaries at the Equator and
30° latitude (see Methods). We represented aerosol effects in the
model using two different approaches. In the first or “proxy
heating” approach, we assumed®® that additional latent heat is
released in the presence of larger number concentration of cloud
concentration nuclei (CCN) due to the freezing of more cloud
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Table 1. Table of experiments

Name of Resolution (km) Cumulus Scheme Shortwave- Microphysical Scheme Proxy heating CCN Cloud Droplet

experiment Radiation Scheme perturbation (cm™3)  Concentration
(em?)

PERT2a 2 - RRTM Morr2 N - 100

POLL2a 2 - RRTM Morr2 - - 800

PERT20a 20 N RRTM Morr2 \ - 100

PERT2b 2 - RRTM WDM6 \ 100 -

POLL2b 2 - RRTM WDMé6 - 800 -

PERT20b 20 3 RRTM WDMé6 V 100 -

PERT2c 2 - Dudhia WDMé6 V 100 -

POLL2c 2 - Dudhia WDMé6 - 800 -

PERT20c 20 \ Dudhia WDMé6 \ 100 -

droplets lifted above the freezing level'”” and used this to

artificially represent the aerosol effect. These proxy heating and
cooling perturbations are applied in updrafts and downdrafts
respectively, such that the net heat input is zero. In the second
approach, we used a microphysical scheme with specified cloud
droplet and CCN concentrations. For polluted cases, we increased
the CCN or cloud droplet concentration (depending on the
microphysical scheme used) by a factor of eight (see Methods),
without changing the size spectra.

Experiments were performed at two different resolutions: 2 km
(convection-permitting) and 20 km (using convective parameter-
ization). We moreover used three different combinations of
microphysical (Double-Moment Six-Class (WDM6)** or Morrison
Double Moment Four-class (Morr2)*®) and shortwave radiation
(Dudhia*” or Rapid Radiative Transfer Model (RRTM)*®) physics
parameterizations, denoted a/b/c (respectively: Morr2+RRTM,
WDM6+RRTM, and WDMé6-+Dudhia). Experiments with proxy
heating perturbations and high CCN/cloud droplet concentrations
are denoted as PERT and POLL respectively, followed by number 2
or 20 denoting the spatial resolution. Detailed explanations of the
experiments and the idealized model setup are given in Table 1.
Results shown in this paper are based on the last three months of
each simulation.

The unperturbed Control20c simulation was already evaluated*?
and found to qualitatively resemble the observed meridional
overturning and cloud structure in the eastern Pacific. The
simulated cloud fraction in the convergence zones however
overestimated observed (CALIPSO-GOCCP) cloud fraction by 30%,
perhaps because the strong and linear SST gradient produces a
very narrow ITCZ* The other Control experiments produce
qualitatively similar results, except that some (Control20a and
Control20b)  underestimate  shallow cloud cover (not
considered here).

Stronger updraft velocities (Supplementary Fig. 2) occur when
aerosol effects are represented in the model, irrespective of
whether the aerosols are represented as the proxy perturbations
to latent heating (PERT20 and PERT2) or as high CCN concentra-
tion (POLL2). On average across physics versions, the updrafts are
stronger by 0.31, 0.14, and 0.19 m/s in the POLL2, PERT2, and
PERT20 experiments, respectively (Supplementary Table 4). For the
PERT experiments this invigoration can be attributed to the
heating perturbations directly, which make updrafts more buoy-
ant allowing the cloud parcels to rise faster and reach higher in
the atmosphere. On the other hand, in the POLL experiments, the
nucleation of smaller cloud droplets delays warm precipitation so
that the clouds do not precipitate before reaching the super-
cooled levels (~4 km altitude), whereupon freezing releases latent
heat of fusion."® This additional latent heating (Supplementary
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Table 4) in the upper troposphere makes the updrafts buoyant,
invigorating the clouds.

Previous work has suggested that such intensification produces
higher and more extensive cirrus, implying a net warming effect
on climate®*® We find however that once the atmospheric
temperature and dynamics adjust to the aerosol, there is a net
top-of-atmosphere cooling effect (discussed later in the paper).
Intensification of updrafts in the perturbed experiments is instead
accompanied by the lateral spreading and an overall increase in
the cloud fraction of the mid and high-level clouds (Fig. 1 and 2a,
b) and latitudinal shrinking and concentration of the near-
equatorial rain band (Fig. 2¢, d). Clouds initially concentrated near
the Equator now spread farther away from it, accompanied by a
slight reduction at the Equator itself (Fig. 1). This reduction can be
attributed to the concentration and enhancement of rain which
desiccates the cloud. The results are robust for different
resolutions, radiation and cloud microphysical schemes (Supple-
mentary Figs. 4 and 5).

Simulations using the Morr2 microphysics scheme (case a)
produced twice the cirrus cloud cover as those using the other
scheme (cases b,c). The corresponding perturbed experiments
(PERT20a, PERT2a and POLL2a) show strong changes in cirrus
(Supplementary Fig. 3a, d, g). Another (PERT20c, Supplementary
Fig. 3c) shows a reduction in the shallow clouds, due to the
behavior of the cumulus parameterization scheme*® (Supplemen-
tary material). However, neither of these changes are robust across
the suite of model experiments and they will be ignored
henceforth.

Past studies have suggested that factors like mass flux largely
control the convective cloud amount’®®' However, all the
experiments except PERT2a showed a decrease in mass flux
(weaker by 0.09, 0.05, and 0.02 kg/m?s on average in the POLL2,
PERT2 and PERT20 experiments, respectively), see Supplementary
Fig. 6 and Supplementary Table 4 for more details). Hence the
increase in convective cloud amount (between 6 and 12km
altitude) found here is not due to any increase in updraft
mass flux.

The perturbed experiments show a warmer atmosphere (by
0.5 °C averaged from 6-12 km, the upper troposphere) and weaker
lapse rate in comparison to the control experiments (Fig. 3).
Warmer updrafts enhance upward heat transport, with warmer
convective cores rapidly warming the environment via gravity
waves.>” There is also however some warming of even the lower
troposphere, which (Supplementary Fig. 7) appears to be
associated with the strengthening of shallow circulations. The
0.5°C upper-troposphere warming at fixed surface temperature
represents a change in stability that is significant compared to
typical time variations.>®> We propose that this stabilization is
responsible for enhancing the cloud fraction throughout most of
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Fig. 1

Impact of aerosols on simulated cloud amount. Zonal and temporal averages of difference in cloud fraction between a POLL2b and

Control2b, b PERT2b and Control2b, and ¢ PERT20b and Control20b, all using the WDM6-RRTM physics version. (see Supplementary Fig. 3 for

other physics versions)

the troposphere. A more stable environment should lead to more
extensive and long-lived clouds, because instability tends to break
up clouds via convection which leads to water removal by
precipitation and entrainment of dry air into the cloud. A strong
positive correlation between static stability and cloud cover in the
lower troposphere is well known.>**> Our results show a similar-
magnitude relationship for deeper clouds: for a ~0.04 K/km
change in tropospheric stability (between surface and 14 km
altitude), the POLL2, PERT2 and PERT20 experiments show a
0.95%, 1.08%, and 0.60% increase in the convective cloud fraction
(between 6 and 12 km), respectively (Supplementary Table 4). This
represents roughly 2% per 0.1 K/km lapse rate change, in the same
direction but much greater than the reported 0.28% increase per
0.1 K/km between surface and 3 km;** however the two are of
closer magnitude if compared on the basis of bulk temperature
change across the respective cloud layer.

To test the lapse-rate hypothesis, a suite of stratification
experiments is performed at both resolutions, to investigate
how the lifetime and amount of clouds respond to change in
stability. In two perturbed runs the model is restarted with a dry
boundary layer to prevent development of further convection; in
one of these (DBL) this is the only change, while in the other
(DBLW), the lapse rate was stabilized by 0.04 K/km between
surface and 14 km altitude, without altering other prognostic
variables. These experiments may be compared to each other and
to the unperturbed control run (CTRL).

Cloud water is continuously removed by precipitation formation
and replenished by convective water transport. Both of these
effects are driven by moist turbulence. The drying of the boundary
layer in both experiments inhibits this turbulence, suppressing
precipitation (Supplementary Fig. 10) but with little immediate
effect on relative humidity above the boundary layer. Due to this,
both experiments show immediate increases in clouds above the
boundary layer (during the first few hours) (Supplementary Fig. 8),
but these are stronger and longer-lived in the DBLW experiment
than in DBL.

The stabilised experiment (DBLW) shows greater cloud fraction
(relative to unstabilised DBL) by 0.54% and 0.82% for the 20 and
2 km resolution experiments respectively (see Supplementary Fig.
8b, d, f, h). This is a change of 1.3-2% per 0.1 K/km, approximately
comparable to those noted above for the aerosol experiments,
supporting the hypothesis that the lapse rate changes are causing
the cloud changes. A role for large-scale static stability in
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promoting free-tropospheric cloudiness has been reported pre-
viously,”® where absorbing aerosols increased GCM-simulated
cloud cover when placed high in the troposphere and reduced it
when placed low. Thus, our idealised stratification experiments,
and GCM studies,®® offer support for our hypothesis that
stabilisation of the atmosphere is the means by which aerosol
affects cloud cover.

A more stable troposphere can also explain the contraction of
the rain zone seen in our experiments. A weaker lapse rate means
more boundary-layer moisture is needed for convective instability.
To accumulate additional moisture, equatorward-moving air
would have to move closer to the equator, an effect that has
previously been dubbed the “upped ante” mechanism.>” This
leads to enhanced precipitation very close to the Equator but a
reduction in precipitation at the margins (Fig. 2¢, d), i.e a
narrowing of the region of deep convection rain-band. All the
perturbed experiments except PERT20a and PERT20b show a
narrower rain band and a reduction in mean precipitation
(Supplementary Table 4). Note that the stabilisation does not
reduce average convection or precipitation, which are ultimately
controlled by the atmospheric energy budget; in effect the extra
stability acts as a buffer that limits net invigoration, consistent
with previous results.*

The fact that this mechanism causes opposing changes in rain
and cloud area provides a unique opportunity to detect it in
observations by directly examining the ratio of these two areas,
which normalizes out some of the local meteorological noise that
has hobbled past efforts to detect subtle aerosol impacts. We
analyzed 10 years of de-seasonalised, monthly mean aerosol,
cloud, and rain observations. For aerosol we used three alternative
measures: 550-nm aerosol optical depth (AOD) and aerosol index
(Alcams) from the Copernicus Atmospheric Monitoring Service
(CAMS) global aerosol reanalysis,>®*° and the aerosol index
(Alroms) from the Total Ozone Mapping Spectrometer (TOMS)
satellite instrument.®’ No available aerosol measure is an ideal
proxy for CCN, but many recent studies indicate that Alcams is
better than AOD in this regard.®>®®> Note that the above two Al
quantities (Alcams and Alroms) are not defined equivalently (see
Methods) and Alyoms is more sensitive to absorbing aerosols.
Precipitation and cloud-area data came from the University of
Utah Tropical Rainfall Measuring Mission (TRMM) satellite feature
database,®* which reports raining and cloud areas based on the
TRMM Microwave Image (TMI) and Visible and Infrared Sensor
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Fig. 3 Impact of aerosol invigoration on atmospheric temperatures.
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of the simulation
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(VIRS), respectively, where a 273K IR brightness temperature
threshold (to detect clouds above the boundary layer) is used to
define cloud features. In addition to this, additional meteorological
variables used include the number of precipitation features from
the TRMM database, and relative humidity, zonal wind and
meridional wind obtained from the CAMS.

For our statistical analysis we divided the region between 40° N
and 40° S into 5° latitude by 5° longitude boxes (see
Supplementary Fig. 1), as performing analysis over smaller regions
would help in restricting the influence of regional meteorological
conditions on aerosol-cloud-precipitation relationship in a parti-
cular box. The boxes between 30° N and 30° S are considered as
Tropical and the others mid-latitudinal. We averaged each variable
within each box, took the ratios of the box-mean rain and cloud
areas for each month, and calculated a slope between log,(AOD)
or log,(Alcams)) or logz(Alroms)) and area ratio, considering that
aerosol effects are expected to be logarithmic in CCN concentra-
tion.®® Finally, we took the median (in order to avoid the influence
of outliers) slope over all (or ocean-only) boxes as our estimate of
the aerosol effect.

Although our model simulations represent an idealised Tropical
mean circulation, our mechanism as proposed would not depend
on atmospheric properties (e.g. Coriolis parameter) specific to the
Tropics. It would presumably require that rain be produced by
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mixed-phase, organized deep convective cloud systems; these
dominate in the Tropics at all times of year, but also dominate in
mid-latitudinal regions during warm seasons. Hence, we might
expect a similar impact of aerosol on area ratios in the warm-
season mid-latitudes and Tropics, but not in mid-latitudes during
the cold season.

Results (Fig. 4a—c) show large regional variations in the slopes,
indicating that substantial regional meteorological contamination/
noise effects remain even when looking at area ratios. None-
theless, the medians across regions are robustly negative across
land, ocean, tropical, and mid-latitude domains (Fig. 4d), ranging
from —0.2 to —0.17, roughly consistent with the simulations,
regardless of the aerosol data used.

We perform two statistical significance tests based on the null
hypothesis of no systematic aerosol effect (i.e., the predominance
of negative r being due to chance). First, we define g =P (r<0) as
the probability that the correlation between aerosol and area ratio
within any box is negative. Under the null hypothesis, with only
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random influences on r, g =0.5. For n boxes, if X is the number
that have r<0, then its 95% confidence interval is calculated as
X =ng+£+/nq(1 — q). The calculated X for all the three datasets
(AOD, Alcams, Alroms) were outside this 95% confidence interval,
so the null hypothesis is rejected i.e. g cannot be 0.5, and it is
concluded that there is a systematic relationship between aerosol
and the area ratio.

Second, we computed 5th-95th percentile confidence intervals
for the median slope via 2000 bootstrap samples, created from the
original sample with replacement and of the same size as the
original sample. The resulting statistical uncertainties (Fig. 4d) are
small compared to the discrepancies between aerosol products in
midlatitudes; in the Tropics there is better agreement. These
results imply decreases in the observed rain-to-cloud area ratio
per aerosol doubling of 5.3 [6.8, 3.0]1% in the Tropics (5 [6.6, 2.4]%,
ocean-only); and 6.3 [12.8, 1.5]% in mid-latitudes (11 [17.6, 2.6]%,
ocean-only Table 2), where the uncertainty ranges account for
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Table 2. Slopes (Percentage per doubling) of observed rain-to-cloud area vs. aerosol changes, showing sensitivity to several data selection criteria
Sensitivity Tests Tropics -all Tropics-Ocean only Mid-latitudes -All Mid-latitudes -Ocean only
All months —5.3 [-6.8,—3.0] —5.0 [-6.6, —2.4] —6.3 [-12.8, —1.5] —11[-17.6, —2.6]
Hottest three months of the year —7.5[-10.1, —6.0] —7.8 [-10.5, —6.2] —6.8 [-9.5, —4.0] —7.1[-7.6, —3.8]

Coldest three months of the year —5.0 [-5.1, —2.2] —53[-7.0, —=3.1] 1.1 [—4.2, 3.8] 2.3[-36,4.2]

Months with precipitation <5 mm/day —3.0 [—4.1, —1.9] —3.7 [-5.8, —1.4] —2.4 [—6.0, 4.4] 3.5[-7.98.6]

Here, the values given are averages between Alcams, Altoms and AODcaws. Statistically insignificant slopes are shown in italics

both the spread between aerosol products and the statistical
uncertainty.

As another test we repeated the analysis for only the (a) coldest
three months of the year, (b) hottest three months, and (c) months
with precipitation <5 mm/day. Consistent with expectations
discussed previously, we obtained no consistent signal in the
midlatitudes during winter, and signals were weakened somewhat
when stronger rain cases were excluded (Table 2). Thus, our signal
comes predominantly from situations expected to be dominated
by mixed-phase convective precipitation.

Finally, it is likely that meteorological factors (humidity, wind
etc.) explain some of the weak or inconsistent r values; there is
also a danger of confounding aerosol and non-aerosol causes. To
quantify this, we tested seven regression models (Supplementary
Tables 2, 3, and 4) that include up to four meteorological
predictors in addition to one aerosol measure. The meteorological
predictors considered were mean relative humidity (RH) in the
mid-atmosphere (between 700 and 500 hPa), mean zonal (UA),
and meridional (VA) wind shear in the lower troposphere
(between 950-500 hPa) and the number of precipitation features
(P_Area) (Supplementary Tables 2, 3, and 4).

We found that adding meteorological predictors (especially
upper-level relative humidity) improves the goodness of fit of the
model (), confirming that these predictors do affect the cloud/
rain area ratio. But too many predictors in a model will lead to
overfitting. To check for this we performed cross validation,
randomly dividing each set of data into two equal training and
test parts. Models with four predictors were not robust, as the r?
over the test dataset declined significantly, whereas the models
with fewer predictors were robust. The robust models all support
an aerosol effect of comparable magnitude to that shown in the
aerosol-only model. This demonstrates that meteorological vari-
ables affect the area ratios independently from aerosols. While we
cannot rule out that our aerosol signal could be due to some
undiscovered, systematic confounding meteorological factor,
none of the factors we tested appears to account for it even
though they do affect the area ratio. In summary, after performing
resampling tests, exclusion tests, and meteorological confounder
tests, results remain qualitatively consistent with our hypothesis.

The observed signal is comparable to that from the WRF model.
In the POLL2 experiments, the increase from 100 to 800 per cc
represents approximately three doublings. To compare simulated
results quantitatively with observations, we assume AOD and CCN
change proportionally, and hence divide the simulated changes
by three (to get a value per doubling of CCN). The perturbed
model experiments then show an average 4 +3.8% decrease in
the cloud-area ratio per doubling, which lies within the spread of
the observations (Fig. 4c).

The effect found here has implications for the top-of-
atmosphere (TOA) cloud radiative effect (CRE) and hence global
climate. With an increase in mid to high-level cloud fraction, there
is also observed a TOA net cooling effect in all the perturbed
experiments (Supplementary Table 4). The average POLL2, PERT2,
and PERT20 experiments respectively show TOA coolings of
—1.59+ 046, —2.16+0.83, and —2.66 +0.72 W/m? (between the
Equator and 15° latitude), associated with increases of 1.40 + 0.43,
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0.96 +0.35, and 0.75+£0.34% in cloud fraction (from 0 to 15°
latitude). As the proxy heating and CCN experiments produce
similar changes in cloud and precipitation, we regard them as
equivalent, and compute mean TOA CRE by averaging all the
perturbed experiments and dividing by three. This yields a cooling
of —0.71+0.25W/m? per CCN doubling, associated with an
increase of 0.34 +£0.13% in cloud fraction. Note the quoted means
and uncertainties are based only on the model ensemble and do
not invoke the observations.

What is the global radiative impact of this mechanism? Here we
roughly estimate this, assuming that the albedo response occurs
at the magnitude given by WRF throughout the tropics and warm-
season midlatitudes, in proportion to local precipitation rate, and
that the forcing impact scales with albedo x insolation. Accord-
ingly, we multiply the WRF (tropical) forcing value by 0.63 (the
ratio of global to tropical mean rainfall) and again by 0.8 (ratio of
global to tropical mean insolation).?*®” This will be an over-
estimate since we did not exclude winter midlatitudes nor polar
regions, but those receive little insolation, and in the opposite
direction we ignored the diurnal cycle which would increase the
radiative effect since deep convection is somewhat greater during
daylight hours. This crude estimate yields a global mean annual
forcing of —0.36 W/m? per doubling (i.e., roughly —0.2 to —0.5 W/
m? given our assumptions). These assumptions are clearly
provisional so at best this range represents the rough magnitude
expected for this mechanism.

To estimate the consequent present-day anthropogenic indirect
forcing requires quantifying the CCN from anthropogenic emis-
sions. Studies have reported an effective increase in CCN due to
anthropogenic sources between a factor of 1.2 to 1.7 since
preindustrial, or roughly half a doubling, with huge temporal and
spatial variation.®”"! Therefore, to estimate the anthropogenic
forcing we multiply the above estimate by 0.5, which gives a best-
guess TOA cooling of roughly 0.2W/m? This highly provisional
estimate is smaller than the direct aerosol radiative effect but is
not negligible. An accurate quantification of this effect is needed,
which would require more realistic and elaborate modeling of the
climate system and the full aerosol distribution.

While there is clear evidence that aerosols affect deep-
convective cloud droplet numbers,’> the possible climate
consequences of this have been unclear. Our results indicate a
new type of indirect aerosol forcing mechanism which acts by
altering the dynamics of middle and deep convective clouds. This
new forcing mechanism would act separately from previously
known direct and indirect aerosol effects. Its non-local behavior
also highlights the complexity of aerosol effects on climate, and
the difficulty of narrowing uncertainties in total anthropogenic
aerosol radiative forcing and hence climate sensitivities to forcings
as deduced from the historical climate record.

METHODS
WRF setup

The idealized Hadley-cell setup of refs. we adopt can equally
represent either hemisphere. We chose an idealised model with
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fixed SST because this is more efficient and useful in answering
questions about atmospheric processes. For example, uncoupled
atmospheric models are able to reproduce anthropogenic climate
change processes simulated by coupled models.”>”’® Past studies
have commonly used such models to simulate aerosol indirect
effects.””’8

Zonally periodic domains of 3200 (latitude) x 4000 (longitude)
km? and 3200 (latitude) x 100 (longitude) km? are used for the
20 km and 2 km resolution experiments, respectively. The model
top is at 20 km, with 40 or 50 vertical levels used at 20 km or 2 km
resolution, respectively. The time step is 60 or 6 sec at 20 or 2 km,
respectively.

The WRF double-moment six-class (WDM6*’) and Morrison
Double-Moment four-class (Morr2*®) microphysical schemes are
used for microphysics. Second-order horizontal diffusion is used
for turbulent diffusion, and Yonsei University’? and Betts Miller
(BM®%) schemes are used for the planetary boundary layer and
cumulus parameterizations, respectively. For shortwave radiation,
the Dudhia®’ and Rapid Radiative Transfer Model (RRTM?*®)
parameterization schemes are used, whereas for the longwave,
the Rapid Radiative Transfer Model (RRTM*® scheme is used. The
simulations include the effects of Earth’s rotation. We note that
averages over individual months, while all of the same sign, varied
significantly in magnitude such that a three-month average was
necessary for stable and accurate estimates.

Aerosol representation in WRF

In this study we employ two different approaches in order to
represent aerosol effects in the model. In the first approach,
aerosol effects are represented via proxy heating perturbations
whereas in the second approach aerosols effects are represented
via explicit CCN increase.

A key pathway for convective invigoration by aerosols is
thought to be that additional latent heat is released due to the
freezing of more cloud droplets lifted above the freezing level.'” In
order to test this hypothesis, Morrison and Grabowski*® performed
experiments where they increased the local latent heating within
updrafts by 20% within an altitude range where freezing rates
might be most affected (6-8 km). In order to balance the added
latent heating, cooling was applied to downdrafts in such a
manner that the net heat input was zero. Here, in our first
approach we adopt the same methodology and apply heating and
cooling perturbations between the same altitude range, but only
in the convective part of the domain i.e. from the Equator to 5°
latitude. Perturbations are applied in such a manner that there is
net instantaneous balance between the horizontally averaged
heating and cooling in each model layer.

The local latent heating Q4 and cooling perturbations Qc, are
given by:

Qu=(c—1)Q. if wgt;0 and Q_gt; 0 (1)

Qc = (Qu)(Au/Ac)

where Q is the local latent heating rate, ( ) is the horizontal
average of the heating rate in K/day on a model level weighted by
the local pressure thickness of the model level. Updraft velocity is
represented by w, and the coefficient c is defined to be 1.2. A,; and
Ac are defined as the horizontal extent of the heating and cooling
areas respectively at a given level and time step. These
perturbations are applied within the 6-8 km altitude range where
most freezing would take place. In the 20-km experiments, the
heating rate associated with condensation includes both a
resolved component (associated with resolved condensation)
and a sub-grid component (associated with the parameterized
convection scheme). We applied perturbations to the sum of
parameterized and resolved latent heating (PERT20). In the 2-km

if w<0 and Acgt; 0,Aygt; 0 (2)
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experiments, there is no convective scheme, so the heating
perturbation is applied only to the resolved latent heating (PERT2).

In the second approach, we exploit the complete microphysical
schemes in which cloud condensation nuclei (CCN) concentrations
(WDM6) or cloud droplet concentrations (Morr2) are explicitly
considered. We assume that all the CCN are of the same type and
with equal activation potential as considering the effect of aerosol
type on convection was beyond the scope of this study. The
prognostic  water substance variables included in the
WDM6 scheme are water vapor, cloud, rain, ice, snow and
graupel. In addition to the cloud water mixing ratio, the activated
CCN, cloud, and rain number concentrations are prognostic
variables. The activated CCN number concentration is predicted
from total CCN and diagnosed supersaturation.”> Complete
evaporation of cloud droplets is assumed to return the
corresponding CCN particles to the total CCN count. In this
scheme, an initial fixed value of CCN number concentration
100 cm 3, representing clean conditions, was used in the control
and proxy-heating experiments. In the polluted case experiment,
the CCN number concentration is set to 800cm > in the
convective part of the domain, i.e., between Equator and 5°
latitude (the same region where proxy heating perturbations were
applied). These CCN concentrations were used using the
references from past studies.”®’

The Morr2 microphysical scheme contains kinetic equations for
the mixing ratio and number concentration of each hydrometeor
species in the model: cloud droplets, cloud ice, snow, and rain.*®
The scheme considers prognostic supersaturation, droplet activa-
tion, heterogeneous and homogeneous ice nucleation, and the
spectral index (width) of the droplet size distribution. Similar to
the WDM6 scheme, we in this scheme set an initial value for cloud
droplet concentration as 100 cm™ for control and proxy heating
experiments and for the polluted experiment increase this value
to 800 cm > in the convective part of the domain. A second 2-km
experiment (POLL2) was done by increasing either the CCN or the
cloud droplet concentration (based on the microphysical scheme
used) to 800 cm >. Name and details of all the simulations are
listed and defined in Table 1.

Observations

We also analyse 10 years of monthly mean precipitation, cloud
and aerosol data in the Tropics and mid-latitudes. As accurate
aerosol retrievals from space are currently not possible under-
neath clouds, and may be affected by clouds even where retrievals
are attempted, we examine monthly mean observed aerosol
optical depth (AOD) data at 550nm from the Monitoring
Atmospheric Composition and Climate (MACC) Il dataset which
is now a part of Copernicus Atmospheric Monitoring Service
(CAMS) global atmospherics composition data.’®**° CAMS use a
four-dimensional variational data assimilation technique to
combine satellite observations with chemistry-aerosol modelling
to obtain a gridded continuous representation of the mass mixing
ratios of atmospheric gases and aerosol. The global model and
data assimilation system of CAMS is based on the ECMWF's
integrated forecast system, and the atmospheric chemical system
is represented by the Model of Ozone and Related Chemical
Tracers (MOZART)®? chemical transport model.

Recent studies indicate that Aerosol Index (Al) is a better proxy
for CCN than is AOD, and that the variability in AOD only explains
a small fraction of the CCN variance.®>®® For these reasons, Alcams
is used as a second product for the aerosol observational analysis.
Alcams is calculated using AOD data at 550 and 865 nm from the
CAMS dataset. The following formula is used to calculate Alcawms:

in(335:2)
Alcams = AODssg # [ ————<~ 3)

Asso
In (Asss)
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We also use aerosol index (Al) from Total Ozone Mapping
Spectrometer (TOMS) instrument®’ as a third aerosol product.
Alroms is @ measure of how much the wavelength dependence of
backscattered UV radiation from an atmosphere containing
aerosols (Mie scattering, Rayleigh scattering, and absorption)
differs from that of a pure molecular atmosphere (pure Rayleigh
scattering). Quantitatively, Alyoys is calculated from the ratio of
measured to calculated 360 nm TOMS radiances so it is not
equivalent to Alcams.

The reason for using TOMS Al in this study is because TOMS Al
uses UV wavelengths to determine aerosol properties (the other
two aerosol products CAMS AOD and Al are retrieved in the
infrared channel). Measurement in the UV range from space is a
useful method for detecting absorbing aerosols (smoke and dust),
which cannot be effectively discriminated in the visible range.
Measurement in the UV range has another advantage of being
able to detect aerosols above backgrounds that are bright in the
visible range, such as low clouds (and snow although not relevant
to our study). Several studies in past have shown that Alrgys is
proportional to AOD measured using different techniques over
various parts of the world.2>#*

Monthly mean precipitation and cloud-area data are taken from
the University of Utah Tropical Rainfall Measuring Mission (TRMM)
satellite feature database,®® which reports raining and cloud areas
based on the TRMM Microwave Image (TMI) and Visible and
Infrared Sensor (VIRS), respectively. This dataset is created by
temporally and spatially collocating the measurements from these
instruments and then by grouping contiguous pixels using surface
rain, cold infrared or microwave brightness temperature criteria.
We use data from the TMI Precipitation Feature (TPF) and Cloud
features at 273 K (C273F). TPF's are defined as the TMI pixels with
surface rainfall greater than 1 mm, whereas the C273F features are
defined as the VIRS pixels with brightness temperature less than
273 K. We also re-did the latter analysis with 235 K(C235F) and
210K (C210F) and found similar results. We also recalculated the
observed result on a variety of grid sizes and by restricting the
analysis to a particular season (summer) and did not find any
significant dependence on any of the two parameters. However,
we obtained no consistent signal in the midlatitudes during
winter, and signals were weakened somewhat when stronger rain
cases were excluded (results not shown).

In order to investigate aerosol effect on cloud and precipitation
in observations, we divide the area between 40° S and 40° N into
1152 square boxes of equal size (Supplementary Fig. 1). Each box
is 5% in latitude and 5° in longitude. Tests with larger box sizes (30°
in latitude and 30° in longitude) gave similar results (not shown).
Each box containing only the ocean pixels are considered as
purely ocean box.

For quality control, we capped monthly mean AOD values at
0.4 since values above this could be spurious, and in any case, may
excessively influence linear regressions. Because seasonal cycles of
cloud and rain area may be strongly influenced by non-aerosol
meteorological factors, we removed the seasonal cycle and trend
from each quantity (AOD, Alcams, Alroms, rain area, cloud area), by
first removing the long-term linear time trend for each calendar
month and then subtracting the difference between the mean of
that month and the annual mean.

Over each box the correlation and slope parameter are
calculated between the log, of aerosol optical depth (AOD) or
log, of aerosol index (Alcams) or log, of aerosol index (Alyoums) and
area ratio between rain and cloud. In order to compare the
observed area ratios to the model, we calculate the area ratio
between the precipitation area fraction and cloud area fraction for
all the experiments. Here, precipitation area fraction is calculated
by averaging the grid points with precipitation greater than 1 mm,
and an average cloud fraction is calculated for the altitudes
excluding the boundary layer (similar to the observation) by
simply averaging the model cloud-fraction variable.
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DATA AVAILABILITY

The CAMS AOD, zonal (UA), and meridional (VA) wind, relative humidity (RH) dataset
is available from the ECMWF website (http://apps.ecmwf.int/datasets/data/cams-
nrealtime/levtype=sfc/). TOMS Al data are available from NASA Earthdata website
(https://disc.gsfc.nasa.gov/datasets/). The precipitation and cloud data are available
from the University of Utah database (http://atmos.tamucc.edu/trmm/data/trmm/
level_2/). All the data from the model simulations are reproducible using the
methodology described in the methodology section. The model datasets generated
during the study are available from the corresponding author on request.

ACKNOWLEDGEMENTS

We thank Chuntao Liu for providing the crucially important TRMM feature data. We
also acknowledge funding from Australian Research Council (ARC) Centre of
Excellence for Climate Extremes (CE170100023), DP140101104, FL150100035, and
computing resources from the Australian National Computational Infrastructure. We
acknowledge National Center for Atmospheric Research for providing the WRF
model, NASA LAADS DAAC for providing the MODIS data, and ECMWF for providing
the CAMS reanalysis data. We would also like to thank Daniel Hernandez Deckers,
Wojceich Grabowski, Maxime Colin, Jason Evans and David Fuchs for the discussions
and help in setting up the experiments.

AUTHOR CONTRIBUTIONS

N.N. conducted all model simulation, analyses, and led the writing of the paper. S.C.S.
and O.G. assisted in study design and interpretation. All authors assisted in writing
the paper.

ADDITIONAL INFORMATION

Supplementary information accompanies the paper on the npj Climate and
Atmospheric Science website (https://doi.org/10.1038/s41612-019-0089-1).

Competing interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES

1. Andreae, M. O. & Rosenfeld, D. Aerosol—cloud—precipitation interactions. Part 1.
The nature and sources of cloud-active aerosols. Earth-Science Rev. 89, 13-41
(2008).

2. Fan, J. et al. Aerosol impacts on clouds and precipitation in eastern China: Results
from bin and bulk microphysics. J. Geophys. Res. Atmos. 117(D16) (2012).

3. Wang, C. A modeling study of the response of tropical deep convection to the
increase of cloud condensation nuclei concentration: 1. Dynamics and micro-
physics. J. Geophys. Res. Atmos. 110(D21) (2005).

4. Dagan, G. & Chemke, R. The effect of subtropical aerosol loading on equatorial
precipitation. Geophys. Res. Lett. 43 (2016).

5. Geoffroy, O., Brenguier, J. L. & Sandu, I. Relationship between drizzle rate, liquid
water path and droplet concentration at the scale of a stratocumulus cloud
system. Atmos. Chem. Phys. 8, 4641-4654 (2008).

6. Fan, J., Rosenfeld, D., Ding, Y., Leung, L. R. & Li, Z. Potential aerosol indirect effects
on atmospheric circulation and radiative forcing through deep convection.
Geophys. Res. Lett. 39 (2012).

7. Penner, J. E, Zhang, S. Y., Chuang, C. C. Soot and smoke aerosol may not warm
climate. J. Geophys. Res. Atmos. 108(D21) (2003).

8. Twomey, S. The influence of pollution on the shortwave albedo of clouds. J.
Atmos. Sci. 34, 1149-1152 (1977).

9. Ackerman, A. S. et al. Effects of aerosols on cloud albedo: evaluation of twomey’s
parameterization of cloud susceptibility using measurements of ship tracks. J.
Atmos. Sci. 57, 2684-2695 (2000).

10. Xue, H. & Feingold, G. Large-eddy simulations of trade wind cumuli: Investigation
of aerosol indirect effects. J. Atmos. Sci. 63, 1605-1622 (2006).

11. Martin, G. M., Johnson, D. W. & Spice, A. The measurement and parameterization
of effective radius of droplets in warm stratocumulus clouds. J. Atmos. Sci. 51,
1823-1842 (1994).

12. Nakajima, T., Higurashi, A, Kawamoto, K. & Penner, J. E. A possible correlation
between satellite-derived cloud and aerosol microphysical parameters. Geophys
Res Lett. 28, 1171-1174 (2001).

13. Stevens, B. & Feingold, G. Untangling aerosol effects on clouds and precipitation
in a buffered system. Nature 461, 607 (2009).

Published in partnership with CECCR at King Abdulaziz University


http://apps.ecmwf.int/datasets/data/cams-nrealtime/levtype=sfc/
http://apps.ecmwf.int/datasets/data/cams-nrealtime/levtype=sfc/
https://disc.gsfc.nasa.gov/datasets/
http://atmos.tamucc.edu/trmm/data/trmm/level_2/
http://atmos.tamucc.edu/trmm/data/trmm/level_2/
https://doi.org/10.1038/s41612-019-0089-1

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Stevens, B. Rethinking the lower bound on aerosol radiative forcing. J. Clim. 28,

4794-4819 (2015).

. Sanduy, I, Brenguier, J. L., Geoffroy, O., Thouron, O. & Masson, V. Aerosol impacts

on the diurnal cycle of marine stratocumulus. J. Atmos. Sci. 65, 2705-2718 (2008).

. Malavelle, F. F. et al. Strong constraints on aerosol-cloud interactions from vol-

canic eruptions. Nature 546, 485-491 (2017).

. Rosenfeld, D. et al. Flood or drought: how do aerosols affect precipitation? Science

321, 1309-1313 (2008).

. Khain, A, Rosenfeld, D. & Pokrovsky, A. Aerosol impact on the dynamics and

microphysics of deep convective clouds. Q J. R. Meteor. Soc. 131, 2639-2663
(2005).

. Andreae, M. O. et al. Smoking rain clouds over the Amazon. Science 303,

1337-1342 (2004).

Koren, I., Feingold, G. & Remer, L. A. The invigoration of deep convective clouds
over the Atlantic: aerosol effect, meteorology or retrieval artifact? Atmos. Chem.
Phys. 10, 8855-8872 (2010).

Fan, J. et al. Substantial convection and precipitation enhancements by ultrafine
aerosol particles. Science 359, 411-418 (2018).

Niu, F. & Li, Z. Systematic variations of cloud top temperature and precipitation
rate with aerosols over the global tropics. Atmos. Chem. Phys. 12, 8491-8498
(2012).

Stevens, B. & Brenguier, J. L. in Clouds in the perturbed climate system: their
relationship to energy balance, atmospheric dynamics, and precipitation. 173-196
(MIT Press, 2009).

Zhang, J., Reid, J. S. & Holben, B. N. An analysis of potential cloud artifacts in
MODIS over ocean aerosol optical thickness products. Geophys. Res. Lett. 32
(2005).

Chand, D. et al. Aerosol optical depth increase in partly cloudy conditions. J.
Geophys. Res. Atmos. 117(D17) (2012).

Quaas, J., Stevens, B., Stier, P. & Lohmann, U. Interpreting the cloud cover—
aerosol optical depth relationship found in satellite data using a general circu-
lation model. Atmos. Chem. Phys. 10, 6129-6135 (2010).

Gryspeerdt, E., Stier, P. & Grandey, B. S. Cloud fraction mediates the aerosol
optical depth-cloud top height relationship. Geophys. Res. Lett. 41, 3622-3627
(2014).

Nishant, N. & Sherwood, S. A cloud-resolving model study of aerosol-cloud cor-
relation in a pristine maritime environment. Geophys. Res. Lett. 44, 5774-5781
(2017).

IPCC. Climate change 2014: synthesis report. Contribution of Working Groups |, Il
and IIl to the fifth assessment report of the Intergovernmental Panel on Climate
Change. (IPCC, 2014).

Fan, J. et al. Microphysical effects determine macrophysical response for aerosol
impacts on deep convective clouds. Proc. Natl Acad. Sci. USA 110, E4581-E4590
(2013).

Fan, J. et al. Dominant role by vertical wind shear in regulating aerosol effects on
deep convective clouds. J. Geophys. Res. Atmos. 114(D22) (2009).

Khain, A,, Lynn, B. & Dudhia, J. Aerosol effects on intensity of landfalling hurri-
canes as seen from simulations with the WRF model with spectral bin micro-
physics. J. Atmo Sci. 67, 365-384 (2010).

Ntelekos, A. A. et al. The effects of aerosols on intense convective precipitation in
the northeastern United States. Q. J. R. Meteorol. Soc.: A J. Atmos. Sci, Appl.
Meteorol. Phys. Oceanogr. 135, 1367-1391 (2009).

Altaratz, O., Koren, I, Remer, L. A. & Hirsch, E. Cloud invigoration by aerosols—
coupling between microphysics and dynamics. Atmos. Res. 140, 38-60 (2014).
Varble, A. Erroneous attribution of deep convective invigoration to aerosol
concentration. J. Atmos. Sci. 75, 1351-1368 (2018).

Benmoshe, N. & Khain, A. P. The effects of turbulence on the microphysics of
mixed-phase deep convective clouds investigated with a 2-D cloud model with
spectral bin microphysics. J. Geophys. Res. Atmos. 119, 207-221 (2014).

White, B. et al. Uncertainty from choice of microphysics scheme in convection-
permitting models significantly exceeds aerosol effects. Atmos. Chem. Phys. Dis-
cuss. 17, 12145-12175 (2017).

Miltenberger, A. K. et al. Aerosol-cloud interactions in mixed-phase convective
clouds—part 1: aerosol perturbations. Atmos. Chem. Phys. 18, 3119-3145 (2018).
Lee, S. S. Effect of aerosol on circulations and precipitation in deep convective
clouds. J. Atmos. Sci. 69, 1957-1974 (2012).

Morrison, H. & Grabowski, W. W. Response of tropical deep convection to loca-
lized heating perturbations: Implications for aerosol-induced convective invi-
goration. J. Atmos. Sci. 70, 3533-3555 (2013).

Grabowski, W. W. Can the impact of aerosols on deep convection be isolated
from meteorological effects in atmospheric observations? J. Atmos. Sci. 75,
3347-3363 (2018).

Skamarock, W. C. et al. A description of the advanced research WRF Version 3,
NCAR tech note NCAR/TN 475 STR. p. 125 (2008).

Published in partnership with CECCR at King Abdulaziz University

N. Nishant et al.

43,

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Nishant, N., Sherwood, S. C. & Geoffroy, O. Radiative driving of shallow return
flows from the ITCZ. J. Adv. Model Earth Syst. 8, 831-842 (2016).

Nolan, D. S., Zhang, C. & Chen, S. Dynamics of the shallow meridional circulation
around intertropical convergence zones. J. Atmos. Sci. 64, 2262-2285 (2007).
Lim, K-S. S. & Hong, S.-Y. Development of an effective double-moment cloud
microphysics scheme with prognostic cloud condensation nuclei (CCN) for
weather and climate models. Mon. Weather Rev. 138, 1587-1612 (2010).
Morrison, H., Curry, J. A. & Khvorostyanov, V. I. A new double-moment micro-
physics parameterization for application in cloud and climate models. Part I:
Descr. J. Atmos. Sci. 62, 1665-1677 (2005).

Dudbhia, J. Numerical study of convection observed during the winter monsoon
experiment using a mesoscale two-dimensional model. J. Atmos. Sci. 46,
3077-3107 (1989).

Mlawer, E. J.,, Taubman, S. J,, Brown, P. D., lacono, M. J. & Clough, S. A. Radiative
transfer for inhomogeneous atmospheres: RRTM, a validated correlated-k model
for the longwave. J. Geophys. Res. Atmos. 102(D14), 16663-16682 (1997).

Koren, I, Remer, L. A, Altaratz, O., Martins, J. V. & Davidi, A. Aerosol-induced
changes of convective cloud anvils produce strong climate warming. Atmos.
Chem. Phys. 10, 5001-5010 (2010).

Xu, K. M. & Krueger, S. K. Evaluation of cloudiness parameterizations using a
cumulus ensemble model. Mon. Weather Rev. 119, 342-367 (1991).

. Kain, J. S. The Kain—Fritsch convective parameterization: an update. J. Appl.

Meteorol. 43, 170-181 (2004).

Bretherton, C. S. & Piotr, K. S. Gravity waves, compensating subsidence and
detrainment around cumulus clouds. J. Atmos. Sci. 46(6), 740-759 (1989).
Trewin, Blair The climates of the Tropics and how they are changing. State Trop. 1,
39-52 (2014).

Klein, S. A. & Hartmann, D. L. The seasonal cycle of low stratiform clouds. J. Clim.
6, 1587-1606 (1993).

Weaver, C. P. & Ramanathan, V. Relationships between large-scale vertical velo-
city, static stability, and cloud radiative forcing over Northern Hemisphere
extratropical oceans. J. Clim. 10, 2871-2887 (1997).

Hansen, J. et al. Efficacy of climate forcings. J. Geophys Res. Atmos. 110(D18)
(2005).

Chou, C. & Neelin, J. D. Mechanisms of global warming impacts on regional
tropical precipitation. J. Clim. 17, 2688-2701 (2004).

Inness, A, Engelen, R. & Flemming, J. The MACC reanalysis: an 8-year data set of
atmospheric composition. in Proc. EGU General Assembly Conference Abstracts.
Vol. 14, p. 7347 (2012).

Benedetti, A. et al. Aerosol analysis and forecast in the European centre for
medium-range weather forecasts integrated forecast system: 2. Data assimilation.
J. Geophys. Res. Atmos. 114(D13) (2009).

Morcrette, J. -J. et al. Aerosol analysis and forecast in the European Centre for
Medium-Range Weather Forecasts Integrated Forecast System: Forward model-
ing. J. Geophys. Res. 114, D06206 (2009).

Herman, J. R. et al. Global distribution of UV-absorbing aerosols from Nimbus 7/
TOMS data. J. Geophys. Res. Atmos. 102(D14), 16911-16922 (1997).

Stier, P. Limitations of passive remote sensing to constrain global cloud con-
densation nuclei. Atmos Chem. Phys. 16 (2016).

Penner, J. E,, Li, X. & Minghuai, W. Satellite methods underestimate indirect cli-
mate forcing by aerosols. Proc. Natl Acad. Sci. USA. 108(33), 13404-13408 (2011).
Liu, C, Zipser, E. J,, Cecil, D. J., Nesbitt, S. W. & Sherwood, S. A cloud and pre-
cipitation feature database from nine years of TRMM observations. J. Appl.
Meteor. Climatol. 47, 2712-2728 (2008).

Kaufman, Y. J. & Koren, |. Smoke and pollution aerosol effect on cloud cover.
Science 313, 655-658 (2006).

Hartmann, D. L. Global physical climatology, Vol. 103 (Newnes, 2015).

Adler, R. F. et al. The version-2 global precipitation climatology project (GPCP)
monthly precipitation analysis (1979-present). J. Hydrometeorol. 4(6), 1147-1167
(2003).

Pierce, J. R. & Adams, P. J. Uncertainty in global CCN concentrations from
uncertain aerosol nucleation and primary emission rates. Atmos. Chem. Phys. 9,
1339-1356 (2009).

Wang, M. & Penner, J. E. Aerosol indirect forcing in a global model with particle
nucleation. Atmos Chem. Phys. 9 (2009).

Schmidt, A. et al. Importance of tropospheric volcanic aerosol for indirect
radiative forcing of climate. Atmos. Chem. Phys. 12, 7321-7339 (2012).

McCoy, D. T. et al. Natural aerosols explain seasonal and spatial patterns of
Southern Ocean cloud albedo. Sci. Adv. 1, €1500157 (2015).

Sherwood, S. C. Aerosols and ice particle size in tropical cumulonimbus. J. Clim.
15, 1051-1063 (2002).

Cess, R. D. et al. Intercomparison and interpretation of climate feedback pro-
cesses in 19 atmospheric general circulation models. J. Geophys Res: Atmos. 95
(D10), 16601-16615 (1990).

npj Climate and Atmospheric Science (2019) 33

np)



np)

N. Nishant et al.

10

74.

75.

76.

77.

78.

79.

80.

81.

82.

Hansen, J. et al. Earth’s energy imbalance: confirmation and implications. Science
308(5727), 1431-1435 (2005).

Sherwood, S. C. et al. Adjustments in the forcing-feedback framework for
understanding climate change. Bull. Am. Meteorol. Soc. 96(2), 217-228 (2015).
He, J. & Soden, B. J. Does the lack of coupling in SST-forced atmosphere-only
models limit their usefulness for climate change studies? J. Clim. 29, 4317-4325
(2016).

Storer, R. L. & Van den Heever, S. C. Microphysical processes evident in aerosol
forcing of tropical deep convective clouds. J. Atmos. Sci. 70, 430-446 (2013).
van den Heever, S. C, Stephens, G. L. & Wood, N. B. Aerosol indirect effects on
tropical convection characteristics under conditions of radiative-convective
equilibrium. J. Atmos. Sci. 68, 699-718 (2011).

Janji¢, Z. I. The step-mountain coordinate: physical package. Mon. Weather Rev.
118, 1429-1443 (1990).

Betts, A. K. & Miller, M. J. A new convective adjustment scheme. Part II: single
column tests using GATE wave, BOMEX, ATEX and arctic air-mass data sets. Q. J. R.
Meteorol. Soc. 112, 693-709 (1986).

Cheng, C. T, Wang, W. C. & Chen, J. P. Simulation of the effects of increasing
cloud condensation nuclei on mixed-phase clouds and precipitation of a front
system. Atmos. Res. 96, 461-476 (2010).

Emmons, S. E. F. Description and evaluation of the Model for Ozone and Related
chemical Tracers, version 4 (MOZART-4). Geosci. Model Dev. 3 (2010).

npj Climate and Atmospheric Science (2019) 33

83. Torres, O. et al. A long-term record of aerosol optical depth from TOMS obser-
vations and comparison to AERONET measurements. J. Atmos. Sci. 59, 398-413
(2002).

84. Torres, O., Bhartia, P. K, Herman, J. R, Ahmad, Z. & Gleason, J. Derivation of
aerosol properties from satellite measurements of backscattered ultraviolet
radiation: Theoretical basis. J. Geophys Res: Atmos. 103(D14), 17099-17110 (1998).

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2019

Published in partnership with CECCR at King Abdulaziz University


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Aerosol-induced modification of organised convection and top-of-atmosphere radiation
	Introduction
	Methods
	WRF setup
	Aerosol representation in WRF
	Observations

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




