UNIVERSITY OF LEEDS

This is a repository copy of Effects of solid aerosols on partially glaciated clouds.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/133318/

Version: Accepted Version

Article:

Kudzotsa, I, Phillips, VTJ and Dobbie, S (2018) Effects of solid aerosols on partially
glaciated clouds. Quarterly Journal of the Royal Meteorological Society, 144 (717). pp.
2634-2649. ISSN 0035-9009

https://doi.org/10.1002/qj.3376

© 2018 Royal Meteorological Society. This is the peer reviewed version of the following
article: Kudzotsa I , Phillips VTJ, Dobbie S. Effects of solid aerosols on partially glaciated
clouds. Q J R Meteorol Soc. 2018;144:2634—-2649, which has been published in final form
at https://doi.org/10.1002/qj.3376. This article may be used for non-commercial purposes
in accordance with Wiley Terms and Conditions for Self-Archiving. Uploaded in
accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Effects of Solid Aerosols on Partially Glaciated Clouds. |

Innocent Kudzotsa*,* Vaughan. T. J. Phillips, b Steven Dobbie, ©

dFinnish Meteorological Institute, Atmospheric Research Centre of Eastern Finland, Kuopio, Finland
>Department of Physical Geography and Ecosystem Science, Solvegatan 12, S-223 62 Lund, Sweden

“School of Earth and Environment, University of Leeds, Leeds, UK

*Correspondence to: ikudzotsa@science.uz.ac.zw: Finnish Meteorological Institute, Atmospheric Research Centre of Eastern Finland,

P.O. Box 1627, 70211 Kuopio, Finland

Sensitivity tests were conducted using a state-of-the-art aerosol-cloud scheme coupled

1cle

to the Weather Research and Forecasting (WRF) model to investigate the key
microphysical and dynamical mechanisms by which solid aerosols affect glaciated
clouds. The tests involved simulations of two contrasting cases of deep convection -
a tropical maritime case and a mid-latitude continental case in which solid aerosol
concentrations were increased from their pre-industrial (1850) to their present-
day (2010) levels. In the mid-latitude continental case, the boosting of the number
concentrations of solid aerosols weakened the updrafts in deep convective clouds
resulting in reduced snow and graupel production. Consequently, the cloud fraction and
the cloud optical thickness increased with increasing IN, causing a negative radiative
flux change at the top of the atmosphere (TOA), i.e. a cooling effect of -1.96 +
0.29 Wm 2, On the other hand, in the tropical maritime case, increased ice nuclei
invigorated upper-tropospheric updrafts in both deep convective and stratiform clouds
causing cloud tops to shift upwards. Snow production was also intensified resulting
in reduced cloud fraction and cloud optical thickness, hence, a positive radiative flux
change at the top of the atmosphere (TOA) - a warming effect of 1.02 + 0.36 Wm 2 was
predicted.

Key Words: Aerosol-cloud interactions; Cloud microphysics; Cloud-resolving models; Glaciated clouds; Indirect

effects; Clouds.
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1. Introduction

Glaciated clouds are spatially ubiquitous and have long lifetimes

in the atmosphere mostly in the form of cirrus (Platt 1973)

and mixed-phase or partially glaciated clouds (Verlinde et al.

2007; Shupe et al. 2008). The average seasonal coverage of

cirrus is estimated to be around 50 % over the tropics
uabhakara et al. 1993), while over 50 % of raining precipitation

the tropics is attributed to systems that feature mixed-
ﬂpase clouds (Liu 2011). Cirrus clouds are usually remnants of
dgep convective clouds (DCC), while mixed-phase clouds are

a common feature in cumulus congestus clouds (Sheffield et al.

15) and DCCs (Storer and Van den Heever 2013; Saleeby et al.

2016). Furthermore, DCCs are the atmosphere’s conduit for

I

sporting heat and moisture from the surface to the upper
posphere in the tropics (Fan et al. 2010). It is therefore apparent

that glaciated clouds/DCCs are an integral part of the Earth’s

A

radiation and hydrological budgets.
Aerosols, on the other hand, have a profound effect on our

ate system (Carslaw et al. 2013) through directly affecting

d

e amount of radiation in the Earth-atmosphere system and

o through acting as cloud condensation nuclei (CCN) or

te

nuclei (IN). As a result, changes in aerosol loading affect

climate directly (Charlson et al. 1992; Haywood and Boucher

P

ap et al. 2013) and indirectly through modifying cloud’s

rafliative properties - an effect known as aerosol indirect effect

C

AIE) (Lohmann and Feichter 2005). However, it is not presently

11 understood how the anthropogenic changes in aerosol

¢

ding affect the microphysical and dynamical properties of

C

uds (?) and this has been reported as the greatest source of
ertainty in climate prediction Boucher and Randall (2013);
Solomon et al. (2007). Given this complex interface between
acrosols and clouds and their inherent importance to the Earth’s
climate system, it is critical to improve our understanding of the
fundamental processes underpinning aerosol-cloud interactions in
order to improve climate prediction.

In this study, we investigate the key mechanisms by which
changes in solid aerosol loadings, commonly known as IN modify

the microphysical and dynamical properties of glaciated clouds

f This article is protected by copyright. All rights reserved.
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in deep convective clouds. Most studies conducted in the past
have paid more attention to CCN and warm clouds or CCN
and deep convective clouds (e.g., Martin et al. 1994; Cui et al.
2006) and (Tao et al. 2007; Hoeve et al. 2011; Lee et al. 2012;
Costantino and Breon 2013), while the effect of solid aerosols
have received little attention (Fan etal. 2010; Gettelman et al.
2012). This deficiency emanates largely from the large
uncertainties associated with the measurements and knowledge
of ice nucleating aerosols (Cziczoetal. 2004; DeMott et al.
2011) and our limited comprehension of mechanisms of ice
nucleation (DeMott et al. 2010; Phillips et al. 2008, 2013) as
opposed to cloud droplet nucleation (?Petters and Kreidenweis
2007; Romakkaniemi et al. 2014). Traditionally, only insoluble
hydrophobic aerosols were known to nucleate ice particles
(Meyers etal. 1992; Cziczo etal. 2004; DeMottetal. 2011).
However, recent laboratory studies by Murray etal. (2010)
have shown that some aqueous solution droplets containing
solute organic compounds can become glassy (amorphous, non-
crystalline solid) under very low temperatures, which can then
enable them to nucleate ice particles. Therefore, according to
this discovery, it is apparent that an aerosol must be solid or an
amorphous solid in order to act as an IN but does not necessarily

have to be insoluble.

Some previous studies that have attempted to consider IN
effects such as Van den Heever et al. (2006); Carrio et al. (2007);
Fan et al. (2010) have either investigated single IN species (e.g.
dust in Van den Heever et al. (2006)) or have conducted their
sensitivities on isolated DCC as in (Fanetal. 2010) who in
fact simultaneously perturbed the CCN and IN loadings in their
sensitivity tests. As a result, there is currently no consensus on
the direction or magnitude of the effects of IN on glaciated
clouds, commonly known as the glaciation indirect effect
(Lohmann and Feichter 2005). For example, Fanetal. (2010)
concluded that the glaciation effect had a very small effect
on the convective strength of updrafts in isolated DCCs, this
corroborated the findings of Connolly et al. (2006) on similar
cloud systems. However, Ekman et al. (2007) found that higher IN
concentrations resulted in an intense glaciation effect evidenced

by strong updraft velocities.
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Our work differs from other previous studies in that we treat
more components of ice nucleating solid aerosols; these include
mineral dust (Twohy et al. 2009), soot, non-biological organics
and primary biological aerosol particles (Jaenicke 2005). Here,
we exclusively perturb the IN concentrations in order to only
isolate the salient mechanisms by which the glaciation effect
influences the microphysics and dynamics of deep convective

clguds, unlike in other studies (e.g., Fan et al. 2010) where both

C

CCN and IN were simultaneously perturbed. In addition, we

L

study multiple multi-cell cloud systems over longer durations and

er domains allowing cell-to-cell interactions and feedbacks

¢

ween clouds and their environment as opposed to the isolated

t1

clpuds typically studied in the past (Lohmann 2002a; Khain et al.
2005; Connolly et al. 2006; Lee etal. 2009; Fanetal. 2012).
Furthermore, in the present paper, we conduct detailed sensitivity
ests on several key microphysical processes that cause the

laciation AIE, unlike in most studies where the only sensitivity

AL

tested was a change in aerosol loadings and this is an important
redient for the development of accurate parameterizations for

in general circulation models (GCM). Finally, we quantify

d

process-level glaciation indirect effect or the top of the

C

mosphere (TOA) radiative flux changes caused by the targeted

I

crophysical process.

e use a state-of-the-art aerosol-cloud scheme that encap-

P

sulates a robust empirical parameterization for heterogeneous
i¢g¢ nucleation developed by Phillips et al. (2008, 2013), which

ats all the four known modes of heterogeneous ice nucle-

CC

on (Diehl et al. 2001, 2002; Hoppel et al. 2002; Dymarska et al.

6). This scheme is coupled to the Weather Research and

G

orecasting (WRF) model (Michalakes et al. 2005) and it treats
microphysics of cloud droplets, ice, rain, snow and graupel.

Two cases of deep convection were simulated in this study,

A

the continental Cloud and LAnd-Surface Interaction Campaign
(CLASIC) (Miller 2007) and the maritime Tropical Warm Pool

International Cloud Experiment (TWPICE) (May et al. 2008).

The structure of this article is as follows. In the next section,
the model description and validation are provided together with an
explanation of different numerical experiments conducted in this
study to assess and quantify the different types of indirect effects

of solidThéresdk: i{ o idymdiv cobynightmidrophgsisehwalponses of

clouds to solid aerosol loading are presented and analyzed in Sect.
3, while the radiative responses of the clouds are presented in Sect.
4. Finally, conclusions will be presented in the last section, Sect.

5.

2. Model Description and Methodology

The work presented here on solid ice-nucleating aerosols is built
upon recent studies of the effects of solute aerosols presented
in Kudzotsa et al. (2016b,a). The cloud system resolving model
(CSRM) used here is the Weather Research and Forecasting
(WRF) model Version 3.6 with a unique aerosols and cloud
microphysics scheme coupled to it and its full validation was
presented in our previous paper (Kudzotsa et al. 2016a). Part of
the methodology and some sensitivity tests used here to assess the
solid aerosol indirect effects are similar to those used in another
paper by Kudzotsa et al. (2016b), therefore in this section, we
provide a brief description of the model and methodology to allow
a smooth flow of the ideas, however the reader is refereed to those
two earlier papers for a detailed description of the model, model

validation and sensitivity tests.

2.1.  Overview and Configuration

The aerosol-cloud microphysics scheme (Phillips et al. 2007,
2009; Kudzotsa 2013; Kudzotsa et al. 2016b) is a bin-emulating
bulk scheme with two-moment prognosis of sulphate aerosols,
cloud ice and cloud droplets, while a single moment approach
for rain, snow and graupel is implemented in order to reduce
computational power and time. Morrison et al. (2009) compared a
one- and a two-moment bulk microphysics schemes in the general
framework of the WRF model. This comparison was performed
for a two-dimensional squall line case and it was concluded
that; although, there was reduced precipitation evaporation, which
led to increased rain rate and surface precipitation in the two
moment scheme, the overall morphology of the of the storm
feature was similar between the two models. Although, such
discrepancies may arise from our quasi one-moment assumption
for the precipitating species, we however, treat these species
and their related processes using a bin-emulating approach,
which should then compensate for the drawbacks and reduce the

uncertainties associated with the one-moment representation.
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The CSRM encapsulates an interactive radiation scheme
from the geophysical fluid dynamics laboratory (GFDL)
(Freidenreich and Ramaswamy 1999). Turbulence in the model is
treated using the Medium Range Forecast (MRF) model Planetary
Boundary Layer (PBL) scheme (?). This scheme resolves the
vertical sub-grid scale fluxes caused by eddy transports and also

treats horizontal and vertical mixing of fluxes provided by the

suiface layer and the land surface schemes. The simple soil

¢

thermal diffusion (STD) scheme is used as the land-use model.

I

The model has non-hydrostatic and non-elastic fluid flow with
iodic boundary conditions. Because the cases we simulated
e were of deep convection, the model top was set at 20 km

altitude and the horizontal domain was 170 km. The vertical and

t1c

horizontal grid spacing were 500 m and 2 km, respectively. This
spatial grid spacing is ideal in terms of computational expense and
cecuracy for a CSRM that covers such a large spatial domain and

long duration simulations. The reliability and justification for this

Ar

model grid spacing is provided in the model validation section
bsect. 2.3). The integration time step was set at 10 seconds

h prognostic variables being written out every five minutes

d

analysis. Convection in the model is triggered by the random

C

rturbation at the beginning of the simulation to the moisture

L

d and maintained by tendencies of heat and moisture that

derived from large-scale forcing observed from a network of

P

ourly soundings from the cases studied (May et al. 2008).
wever, the random perturbation that initiates the convection
as a negligible impact on the model outputs due to the fact

t they are driven by large scale forcing. A two-dimensional

CC

figuration was chosen for this study in order to minimize

G

mputational expense since according to Tompkins (2000) and ?,
dimensional simulations are able to capture the key features

of convective systems.

2.2.  Microphysics

The aerosol scheme is interactive and comprises of a complement
of seven different aerosol types. The aerosol types are classified
into two main categories - the soluble and the solid aerosol groups.
The soluble aerosol group includes ammonium sulphate, sea-salt
and soluble organics, while the solid aerosol group comprises

of dust,Thlaakicarbenotental bp lomungghtiosllanghisiebogied] acrosols

as listed in Table 1, which shows the lognormal distribution
parameters assumed for the aerosol speicies. A ~-distribution is
assumed for cloud droplets and cloud ice in the model, while
other hydrometeor categories are described using an exponential
distribution.

The microphysics scheme predicts the supersaturation and
diffusional growth of all the five categories of hydro-meteors
being treated in the model using a linearized supersaturation
scheme of Phillips et al. (2007). All the aerosol types included in
this model can initiate cloud droplets, while only solid aerosols
can nucleate ice crystals. The primary activation of cloud droplets
by soluble aerosols takes place at the cloud base using the
Ming et al. (2006) scheme, while in-cloud activation is predicted
using the x-Kohler theory of Petters and Kreidenweis (2007). As
for the nucleation of cloud droplets by solid aerosols, the same
scheme of Petters and Kreidenweis (2007) is used for both cloud
base and in-cloud droplet nucleation.

With regard to ice nucleation, the aerosol-cloud model encap-
sulates a robust empirical parameterization scheme for heteroge-
neous ice nucleation developed by Phillips et al. (2008, 2013),
which treats all the four known modes of heterogeneous ice nucle-
ation (deposition, condensation, immersion and contact freez-
ing) (Diehl et al. 2001, 2002; Hoppel et al. 2002; Dymarska et al.
2006). The instant freezing of cloud droplets near -40 °C and
the ice multiplication by the Hallet-Mossop process are some of
the secondary sources of cloud ice currently being treated in the
model. The ascent-dependent fraction of droplets that evaporate
without freezing near -36 to -37 °C is resolved using a lookup
table created by Phillips et al. (2007). This preferential evapora-
tion of smaller droplets during homogeneous freezing is triggered
by larger droplets that freeze first and cause subsaturation and
was first modeled by Phillips et al. (2007) who found it causing
about an order-of-magnitude impact on domain-wide average ice
concentrations in systems of deep convection.

For the initiation of other hydrometeor species; the
autoconversion of cloud droplets to rain is predicted according
to Khairoutdinov and Kogan (2000), while the conversion from
ice to snow is parameterized following the modified version of
Ferrier (1994). The production of graupel from snow is riming

dependent and is predicted using Swann (1998). The growth of
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Aerosol group Number logip of Standard deviation Geometric mean, Rm; Solubility par-
of Modes  logig(oz) (pm) ameter

Sulphate (SO4) 2 0.30, 0.27; 0.049, 0.161 0.04, 0.08; 0.03, 0.18 -

Sea-Salt (SS) 2;3 0.30, 0.33; 0.05, 0.16,0.26  0.01, 0.50; 0.03, 0.18,4.4 -

Soluble Organics (SO) 2 0.30, 0.27; 0.049, 0.161 0.04, 0.08; 0.03, 0.18 -
Dust/Metallic (DM) 2 0.28,0.20 0.8,3.0 0.15

Black Carbon (BC) 1 0.20 0.2 0.80

Insoluble Organics (O) 1 0.20 0.2 0.80
Biological Aerosols (BIO) 2 0.40, 0.60 0.17,0.47 0.80

Table 1. Aerosol properties; the comma separates the modes, where different aerosol specifications were applied for mid-latitude continental and tropical
maritime cases, a semicolon is used with the former representing CLASIC and the latter representing TWPICE.

particles by coagulation, riming, aggregation and sedimentation

le

re resolved by explicit integration of the continuous collection

C

ation. This is done by creating temporary grids with 33

s in this case upon which the respective bulk concentrations

t1

the interacting species are decomposed according to their
assumed statical distributions. After the treatment of the targeted
process is completed in this bin-emulating approach, the new bulk
concentrations of the species are reassembled by summing up the

igcretized concentrations in each bin. The full details are given

Ar

in Kudzotsa (2013). This bin-emulating approach allows a bulk
rophysics model to represent microphysics processes more

listically without much computational expense associated with

@1 sectional microphysics models (Saleeby et al. 2016).

d

Cases Simulated and Model Validation

wo campaigns of relatively deep convection were chosen for
@S study: one is a tropical maritime case and the other is
mid-latitude continental case. In addition to their different
ographical locations, the cases had very different aerosol
ldadings and chemistry. They provide an ideal platform for
assessing the effects of solid aerosols on clouds since they
exhibited typical convection that could occur over any land and
ocean and they represent the general response over these two

different surface conditions and latitudes.

The first case was the Cloud and LAnd-Surface Interaction
Campaign (CLASIC) (Miller 2007), which was a 3 week long
continental case of deep convection. It was carried out from the
10" to the 30t" of June in 2007 over the research facility of
the U.S Department of Energy (DOE) called the Atmospheric
Radiation Measurement-Climate Research Facility - Southern

Great Prhinsrid&RiMVpdladtod Gsheopytiphs Al fhkaheseraedU.S (lat =

36.61° and lon = 97.49°). The second case was the Tropical Warm
Pool International Cloud Experiment (TWPICE) of May et al.
(2008), which was a 3.5 week-long maritime case of deep
convection. The TWPICE campaign stretched from the 177 of
January to the 12th of February in 2006 over Darwin, north-west
Australia (lat = -12.425° and lon = 130.891°). In addition to the
references given above about these campaigns, a more detailed
description was also given in Kudzotsa (2013); Kudzotsa et al.
(2016a). The large scale forcing and other related data for both
TWPICE and CLASIC are freely available to the public and
are downloadable from the Atmospheric Radiation Measurement

(ARM) Program website (https://www.arm.gov).

In order to contrast the thermodynamic environments of the
simulated cases, Fig. 1 shows the mixed-phase depths for both
the TWPICE and the CLASIC cases. The mixed-phase depth
is defined by the altitudes corresponding to the homogeneous
freezing level isotherm (-40 °C) and the °C isotherm. Although
the mixed-phase depth of approximately 6 Km is roughly equal
between the two cases, TWPICE is seen to have higher 0 °C
and -40 °C than the CLASIC case. In addition, the TWIPICE
case maintained a somewhat constant altitude for the two
isothermal levels throughout the simulation period, whereas, for
the CLASIC case, the altitudes for the isotherms were fluctuating
with time. These tow thermodynamic environments cannot be
directly contrasted mainly because of their different latitudinal
and geographical locations in addition to the different seasons and
years the campaigns were conducted. Although the two campaigns
were both summer campaigns, it is expected for TWPICE to have
a deeper higher freezing and homogeneous freezing level because
in addition to being closer to the equator than CLASIC, February

is characterized by warmest sea surface temperatures (SSTs) in
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rt1

the southern hemisphere, which normally triggers the southern
hemisphere cyclone season.
he simulations of both cases (TWPICE, CLASIC) were

ialized with coincident observations of aerosol composition,

A

size and number concentrations in addition to the standard

rmodynamic soundings. The large scale forcings of tempera-

d

e, pressure, wind and moisture derived from the three hourly

s@undings taken during the campaigns were used to force the

¢

odel. The CLASIC and TWPICE cases were run for 3 and

f

3.5 weeks, respectively. In the model validation, the predicted

»plet and ice number concentrations were compared with in-

itu coincident aircraft measurements (Miller 2007; Allen et al.

8; May et al. 2008) and they fell satisfactorily within one

¢

ndard deviation from observed average values as shown in

C

dzotsa et al. (2016b).

he vertical grid spacing used in this study (see Sect. 2.1)

¢

1s,at least an order of magnitude finer than the depth of the
deep convection that was simulated. Exactly the same spatial

rid spacing of the aerosol-cloud model was used in the past by

A

Phillips et al. (2007, 2009), who comprehensively validated the
2-dimensional simulations of several cases of deep convection
against aircraft, satellite and ground-based measurements for
quantities including vertical velocity histograms, cloud-droplet
concentrations, ice concentrations, cloud cover and surface
precipitation. Also, the peak supersaturation close to cloud-base
(typically about 10 meters above it) is parameterized with a

dedicatdhislatididbayeradreoplebpctivatign sl eighes(Mbimgedt al. 2006)

and is not resolved, so there is no need for a fine vertical grid
spacing to represent it. Our recent paper (Phillips et al. 2017) also
validated a simulation of a mesoscale convective line over the US
High Plains against observations of many quantities such as those
mentioned above and the agreement was just as good with our 0.5
km vertical grid spacing of aerosol-cloud model as with Hebrew
University Cloud Model (HUCM) (Khain et al. 2001) that uses a

finer vertical grid spacing of 0.2 km.

2.4.  Methodology for Analysis of Solid Aerosol Indirect Effects

As mentioned above in Sect. 2.2, the aerosol-cloud model
comprises seven aerosol types, some of which are soluble and
some being insoluble, all of which are able to activate cloud
droplets. Only solid aerosols can act as ice nuclei (IN) to initiate

cloud ice.

Therefore, in order to isolate the effect of solid aerosols on
clouds, a couple of sensitivity tests were performed in which
only the number and mass concentrations of solid aerosols were
altered by changing their present-day values to their pre-industrial
estimates using the percentage changes given in Table 2. These
percentage changes were adapted from a modeling study of the
global aerosol distributions performed by Takemura (2012). The
simulation with present-day (i.e. 2010) aerosol concentration
was designated as the control run and is denoted PD-CTRL,
while the simulation in which the solid aerosol burden was
altered to pre-industrial levels (i.e. 1850) was designated as pre-
industrial simulation and is denoted PRE-IND. Both the present
and the pre-industrial simulations were initialized and forced
using the present-day soundings and large-scale meteorological
forcing. Three key sensitivity tests were used here to isolate solid
aerosol indirects on all clouds and on targeted cloud phases.
Before the sensitivity tests were conducted, two identical CLASIC
simulations were performed to show that differences in the model
outputs due to random perturbations of the moisture field or any
other processes were negligible. Below, a brief description of
these tests is provided and the reader is referred to Kudzotsa
(2013) and Kudzotsa et al. (2016a) for the full description of the

sensitivity tests.
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Solid Aerosol material Percentage Increase (%)

Dust/Metallic (DM) 89

Black carbon (Soot) (BC) 28

Non-Biological Organic (O) 67

Biological Aerosol (B1O) 67
Table 2. Fractional changes of solid aerosol scenarios from pre-industrial
(1850) to present-day (2000) for number and mass distributions (inferred
from a global modelling study of the distribution of aerosols aerosol from
pre-industrial to present-day scenarios Takemura (2012)).

1. Test A: The Total Aerosol Indirect Effects

C

Test A was designed to estimate the effective total indirect

l

ect, Fopy due to solid aerosols by differencing the top of the

osphere (TOA) radiative fluxes of the PD-CTRL and the PRE-

C

simulations (i.e. TOApp _crrr - TOAprEg _rNp)- This

1

ctive total indirect effect is assumed to be a simple arithmetic

t

summation of the albedo and the lifetime indirect effects.

I

Although, there may exist some feedbacks and compensatory
responses between the lifetime and albedo indirect effects

hmann and Feichter (2005), this assumption provides a general

A

indication of the magnitudes and directions of the responses.

2. Test B: Albedo and Lifetime Aerosol Indirect Effects

d

albedo-emissivity was estimated from this test by using two

C

11s to the radiation scheme in both the PD-CTRL and the PRE-

L

IND simulations. The difference between the two calls is that

he first call, the radiation scheme is allowed to fully couple

1%

ith clouds by directly using droplet information being predicted
i)y the simulation to calculate the radiative fluxes of clouds.

ese TOA radiative fluxes can be denoted, TOAlppcoTRL

CC

d TOAlprE_1ND, respectively. In the second call to the
radiation scheme, which is for diagnostic purposes only, the
ragdiation scheme uses information on droplet sizes provided by
odkup tables and is non-interacting with the cloud microphysics.

ese TOA radiative fluxes can be denoted, TOA2ppcrT R and

AgC

TOA2prE_1ND-, respectively. The cloud droplet sizes in the
look-up tables are temperature and vertical velocity dependent and
were created offline using the present-day control simulation.
Subtracting the top of the atmosphere (TOA) radiative fluxes
calculated from the first calls of the radiation scheme (i.e.
TOAlpporrr - TOAlprrE_1ND), gives the effective total
aerosol indirect effect, equal to F, ;¢ obtained in Test A. On the

other hattds dififéednproedled byprofyttighatvib sigherectditrd) radiative

fluxes calculated from the second calls of the radiation scheme
(i.e TOA2ppceTRL - TOA2pRE_ND), gives a hypothetical
aerosol indirect effect, Fj,y,,, which is equal to F,fr but without
cloud sizes responding to acrosol changes. By subtracting Fp,,,,
from Fr, the cloud albedo-emissivity effect, Fiyjpeqo 1S obtained.
As explained in Test A, Foyy is assumed to be an arithmetic
summation of the albedo and the lifetime indirect effects, the
lifetime indirect effect, Fi;fetime is finally estimated from the
difference between Fi ¢y and Fipeqo -

This technique can be applied to any targeted cloud type in
order to estimate their respective contributions to the albedo or
lifetime indirect effects. For instance, if the droplet or crystal sizes
are selectively fixed only in mixed-phase or ice-only clouds then
the albedo-emissivity and the lifetime indirect effects of mixed-

phase or ice-only clouds can be respectively estimated.

2.4.3. Test C: Isolating Lifetime Indirect Effects for Glaciated

Clouds

Test C was designed to separate the aerosol indirect effects of
different cloud types such as water-only, mixed-phase or ice-
only clouds. This can be achieved by fixing either the number
concentrations or the sizes of cloud particles in a targeted
cloud type, e.g. in liquid-only or in ice-only clouds. The fixing
was done by using look-up tables of those cloud sizes in all
microphysical processes dependent on cloud sizes in order to
eliminate their sensitivity to aerosol changes. These vertical
velocity and temperature dependent look-up tables were the same
look-tables used in Test B.

Therefore, in order to isolate the lifetime indirect effects of
water-only clouds, look-up tables are used in the auto-conversion,
collision-coalescence, sedimentation and the radiation processes
only for water-only clouds in both PD-CTRL and PRE-IND runs.
By differencing the TOA radiative fluxes from the present-day
and pre-industrial simulations, a hypothetical total indirect effect
without the lifetime indirect effect of water-only clouds will be
estimated. From this test, the lifetime indirect effect of water-
only clouds is estimated and by subtracting this hypothetical
indirect effect from the lifetime indirect effect derived from Test
B. Finally, the glaciated cloud lifetime indirect effect is obtained

by subtracting the water-only lifetime indirect effect from the total
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C

etime indirect effect, F;tetime obtained in Test B. Again, the

f,

reader is referred to Kudzotsa (2013) and Kudzotsa et al. (2016a)

further reading on these tests.

P

Results for Response of Microphysical and Dynamical

C

roperties to Increased Solid Aerosols

C

order to examine how the simulated clouds respond to

cllanges in solid aerosol loadings, a number of microphysical

¢

and dynamical quantities representative of cloud characteristics
ar¢ presented in this section for the cases simulated. Some of

se quantities are plotted as spatial and temporal bulk averages

A

representing the whole system of simulated clouds, while the
other quantities are plotted as intrinsic averages. Intrinsic averages
are evaluated by conditional averaging depending on the quantity
being analysed, whether it is over cloudy regions, in which case,
the condition would be cloud mixing ratios greater than 0.001
gkg ! or over deep convective or stratiform clouds, in which case
a threshold of updraft speeds greater than 1 ms™* or less than 1

ms ! afthispplictd ifrisched dyoddpgpiphicd loidhs repetraft speeds of

deep convective clouds is equal to what was previously used by
other researchers, for example by Sheffield et al. (2015), although
it was much slower than what was predicted by Saleeby et al.
(2016) and Fanetal. (2010), who applied updraft speeds of

greater than 3 and 7 ms '

, respectively. This is because they
respectively simulated isolated DCCs and a single life cycle
mesoscale convective system. Most of the plots feature two

curves, the solid curve representing the PD-CTRL simulation

while the dashed curve represents the PRE-IND simulation.

3.1.  Cloud Droplets

Droplet properties such as the number concentration and the mean
size are important for both the microphysics and the dynamics
of clouds and they also dictate the radiative characteristics
of clouds both in the short and longwave radiation bands
(Twomey 1974, 1977). Figs. 2a and 2b, show the intrinsic
mean number concentration of cloud droplets averaged over
deep convective clouds for CLASIC and TWPICE, respectively.

The maximum peak in droplet concentration seen close to the
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Figure 3. The ice number budget from the simulation of CLASIC, DF = droplets
en homogeneously, AF = aerosols frozen homogeneously, HM = H-M splinters,
= total ice from heterogeneous nucleation, (DT, ST, BI) ice from heterogeneous
leation of dust, soot and biological organics respectively.

t1<‘1

c ud base, particularly in CLASIC corresponds to the maximum
ersaturations characteristic of cloud bases (Rogers and Yau
1991) and the behavior above the cloud bases depends on other

processes such as in-cloud droplet activation and precipitation

ation or growth.
he cloud droplet concentration was marginally insensitive to

1ncreases in both cases, although a weak bias towards an
rease in present-day droplet concentration was noted in sub-
0 temperatures for the CLASIC case. This insensitivity was
ibuted primarily to the fact that the fractional contribution

ropogenic solid aerosol to the total present-day aerosol

dmg was relatively small in both cases. Secondly, although
1d aerosols are able to activate cloud droplets in the model

< )mg to their internal mixing with soluble components, their
N activity is still relatively low in comparison to that of
G te aerosols. Consequently, the droplet sizes remained largely
hanged in both cases, although a slight reduction in the mean

droplet sizes of about 1 pm (plots not shown) was predicted at the

corresponding heights where the increase in droplet numbers was

predicted in CLASIC.

3.2. Cloud Ice

One of the hypotheses that we evaluated in this experiment
was whether solid aerosols reduce the overall number of ice
particles aloft by suppressing the homogeneous freezing of cloud

droplet&hibhrsicie ppmessioal by dopyodiesidediglos oeeavebecause of

the glaciation indirect effect, a process by which extra solid
aerosol material nucleates more ice phase that enhance ice-
phase precipitation via the ice crystal process, accreting more
cloud-droplets so that fewer droplets freeze homogeneously as
was found in Connolly et al. (2006). However, Fan et al. (2010)
found this to be strongly depended on humidity levels, especially
in polluted clouds; at higher humidities the effect was more

pronounced.

Although this was not distinctly pronounced, there was
however a very weak evidence of this occurring in CLASIC (Fig.
2c), where a slight reduction in ice number concentrations, N; at
the very top of the cloud was predicted. Contrary to the marginally
insensitive ice in CLASIC, there was a marked increase in
ice concentrations above the homogeneous freezing level in the
maritime case (Fig. 2d). In addition, a striking feature is shown
Fig. 4d where the upward shift of cloud tops is shown in the
present-day. This is attributed to the corresponding strengthening
of updrafts in the upper troposphere (Figs. 5d and 5e). Although
Fan et al. (2010) did not directly comment on the response of
cloud-top heights to more IN, they reported an increase is upper
tropospheric water vapour, which we attribute to this upward shift
in cloud top height predicted in this same maritime case that
they also simulated, although for an isolated DCC. Ekman et al.
(2007) also showed a similar response with increase in IN loading.
As for the mean sizes, there were no significant changes to the
mean sizes of ice in CLASIC, although in TWPICE, there was
a corresponding substantial reduction in upper tropospheric ice

sizes.

Fig. 3 presents the spatial and temporal averages of ice sources
in the CLASIC case, the ice number budget shows homogeneous
droplet and solute aerosol freezing dominating other ice sources.
This explains why there is a peak in N; above the -40 °C
altitude - the homogeneous freezing level. This is also consistent
with the findings of Ekman et al. (2007) for an isolated mid-
latitude continental cumulonimbus cloud. As for the Hallet-
Mossop splinters, a slight reduction in H-M splinters is shown in
the present-day. While there was generally a monotonic increase
in heterogeneous ice nucleation resulting from increased IN, the
concentrations of heterogeneously nucleated ice are about two

orders of magnitude lower than those from homogeneous freezing,
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Eigure 4. Intrinsic spatial and temporal averages of (a) ice (b) snow and (c) graupel mixing ratios conditionally averaged over deep convective clouds. The upper panel is

the CLASIC case while the lower panel is for the TWPICE case.

as a result, the changes in ice concentrations are small. The ice

ber budget for the maritime cases exhibited similar features.

3.3.  Water Contents and Precipitation Production

Fig. 4a shows the profiles of intrinsic ice water mixing ratios
averaged over deep convective clouds in CLASIC. A peak in the
profile of ice mixing ratios reminiscent of homogeneous droplet
and aerosol freezing is evident close to the -40 °C level in both

the PDIBERitictand fitate RRIB DOpysghtuldlicgkts vebateedhe second

minor peak at near the -60 °C level, which is more prominent in
the PRE-IND simulation is characteristic of cumulonimbus anvils.
A weak trend reversal in the manner in which ice water content
(IWC) responded to IN loading is exhibited in the CLASIC case;
a significant loss of ice with IN loading is predicted aloft, while a
significant increase of IWC is predicted below the homogeneous
freezing level. The important conclusion to derive from this figure
is that increased IN in this continental case actually diminishes

anvil ice content. This was followed by a monotonic decrease in
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or the CLASIC case while the lower panel is for the TWPICE case.

both present-day snow and graupel mixing ratios (Figs. 4b and

The classical glaciation effect enhances ice precipitation as in
Connolly et al. (2006). Although there was no specific reference
to snow or graupel production in Fan et al. (2010), they reported
drying in clear air due to extensive condensation/deposition with
increasing IN loading, which implies either more precipitation
or merely more cloud or ice content. This was however not the

case heThisindictedsattoibeitd thisopgdpltian tighpreeigpitadion to the

weakening of updrafts in deep convection convection that we

predicted (Figs. 5a).

On the other hand, IWC in TWPICE was marginally insensitive
to changes in IN loading, especially below the -60 °C level,
although there was a distinct upward shift of the anvil tops clearly
exhibited in Fig 4d. This agreed with the patterns predicted for
updraft velocities in which the vertical velocities were enhanced
in both stratiform and deep convective clouds, especially in

the upper-troposphere (see the following section). Both the
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unconditional and conditional averages of snow mixing ratios
exhibited huge increases in the present day (Fig. 4e) in direct
contrast to the mid-latitude continental case where all forms
of precipitation were suppressed. This increase in snow mixing
ratios was widespread in both cloud types; although the dominant
increase was noted in ice-only clouds as opposed to the mixed-
phase clouds.

he dominant mechanism by which increased snow mixing

C

ratios were predicted in the solid aerosol pollution scenario was

L

the enhancement of the upper tropospheric number concentrations

ce (Fig. 2d), which also caused substantial warming and strong

¢

er-tropospheric ascent velocities that triggered the upward

l

shift of cloud tops. The upward shifting of the cloud tops also

{

played an important role in the proliferation of snow by deepening
the depth of the cloud within which ice crystals could interact and
grow to form snow. On the other hand, the mixing ratios of graupel

Fig. 4f) and rain (plot not shown) were hardly changed mainly

Ar

due to their dependence on the mean diameters of hydrometeors,

ich remained largely insensitive to solid aerosol pollution.

d

. Response of Cloud Dynamics to Increased Solid Aerosols

C.

s. 5a and 5b show how the glaciation effect affected the

L

dynamics of clouds in CLASIC. Updrafts in deep convective

uds, were significantly diminished by as much as 25 %,

12

specially in the present-day upper troposphere, while the effect

N loading on the intensity of updrafts in stratiform clouds was

C

t substantial, although there is a slight weakening between the

G

C and the -20 °C levels and a monotonically weak increase

above that altitude. Fig. 5c shows the spatially and temporally

C

averaged vertical profile of the temperature bias resulting from
inéreasing IN loading. The profile shows a less than 0.1 °C

ing below the homogeneous freezing level. Although this

A

slight warming does not directly explain the general weakening
of updrafts predicted over the same range of temperature levels,
we attribute the strong upper-tropospheric cooling to the strong
reduction in updraft strengths in deep convective clouds. Although
this weakening of updrafts is in tandem with many other previous
studies such as Fanetal. (2010); Storer and van den Heever
(2013) who attributed it to condensate loading, there is no

evidencEhisfirticledepsatetddbdiapytiphthisll cightinesdalecase since

ice and all other forms of solid precipitation where depleted
by IN loading. These results and theirs can however not be
compared directly since in Storer and van den Heever (2013)’s
case for example, they only varied the CCN and not the IN
loadings and also Fan et al. (2010)’s case was a maritime one.

On the other hand, with increased solid aerosol loading,
the strength of updrafts increased significantly in the upper
troposphere of both stratiform and deep convective clouds in
the maritime case (Figs. 5d and 5e). The altitudes within
which this strengthening of vertical velocities was exhibited
correspond with the altitudes where more ice (Fig. 2d) and
more snow (Fig. 4e) were also predicted. This was caused by
latent heating released by extra ice and snow during vapour
condensational/depositional growth, which is evidenced by the
upper tropospheric warming exhibited in Fig. 5f. As a result of
the strengthened updrafts, cloud-tops were shifted upwards in the
present-present-day. Stronger updrafts have higher momentum to
overshoot cloud-tops and detrain moisture and ice in the upper
troposphere, which is in keeping with Fan et al. (2010) who found
moistening of the upper troposphere when CCN and IN loadings
were simultaneously increased. However, the mean velocities of
deep convective updrafts below the homogeneous freezing level
weakened significantly with IN loading. This corresponded also
with a cooling within the same altitude range and since snow
production proliferated in the present day, condensate loading
may have compounded the weakening of updrafts in the middle
troposphere. There was however no sensitivity shown by vertical

velocities in the middle tropospheric stratiform clouds.

3.5. Cloud Cover

Generally, the overall horizontal cloud cover averaged over the
whole domain increased by about 2 % due to IN pollution in
CLASIC; although, different phases of clouds increased with
different magnitudes of cloud fractions (Fig. 6a). Mixed-phase
clouds exhibited the largest increase in horizontal cloud cover. The
main driver of this overall increase in the total cloud fraction was
the suppression of precipitation, especially of snow and graupel,
which leeds to prolonged cloud lifetimes. The volumetric cloud
fraction, Fig. 6¢, shows the change in cloudy grid-boxes when the

loading of solid aerosols was increased. The values of the change
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C

volumetric cloud fraction are very small because the total
number of grid boxes in the 2-D domain is over 4000 and all these

written out every 5 minutes for three weeks, hence, a fraction

19

changé in the number of cloudy grid boxes appears small, but it is

¢

aningful. The volumetric cloud fraction also exhibited similar
nds of increasing cloud cover in the present day. It is noteworthy
at the volumetric cloud fraction of ice-only clouds showed a

significant weakening in the present-day simulation relative to the

CC

preindustrial solid-aerosol run. This decrease is mainly attributed
o'the predicted decrease in upper tropospheric ice water content
IWC) 4a. This finding of an increase in horizontal cloud fractions
exhibited by all clouds in this mid-latitude continental case is
contrary to the widely accepted understanding that, the glaciation
indirect effect favours the ice crystal process, which in principle,
should diminish the liquid-phase components of the clouds and
increase precipitation via the ice-phase.

Overall, there was a net reduction in cloud cover due to
solid aerosol pollution in TWPICE (Fig. 6¢). The mixed-phase
clouds Tasoadiede ihprotergekbydepseasie. AlThtighis risewertrast with

e lower panel is for the TWPICE case. The volumetric cloud fraction represents the number of cloudy grid-boxes.

the continental case where an increase in solid aerosol number
concentration resulted in an increase in the cloud fraction. The
main cause for this reduction in cloud cover is the predicted
increase in snow production (Fig. 4e). Precipitation production
via the ice-phase is more efficient than via the warm phase; hence,
the cloud lifetime diminishes quickly under such a scenario. The
volumetric cloud fraction was also severely depleted indicating
that the number of cloudy grid-points was reduced in the present
day simulation. Overall, a net reduction of about 2% in cloud

fraction was caused by increased solid aerosol pollution.

3.6.  Response of Cloud Optical Properties to Increased Solid

Aerosols

The intrinsic and domain-wide changes in the optical thicknesses
(7;) between the pre-industrial and the present-day scenarios
shown in Figs. 7a and 7b, respectively for the CLASIC case
show very small changes overall. In the present day however, the

intrinsic optical thickness of all clouds showed a slight reduction.
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d Article
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hile there was no significant change evident in the 7; of ice-

e

only and mixed phase clouds, there was however a slight increase

7; for the liquid-only clouds. This reduction in the present-
day intrinsic optical thickness of all clouds is reminiscent of the

uction in the upper-tropospheric ice water content (4a). As for

C

unconditional averages, the overall optical thicknesses of all

C

uds was higher in the present-day run, mainly because both the

h@rizontal and volumetric cloud fractions increased with increased

C

solid aerosols. In other words, clouds became more extensive but
optically thinner due to solid aerosol pollution.

On the other hand, in TWPICE, despite the significant increases

A

in snow production when solid aerosol loading was increased,
the overall intrinsic optical thickness of all clouds was hardly
sensitive, although a very weak increase was seen. Ice-only clouds
showed a slight increase, while the mixed-phase phase and water-
only clouds exhibited a reduction in present day 7;, with water-
only clouds showing the largest drop. Considering that more
snow was produced in ice-only clouds and the IWC was actually

depletedtis helprisyantediayt hyppanytigiposjfiheghts theeervdils increase

of the optical thickness in ice-only clouds can only be attributed
to a predicted present-day increase in the depth of clouds and not
to the intensification of the water contents. Other types of clouds
became slightly optically thinner largely because of the depletion
of the volumetric cloud fractions caused by the increase in snow.
The unconditionally averaged optical thicknesses of the clouds
were decreased in the present-day simulation mainly because the

horizontal cloud fractions decreased in the present-day (Fig. 7d).

4. Results for Response of Cloud Radiative Properties to

Increased Solid Aerosols
4.1. Responses from the Continental Case (CLASIC)

Of the -1.96 Wm 2 radiative forcing from all clouds, the
contribution from water-only clouds, -1.22 4+ 0.18 Wm™2, was
higher than the contribution from glaciated clouds, -0.74 £ 0.11
Wm™2, both were resolved from Test C. The indirect effect
of water-only clouds was stronger than that of ice-only clouds

despite the fact that Fig. 6a exhibits an increase in the coverage of
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1C

ciated clouds that is higher than that of the liquid-only clouds.

e increase in the glaciated cloud fraction being relatively higher

{

than that of liquid-only clouds. On the other hand, mixed-phase

I

clpuds exhibited a much higher change in cloud fractions, hence
it is not intuitive to derive a conclusion from this relationship

ween radiative flux changes and domain-wide changes in cloud

A

fractions. However, from Fig. 6b, it is shown that there was a slight

ative change in the volumetric cloud coverage of ice-only

d

uds. This weak response by ice-only volumetric cloud cover

eXplains the smaller contribution of glaciated clouds to the net

C

diative flux change of all clouds relative to water-only clouds.

f;

is is also corroborated by Fig. 7a, which shows that only liquid-
y clouds had the intrinsic optical thickness that increased in

the présent-day, while for the domain-wide optical thickness (Fig.

ep

, only mixed-phase clouds exhibited a significant increase in

e optical thickness.

C

From Fig. 8, it is shown that the net glaciated clouds lifetime

indirect effect (GCL-AIE), estimated using the Test C is actually

¢

positive, i.e. 0.41 £ 0.06 Wm 2 signifying a warming effect on
the climate system. This is despite the net increase in the domain-

ide average of the cloud fraction of ice-only and mixed-phase
clouds from solid aerosol pollution. This positive radiative forcing
is attributed to the reduction in the intrinsic optical thicknesses
of ice-only clouds. The limited drop in the volumetric cloud
cover of ice-only clouds also indicates that they became optically
thinner in the present-day, making them reflect back to space
less incoming shortwave radiation, which explains also why the
component of the glaciated lifetime indirect effect from ice-only

clouds Whis sttiotegyppsitivd (48 right. 301 Wains ferebd. reduction

in the optical thickness of ice-only clouds was also corroborated
by the upper troposphere reduction in ice mixing ratios (Fig. 4a).
On the other hand, the component of the glaciated cloud lifetime
indirect effect from mixed-phase clouds is strongly negative (-4.44
+ 1.33 Wm~2) mainly because its optical thickness increased

with increasing solid aerosols.

Although there is no significant change in the mean sizes of
cloud particles shown, there was a weak bias towards smaller
sizes in the present-day and this might have had a bias towards
increasing the reflectance of cloud particles, hence, a net cooling
effect from the albedo-emissivity effect of -1.15 + 0.11 Wm ™2

was predicted using the Test B.

4.2.  Responses from the Maritime Case (TWPICE)

The classical glaciation effect, such as the one found by
Storelvmo et al. (2011) in their global modelling study of IN
effects on mixed-phase clouds was exhibited in this maritime
case (Fig. 9). A positive radiative forcing of about 1 Wm ™2
was predicted in the TWPICE case, implying a warming effect.
This positive forcing was primarily caused by the distinct
drop in cloud cover for both the domain-wide horizontal and
volumetric averages (Figs 6¢ and 6d, respectively) owing to a
strong increase in present-day snow production. The domain-
wide optical thickness, Fig. 7d, shows that present-day clouds
were generally optically thinner, hence they allow more solar
radiation into the atmosphere leading to this warming effect.
The primary cause for these two responses was the predicted
increase in snow production, which was more distinct in ice-
only clouds. As a result, the contributions to this warming effect
by the glaciation indirect effect were dominated by glaciated
clouds, which exhibited a strongly positive radiative forcing of
about 4.74 + 1.66 Wm™2, while the water-only clouds actually
had a negative radiative flux change at the TOA (-3.72 £ 1.3
Wm ™ 2). This is because water-only clouds were hardly sensitive
to the solid aerosol increase in their domain-wide cloud coverage
(Fig. 6¢), even their volumetric cloud fractions exhibited the least
change among all other cloud types. This is not surprising because
solid aerosols are not the dominant source of cloud droplets in the

model or in the atmosphere.
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Of the net glaciation effect of 4.74 + 1.66 Wm™? from the

1

ciated clouds, the largest contribution to this warming effect

t

was from ice-only clouds, which contributed a forcing of about
8.51 + 2.98 Wm 2. The mixed-phase clouds’ contribution to this
ofcing was actually a negative radiative forcing of about -3.77

+,1.3 Wm™ 2. This is because the largest notable increase in snow

Ax

mixing ratio was predicted in ice-only clouds, while no substantial

nges were simulated in mixed-phase clouds.

d

inally, because the mean sizes of cloud particles were largely

hanged for both cloud droplets and ice crystals due to the

C

crease in solid aerosols, the resultant albedo-emissivity indirect

t

ect was insignificant in all cloud types, implying that the warm-

ud albedo indirect effect signature in maritime clouds due to

P

erosol pollution is quite faint. This is mainly because, the

kground solid aerosol concentrations of marine clouds are

¢

latively low compared to their continental counterparts, and

C

o the change in the solid aerosol loading in this already clean

itime air caused by anthropogenic activities is very low when

G

mpared to the continental air. Hence, with good confidence,
can conclude that the glaciation effect is more distinct in

clean maritime clouds than in more polluted continental clouds,

A

while the warm-cloud albedo indirect effect is more pronounced

in continental clouds.

5. Conclusion

This investigation examined the microphysical and dynamical
mechanisms by which solid aerosols affect the radiative properties
of clouds. The simulations were conducted using a state-of-the-

art hybritlibinfioid ks peotsnddtipedpyrighephiy sights edsermedcoupled to

I. Kudzotsa

the Weather Research and Forecasting (WRF) model. The scheme
treats five species of hydrometeors, i.e. cloud, ice, rain, snow and
graupel (TWPICE). Two cases of deep convection were chosen
for this study, the first one was a continental mid-latide case
(CLASIC), while the other one was a tropical maritime case. The
main difference between the two cases was in their background
acrosol burdens, the continental case was highly polluted, while

the maritime case was quite pristine.

In the mid-latitude continental case (CLASIC), the key
microphysical and dynamical mechanisms identified were as
follows. Firstly, the increase in solid aerosols caused the
cloud droplet number concentrations to rise slightly, especially
in sub-zero temperatures owing to the internal mixing and
wettability assumed for solid aerosol which allows them to act
as extra CCN, while the ice crystal number concentrations were
essentially insensitive to aerosol changes mainly because primary
heterogeneous nucleation of ice crystals by solid aerosol is not
the dominant source of ice concentrations. However, there was
significant suppression of precipitation production in the present-
day attributed to a significant reduction in the strength of deep
convective updraft speeds. A corresponding reduction in present-
day upper tropospheric ice water contents was also predicted. The
weakening of updraft velocities in convective clouds by as much
as 25 % especially in the upper troposphere was attributed mainly
to the predicted strong present-day upper-tropospheric cooling
and partly to condensate loading in the middle troposphere.
Consequently, weaker updrafts reduced upper tropospheric IWC
and suppressed precipitation production and anvil outflow while
causing increased cloud cover and prolonged cloud lifetime -
all of which increase the reflectance of the cloud. As such, the
simulations showed that solid aerosols had a net cooling effect

(-1.96 & 0.29 Wm™2) in the continental case (CLASIC).

As for the maritime case, the number concentration of cloud
droplets was hardly sensitive to increased solid aerosol due
to the low fractional contribution of solid aerosol to primary
cloud activation, but ice crystal number concentrations showed
a substantial increase particularly in the upper troposphere. This
increase was driven primarily by an increase in the homogeneous
freezing of cloud droplets facilitated by strong vertical velocities

predicted aloft and heterogeneous nucleation of ice by extra
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IN. The well pronounced strengthening of updrafts in the
upper-troposphere in both deep-convective and stratiform clouds
resulted from the latent heating caused the proliferation of ice
crystals. These strong updrafts also prompted a distinct upward
shift of cloud tops. The increase in ice crystal concentrations
promoted precipitation production especially of snow via the ice
phase process in regions of stratiform cloud formed by convective

oitflow, thereby depleting the cloud cover and optical thickness

¢

of, cloud particles. As a result of the depleted cloud cover and

1

optical thickness, greater radiative fluxes were transmitted through
atmosphere, thereby causing a net warming effect of 1 Wm ™2

this maritime case.

tic

n our previous study (Kudzotsa et al. 2016a), we investigated

how changes in solute aerosols affect the riming, aggregation
coalescence processes in clouds. We discovered that these
processes are weakened by more solute aerosols in such a way that

y cause a cooling effect on the climate. In this present study, the

d

e tests were conducted to investigate the role of solid aerosol

oh these processes. The effect of solid aerosols on these process

C

as insignificant. This was attributed to the fact that the increases

t

and the background amounts of solid aerosols were much lower

omparison to solute aerosols.

T

In conclusion, it has been noted that clouds responded
ferently, both microphysically and dynamically to increasing

solid aerosol loading between the continental and the maritime

CC

atmospheres. The glaciation indirect effect was more pronounced
1n'the maritime case, where a strong warming effect was predicted

n in the continental case where a cooling effect was noted.
Although, the thermodynamic environment has been shown to
also be different between the two cases (Fig. 1), this finding
is in tandem with other previous studies e.g., Andreae et al.
(2007) who discovered that for a given cloud type, with the
same thermodynamic environment, the aerosol indirect effects are
larger in cleaner clouds than in polluted clouds. In other words,
maritime clouds would be expected to be more sensitive to aerosol
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