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Sensitivity tests were performed on a mid-latitude continental case using a state-of-
the-art aerosol-cloud model to determine the salient mechanisms of aerosol indirect
effects (AIE) from solute aerosols. The simulations showed that increased solute aerosols
doubled cloud droplet number concentrations, and hence reduced cloud particle sizes
by about 20 % and consequently inhibited warm rain processes, thus, enhancing
chances of homogeneous freezing of cloud droplets and aerosols. Cloud fractions and
their optical thicknesses increased quite substantially with increasing solute aerosols.
Although liquid mixing ratios were boosted, there was however a substantial reduction
of ice mixing ratios in the upper troposphere owing to the increase in snow production
aloft. The predicted total aerosol indirect effect was equal to -9.46 + 1.4 Wm 2,
The AIEs of glaciated clouds (-6.33 + 0.95 Wm™2) were greater than those of
water-only clouds (-3.13 & 0.47 Wm~2) by a factor of two in this continental case.
The higher radiative importance of glaciated clouds compared to water-only clouds
emerged from their larger collective spatial extent and their existence above water-
only clouds. In addition to the traditional AIEs (glaciation, riming and thermodynamic),
sedimentation, aggregation and coalescence were new AIEs identified.
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1. Introduction

The industrial revolution and subsequent growth in manufacturing
output worldwide, has led to an increased background aerosol
concentration relative to pre-industrial times (Watson et al.
1990; Andreae et al. 2007; Takemura 2012). Although, the
upward trend of the global average of aerosol pollution continues
primarily due to growing economies in Asia, particularly China
and India (Streets et al. 2003; Ramanathan et al. 2007), most
of the developed countries have already reached their peak
in emitting anthropogenic aerosols (Takemura 2012). Pollution
due to biomass burning also continues to rise, particularly in
the southern hemisphere (Andreae and Merlet 2001; Takemura
2012). These anthropogenic changes in atmospheric aerosol
loading especially of sulphate and carbonaceous aerosols, have
substantially altered the chemistry and loading of the natural

aerosol field (Sun et al. 2004; Salma and Maenhaut 2006).

According to the Intergovernmental Panel on Climate Change
(IPCC) reports (Solomon et al. 2007; Boucher and Randall 2013),
aerosols are one of the major climate forcing agents; they do
so via two major pathways. Firstly, by the aerosol direct effect
whereby aerosols scatter and absorb shortwave radiation and also
absorb and re-emit longwave radiation in different directions,
thereby altering the radiation budget of the Earth (Charlson et al.
1992; Liao and Seinfeld 1998). The other pathway, which is
the subject of this work is when aerosols act first, as Cloud
Condensation Nuclei (CCN) or Ice Nuclei (IN). This implies
that their changes in chemical composition and number or mass
concentration may lead to modifications in clouds’ microphysical
and optical properties, thus, altering the Earth’s radiation budget
(Albrecht 1989). This second mechanism is referred to as the
aerosol indirect effect (AIE) (Charlson et al. 1992; Haywood and
Boucher 2000; Lohmann and Feichter 2005; O‘Donnell et al.
2011; Gettelman et al. 2012). There is also the semi-direct effect,
which is caused by absorbing aerosols (Lohmann and Feichter
2001; Johnson et al. 2004). These absorbing aerosols have a
heating effect in the atmosphere, which may subsequently cause
the evaporation of cloud particles (Johnson 2003; Hill and Dobbie

2008; Koch and Genio 2010).
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It is important to study the many and varied indirect influences
of aerosols on clouds, because clouds control the radiation budget
of the Earth (Hobbs 1993; Liou 2002; Lohmann and Feichter
2005; Solomon et al. 2007), yet how they will respond in future
to changes in aerosol chemistry and loading, remains conjectural,
and this potentially emerges as the greatest source of uncertainty
in climate prediction (Bony and Dufresne 2005; Baker and Peter
2008; Phillips et al. 2008; Fan et al. 2012; Boucher and Randall
2013). Initial work in this area shows that AIE are potentially
very important, particularly in offsetting the carbon dioxide (CO2)
induced global warming (Twomey 1974, 1977; Albrecht 1989;

Leaitch et al. 1992).

Although, several observational, modeling and laboratory
studies on aerosol-cloud interactions have been carried out in
the past, most of them have focused on warm clouds (Martin
et al. 1994; Cui et al. 2006; Hoeve et al. 2011; Costantino
and Br9on 2013). Consequently, little is known about aerosol
indirect effects of glaciated clouds (Gettelman et al. 2012). This
is because there are large uncertainties in the measurements and
knowledge of ice nucleating aerosols (Cziczo et al. 2004; DeMott
et al. 2011) and also in the mechanisms of ice nucleation at
different temperatures and humidity (Meyers et al. 1992; Phillips
et al. 2008; Eidhammer et al. 2009). Hence, this study proposes
to contribute to the knowledge of aerosol-cloud interactions
(aerosol indirect effects) on glaciated clouds by way of sensitivity
tests, using a state-of-the-art aerosol-cloud model (Phillips et al.
2007, 2008, 2009; Kudzotsa 2013; Kudzotsa et al. 2016) that
encapsulates a tested and robust heterogeneous ice nucleation
scheme of Phillips et al. (2008, 2013), which treats all the four
known modes of heterogeneous ice nucleation (Diehl et al. 2001,
2002; Hoppel et al. 2002; Dymarska et al. 2006). The details of
this model have been described in full in part I of this series of

papers (Kudzotsa et al. 2016).

The focus of this study was on investigating the diverse
mechanisms for aerosol indirect effects via glaciated clouds from
anthropogenic emissions of soluble aerosols. Here we outline
the overarching aims and objectives set out for this study and
describe their respective hypotheses that were being tested.
We explore on the meso-scale, the cloud microphysical and

dynamical mechanisms for glaciated-cloud indirect effects from
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anthropogenic soluble aerosols. In this study, the term glaciated-
cloud refers to clouds with any form of ice in them, either as
mixed phase or completely glaciated clouds. The hypothesis being
tested here is that, solute aerosols modify glaciated clouds via the
homogeneous freezing process of cloud droplets and of solute
aerosols. Also, reduced sedimentation rates produce a lifetime
effect, causing pollution by solute aerosols to modify cirrus clouds
more than solid aerosols, owing to the much higher numbers
of soluble aerosols relative to insoluble ones. We also explore
the riming effect, which is caused by the reduction of droplet
sizes due to an increase in the droplet number concentration
and the freezing-related thermodynamic or invigoration aerosol
indirect effect due to latent heat release during the freezing of
extra cloud droplets. The hypothesis being tested here is that,
the thermodynamic and the riming indirect effects from soluble
aerosols are significant, but do not dominate the total indirect

effect on all clouds (warm and cold).

The structure of this article is as follows. In Section 2, the
experiments conducted in this study to assess and quantify the
different types of aerosol indirect effects are described. The results
from the two cases simulated are given and analyzed in Section
3. Finally, conclusions and future work will be stated in the last

section, which is Section 5.

2. The Set-up of the Experiments

The approach for verifying or disproving these scientific
hypotheses in this meso-scale modeling study was to perform
sensitivity tests using the simulations of a case of deep convection
from the atmospheric and radiation measurement (ARM) site,
the mid-latitude continental case, the Cloud and LAnd-Surface
Interaction Campaign (CLASIC), which was carried out over the
Southern Great Planes (SGP) in Okhlahoma, U.S.A. during the
northern hemisphere summer of 2007 (Miller 2007) (lat = 36.61°
and lon = 97.49°). CLASIC was a three-weeks long continental
campaign studying deep convection, which was carried out from
the 10" to the 30" of June in 2007, which is the same duration
for which the simulations were conducted. The details of this
campaign are given in part I of this work (Kudzotsa et al. 2016).

The experiments were conducted as follows.

© 2015 Royal Meteorological Society

Soluble Aerosol material Adjustment Factor

Ammonium Sulphate (SO4) 0.19
Sea-Salt (SS) 1.
Soluble Organics (SO) 0.67

Table 1. Fractional changes of soluble aerosol scenarios from pre-
industrial (1850) to present-day (2000) number and mass distributions
(inferred from Takemura (2012)).

The control run for the simulated case was specified as
described in Kudzotsa et al. (2016), and was simulated using
present-day aerosol scenarios and thermodynamic conditions for
model forcing. In order to specify the pre-industrial aerosol
fields, the work of Takemura (2012) on the global distribution of
atmospheric aerosols from the pre-industrial era (1850) to future
projections (2100) (using global models) was used. An adjustment
factor for each particular aerosol group in the model (Table 1)
was inferred from Takemura (2012). Sulphate is the most affected
aerosol specie and increased by a factor of five from pre-industrial
times. All organics (soluble and insoluble species) have gone up
by approximately 50%, while the number and mass concentrations
of soot were boosted by a factor of over three. Dust and sea-
salt have the least changes among all the aerosol species. These
adjustment factors were used to estimate the corresponding pre-

industrial aerosol number and mass distributions.

There is however uncertainties with our assumptions of the
adjustment factors when estimating our preindustrial aerosol
scenarios, mainly because these are derived from model
simulations, which may not be perfect. Other researchers (e.g.
Morrison and Grabowski (2011); Fan et al. (2013)) have applied
a single arbitrary factor (e.g. 6 in the case of Fan et al. (2013))
to all aerosol species when estimating their pre-industrial aerosol
concentrations and this shows that there is no unique way of

prescribing the pre-industrial aerosol concentrations.

The changes in aerosol concentrations and chemistry between
the pre-industrial and the present-day simulations in this study
will induce an aerosol indirect effect only as the direct effect was
not activated in the GFDL radiation scheme used.
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2.1. Test A: The Total and Albedo-Emissivity Aerosol Indirect

Effects

2.1.1.  The total aerosol indirect effects

The principal objective here is to assess the role that
anthropogenic solute aerosols have played in modifying the
properties of all clouds from pre-industrial times to present-day,
by their initiation of cloud droplets via either condensation or
homogeneous freezing. This is done by conducting a pair of
model simulations — one for the present-day aerosol scenario
(PDCTRL, which is the control simulation), while the other
one is with a pre-industrial solute aerosol burden (PINSOL,
i.e., without anthropogenic solute aerosols). These simulations
are performed using present-day thermodynamic conditions for
the model forcing. This was designed to eliminate any radiative
forcings that would arise from changing the thermodynamic
forcing, hence, this flux change cannot be compared directly with
traditional radiative forcings that are not aerosol induced. The
difference in the net radiative fluxes at TOA (evaluated at the
model top, which is roughly at 20 km altitude) between the control
simulation, FppcTRL, and pre-industrial simulation, Fprnsor
becomes the total aerosol indirect effect or simply the net change
in the radiative fluxes at the TOA, Fyet, in Eqn 1. This is a
standard technique that has been applied by other researchers in
previous studies (e.g. Gettelman et al. (2012); Lohmann et al.
(2010); Haywood et al. (2009)) albeit in global studies of aerosol

indirect effects using GCM.

Fnet = Fpporrr — FrinsoL D

2.1.2.  The albedo-emissivity aerosol indirect effects of

glaciated clouds

The radiation scheme used herein is the GFDL radiation scheme
(Freidenreich and Ramaswamy 1999), and does not treat the direct
effect of aerosols. Cloud particle mean diameters and net radiative
fluxes are respectively the inputs and outputs to this scheme.
These mean sizes are required by the radiation scheme as inputs
to calculate the shortwave and longwave scattering properties of
clouds. Therefore, in order to determine the albedo-emissivity

aerosol indirect effect of a targeted cloud type, two model runs

© 2015 Royal Meteorological Society

are performed (PDCTRL and PINSOL), each with two calls to
the radiation scheme.

The first calls are the normal calls necessary for treating the
interaction between atmospheric radiation and the meteorology of
the simulation. The difference in the net radiative fluxes at TOA
between the control and the pre-industrial simulations determined
using the these first calls to the radiation scheme gives the total of

effective net radiative flux, Fpet = Fss as described above.

On the other hand, the second call to the radiation scheme
is made for diagnostic purposes only (i.e., it does not alter the
microphysics of the model). In the second call, the sensitivity of
clouds to changes in aerosols is eliminated by using temperature-
dependent look-up tables of the mean sizes of cloud droplets
and ice crystals instead of the predicted mean sizes. These look-
up tables are created from the control run (PDCTRL described
above), but they could equally be created also from the pr-
industrial run. The same look-up tables are used for both PDCTRL
and PINSOL runs. The difference in the net radiative fluxes
at TOA between the control and the pre-industrial simulations
determined using the these second calls to the radiation scheme
gives a hypothetical net radiative flux, Fj,,,. Finally, subtracting
Fhyp from Forr, gives us the estimate of the total albedo-
emissivity effect from clouds, F;;,.

In order to determine the total lifetime indirect effect from
clouds, Fy; ¢, the albedo-emissivity effect, I, is subtracted from
F . If this technique is applied to a targeted cloud type or group
by using their corresponding look-up tables, then their cloud

albedo-emissivity and cloud lifetime effects can be estimated.

2.1.3.  Albedo-emissivity of Ice-only and Mixed-Phase Clouds

A model grid point was defined as containing ice-only clouds
when at any given time-step, the mixing ratio of cloud droplets
was not greater than zero when that of cloud ice was greater than
zero. Mixed-phase clouds on the other hand were defined when
the mixing ratios of both cloud droplets and cloud ice were greater
than zero at the same time-step and grid-point. The same criterion

was used for the definition of water-only clouds.
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The albedo-emissivity effect of ice-only clouds is inferred by
fixing the mean sizes of ice crystal via the use of look-up tables
in completely glaciated clouds only. This is performed by using
the second call to the radiation scheme as described above. For
mixed-phase clouds, the mean sizes of ice crystals are fixed only
in mixed-phase clouds during the second call to the radiation
scheme. This analysis of the output was designed to investigate
the proportional contributions of the ice and liquid components of
mixed-phase clouds to the albedo emissivity effect of mixed-phase

clouds.

2.2.  Test B: Isolating Lifetime Indirect Effects for Glaciated

Clouds

In this test, indirect effects from aerosols on liquid-only clouds are
eliminated first. This is done by using look-up tables of droplet
numbers or, of droplet mean sizes to eliminate the sensitivity of
certain microphysical processes to changes in aerosol loading.
These microphysical processes are the auto-conversion, collision-
coalescence, sedimentation and the optical properties of clouds,
because in nature, all these processes depend on the mean
size of cloud particles. Therefore, by simultaneously fixing the
number concentrations or mean sizes of cloud-droplets in all these
processes, the response of the lifetime of water clouds to solute
aerosol pollution could be eliminated from the meteorology of the

simulation.

These look-up tables are temperature and vertical velocity
dependent, since our cloud droplet nucleation scheme is a function
of temperature and vertical velocity and are created from the
control simulation. The same look-up tables are used for both the
present-day (PDCTRL) and the pre-industrial (PINSOL) runs.

The difference in the net radiative fluxes at TOA between the
control and the pre-industrial simulations determined using look-
up tables to these microphysical processes gives a hypothetical
net radiative flux without the lifetime effects of water-only clouds,
Fhyp—1if—wat- Finally, subtracting this F},yp,_1; f —wat from Fey g
determined in Test A, gives us the estimate of the lifetime effect

from glaciated clouds.

© 2015 Royal Meteorological Society

2.2.1. Test B.1: Aerosol Indirect Effects of Ice-only Clouds

In order to isolate aerosol indirect effects on ice-only clouds
from the total indirect effects of glaciated clouds, the responses
of the aerosol dependent microphysical processes of ice-only
clouds are eliminated from the simulation to only allow responses
from aerosol dependent processes of mixed-phase and liquid-only
clouds to control the aerosol indirect effects of the simulation. In
this test, the mean sizes of ice crystals in ice-only clouds are fixed
again in both PDCTRL and PINSOL simulations by using look
up tables similar to those used above, but now only in aerosol
dependent microphysical processes of ice-only clouds, such as
auto-conversion of cloud ice to snow, aggregation of snow and
cloud ice, aggregation of graupel and cloud ice, sedimentation of
cloud ice and their radiative processes.

This eliminates the contribution of ice-only clouds to the total
indirect effect of aerosols from all clouds, hence, the difference
in the net radiative fluxes at TOA between the control and
the pre-industrial simulations determined using look-up tables
gives a hypothetical total aerosol indirect effect without the
ice-only clouds aerosol indirect effect, Fiyp—1if—wat—miz- If
this, Flyp—1if—wat—miz 1S subtracted from the total aerosol
indirect effect, Fy,¢¢, estimated in Test A, then the ice-only clouds

aerosol indirect effect is determined.

2.2.2.  Test B.2: Aerosol Indirect Effects of Ice in Mixed-phase

Clouds

Since we now have the aerosol indirect effects of glaciated clouds
from Test B and the ice-only clouds indirect effect from Test
B.1, then the mixed-phase clouds aerosol indirect effect can be
determined by subtracting the aerosol indirect effect of ice-only

clouds from that of glaciated clouds clouds.

2.3.  Test C: Investigating the Riming Indirect Effect

Here, we test the hypothesis that soluble anthropogenic aerosols
induce a riming effect by reducing the mean sizes of cloud
droplets and reducing the efficiency with which supercooled cloud

droplets are collected by solid hydrometeors. In order to evaluate

Prepared using qjrms4.cls



6 1. Kudzotsa

this phenomenon, the same look-up tables of the cloud droplet
sizes with dependencies on temperature and vertical velocity
are utilized to fix droplet sizes in the riming routines of the
microphysics scheme, for both the PDCTRL and the PINSOL
simulations.

What we get here after applying Eqn. 1 for these simulations
is a hypothetical TOA glaciated clouds flux change without the
riming effect, Fjyp_giqa—rim- By subtracting this hypothetical,
Fhyp—gla—rim from the actual glaciated clouds flux change in

Test B, we get the riming indirect effect.

2.4. Test D: Investigating the Freezing-Related Thermodynamic

Indirect Effect

The hypothesis being tested here is that, the thermodynamic,
riming and glaciation indirect effects from soluble and solid
aerosol are significant but do not dominate the total AIE on
all clouds. This is executed by repeating Test A, but with all
temperature adjustments that arise from the latent heating released
during all ice involving phase changes (e.g. freezing and melting)
being switched off.

By using Eqn. 1 for the two simulations we get a hypothetical
total aerosol indirect effect but without the thermodynamic
indirect effect, Fjyp—_pet—ther. Hence, if we subtract this
hypothetical indirect effect, Fjyp_nei—ther from the true
total cloud indirect effect, F},c;+ estimated from Test A, the

thermodynamic aerosol indirect effect is determined.

3. Results From the Mid-latitude Continental Case

(CLASIC)

3.1.  Response of Cloud Microphysical Properties to Increased

Solute Aerosols

Two model runs described in Test A were performed, here
we analyze the results in order to understand the underlying
mechanisms of aerosol indirect effects caused by changes of
solute aerosol scenarios from pre-industrial to present-day. In
most of the analysis plots presented in the following sections, two
curves are used; the red curve represents the present-day aerosol
conditions (PDCTRL), while the blue curve represents the pre-
industrial aerosol conditions (PINSOL), unless it is specified in

the text.

© 2015 Royal Meteorological Society

3.1.1.  Cloud Droplet Concentrations and their Mean Sizes

Figure la compares the droplet number concentration between
the pre-industrial and present-day simulations. These prognostic
variables are conditionally averaged over all cloudy regions and
the entire simulation period and in this analysis, a cloudy grid-box
was defined as a grid-box with either cloud ice or cloud liquid.
It is noticeable that the control run reported significantly more
cloud droplets than the corresponding pre-industrial continental
run by nearly a factor of two. This outcome shows the non-
linearity of the CCN activity of aerosols when compared to the net
aerosol perturbation that was applied, e.g. sulphate aerosols were
increased by approximately a factor of five from pre-industrial to

present-day.

One explanation for this doubling of the droplet number
concentration is the inability of other anthropogenic solute
aerosols to act as CCN under the prevailing meteorological
conditions, because the shape of the aerosol size distribution are
kept the same in both simulations. As a result, competition effects
are exacerbated when CCN concentrations are increased and more
CCN tend to lower the critical supersaturation for CCN activation.
Also, cloud droplets initiated at the cloud-base were higher in the
present-day, hence, supersaturations are decreased more quickly.
Thus, in-cloud nucleation of cloud droplets may subsequently be

less prolific.

It is the thermodynamical state of the atmosphere (which was
maintained the same in these two simulations) that determines
the water content of a cloud, not the aerosol loading. Therefore,
aerosol pollution triggered competition for available water vapor
by extra cloud particles, leading to their smaller mean sizes. This
reduction in cloud droplet mean sizes is reviewed in Fig. 1b, which
shows that droplets have become smaller (by about 4 microns
~ 20%) due to anthropogenic pollution. These current results
corroborate the findings of several previous observational and
modeling workers, for instance, Twomey (1974); Albrecht (1989);
Phillips et al. (2003) noted reductions of mean sizes of cloud
droplets with increasing aerosol number concentrations, such as
the anthropogenic increase of aerosol from preindustrial times to
present-day in our case. More recently, Pandithurai et al. (2009)

noted similar trends when they performed a series of local scale
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Figure 1. (a) Cloud droplet number concentrations (cm™2), (b) cloud droplet mean
diameter in pm, (c) ice Crystal number concentration (L™1) and (d) ice crystal
effective radius (um), all conditionally averaged over cloudy region (right)

observational campaigns, using surface-based remote sensing

systems during episodic events of increased CCN concentrations.

3.1.2.  Ice Crystal Concentrations and their Effective radii

The core hypothesis of this part of the investigation is
that anthropogenic solute aerosols modify ice clouds through
homogeneous freezing. This postulation is explainable through
Fig. 1c in which the ice crystal number concentrations per liter are
presented. There is a substantial increase of upper tropospheric ice
crystal concentrations above -40°C (the 9 km altitude) of almost a
factor of 2. This increase is evident despite that in the aerosol-
cloud model used in this study, solute aerosols are not treated
as primary sources of ice crystals in terms of heterogeneous
nucleation. This leaves homogeneous freezing responsible for the

increase of ice crystal concentrations aloft.

Apparently, no cloud droplets also exist beyond the -40°C
temperature level (Fig. 1a), which is the homogeneous freezing
level. This shows that the extra cloud droplets in the present-
day run contributed to the simulated extra ice crystals aloft when
they froze homogeneously. However, the fractional increase in ice
crystal concentrations is mild when compared to the fractional
increase in droplet number concentration (Figs. 1a and 1c). This
discrepancy in their fractional increases is due to the increase

in the number of droplets that evaporated during homogeneous

© 2015 Royal Meteorological Society
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Figure 2. The budget of ice number from the effect of solute aerosols for the
mid-latitude continental case (CLASIC). Meanings of abbreviations in (d) DF =
droplets frozen homogeneously, DE = droplets evaporating during homogeneous
freezing, AF = aerosols frozen homogeneous, (S1, SS, S2) droplets in 15" mode of
S04, sea-salt, 2™ mode of SO4 aerosols, respectively, that froze homogeneously.
HM = H-M splinters, WH = total crystals from Warm Heterogeneous nucleation
(Condensational, Depositional, and Immersion at temperatures > -30 °), (DT,
ST, BO, SO) crystals by Warm Heterogeneous nucleation of dust, soot, biological
organics and soluble organics, respectively. CH = total crystals from Cold
Heterogeneous nucleation (Condensational, Depositional, and Immersion at
temperatures < -30 °), (DT, ST, BO, SO) crystals by dry deposition from dust,
soot, and biological organics and soluble Organics, respectively. Finally, OI and
10 stand for total ice crystals from Outside-In and Inside-Out Contact freezing.

freezing as noted from the ice crystal number budget (Fig. 2, bars

DE).

Figure 2 shows the ice number budget of the various sources
of ice crystals treated in the model. The bar chart shows that
the droplet and aerosol freezing are the major sources of cloud
ice. And in terms of aerosols freezing, sulphate aerosols dominate
the sources because of their large number concentrations relative
to other aerosols in the atmosphere. As for heterogeneous ice
nucleation, dust dominates the sources followed by soot, while
biological aerosols nucleate very little ice. The treatment of
homogeneous freezing in the microphysics scheme follows the
treatment of the process by Phillips et al. (2007) in which,
homogeneous freezing of large cloud droplets ensues first,
allowing for evaporation of smaller cloud droplets and vapour

growth of new crystals depending on ice supersaturation.

A slight reduction of the effective sizes of ice crystals (of
about 5 microns ~ 15%) is noticeable in the upper troposphere
commencing from the level of homogeneous freezing (Fig. 1d).
The dominant mechanism for this reduction is the competition for
available water vapour by extra ice crystals from homogeneous
freezing. The second mechanism is the low deposition coefficient

(which is a measure of how efficiently excess vapor is taken up by
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Figure 3. Cloud mass-mixing ratios, (a) liquid-cloud mass mixing ratio
unconditionally averaged in all clouds and (b) ice-cloud mass mixing ratio
unconditionally averaged in all clouds for the CLASIC case.

growing ice particles) that characterizes some of the ice crystals,
hence, the amount of vapour transfer to the ice phase is reduced
(Gao et al. 2004). Also, faster sedimentation of larger ice crystals
due to the influence of gravity on larger particles compared to

smaller particles can explain why small sizes are predicted aloft.

The other finding emerging here is the increase of mean sizes
of ice crystals in the lower troposphere (typically, mixed-phase
clouds). This finding is interesting because it contradicts with the
generally accepted concept that pollution of a cloud by aerosols
should reduce the sizes of cloud droplets. The predicted increase
in the mean sizes of ice crystals can be explained by the Bergeron-
Findeisen process of ice crystals sedimenting from the anvil
outflow down to the mixed phase regions of the clouds where

supersaturations may be higher.

3.1.3.  Water Contents

The data from Figs. 3a and 3b highlight the mass mixing ratios
of clouds. The liquid and ice mixing ratios are less sensitive to
changes in aerosol loading especially in the lower troposphere.
In the mixed-phase region of clouds, both liquid and ice water
mass are however, significantly higher in the present-day than
in the pre-industrial era, while the ice mixing ratios of cirrus
clouds is lower in the present-day. The increase in both liquid
and ice water contents is dominantly linked to the increase in
mixed-phase cloudiness and a reduction in rain production (Fig.
4a), while, the reduction in ice water content is attributed to
the surge in the unconditionally averaged snow mass mixing
ratio aloft (Fig. 5c). Another discovery from the two figures

is the tendency of increasing sensitivity to changes in aerosol
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Figure 4. (a) Rain mass-mixing ratios in mixed-phase and (b) in liquid-only clouds,
unconditionally averaged over the whole domain and simulation period for the
CLASIC case.

loading with increasing height. This is explicable in terms of in-
cloud activation of droplets by small aerosols in deep convective
updrafts, which accelerate aloft. Continental air has many such
small aerosols that can activate aloft (warm rain process would

tend to cause a reduction of sensitivity with height).

3.1.4.  Precipitation from the Warm Rain and Ice-Crystal

Processes

In the aerosol-cloud model used here, warm rain is produced
mainly by auto-conversion and collision-coalescence processes.
These processes largely control the rain mass mixing ratio in
mixed-phase and water only clouds. Rain mass-mixing ratio is
a powerful parameter to diagnose the precipitation producing
efficiency of a cloud. A significant reduction in rain mixing ratio in
the present-day simulations is apparent especially in mixed-phase
clouds, because of the increase in the glaciation of clouds with
increasing aerosol concentrations (Figs. 4a and 4b).

Although the dominant mechanism for the suppressed rain
production in the present-day is the collision-coalescence process
which is less effective due to smaller sizes of cloud droplets (Fig.
1b). There are; however, other secondary mechanisms for this
reduction in rain mixing ratios. The first secondary mechanism
is the repartitioning of condensate from rain to snow, because
in the present-day, more ice crystal are being produced owing
to homogeneous freezing of cloud droplets and aerosols. Hence,
more snow is being produced leading to the depletion of the liquid
phase by the ice-phase (Fig. 5). This phenomenon due to changes
in atmospheric conditions that tend to favour the formation of
snow over rain as explained by Lohmann and Feichter (2005)
and also noted by Zeng et al. (2009). Another mechanism for this

finding is the proliferation of ice crystals aloft - ice crystals, snow
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pellets or graupel particles subside from anvil outflow, into mixed-
phase clouds, and exhaust the liquid mass, via the ’Bergeron-

Findeisen’ process.
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Figure 5. (a and b) Rain mass-mixing ratios, (¢ and d) Snow mass-mixing ratios
and (e and f) Graupel mass-mixing ratios. Figures on the left represent profiles of
conditional averages over cloudy regions, while those on the right represent profiles
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CLASIC case.

Precipitation production in the ice phase has increased in the
present-day via snow production aloft, although the intrinsic mass
mixing ratio of snow in all clouds was somehow insensitive
to increased aerosols (Fig. 5c), unconditional average of snow
mixing ratio over the whole simulation shows a significant
increase in snow production when solute aerosol concentrations
were raised (Fig. 5d). These contrasting responses suggest
that, intrinsically, the average snow production by clouds was
unchanged, although the snow-producing clouds became more
extensive. This discovery is supported by the cloud fraction
statistics shown (Sect. 3.3). This increase in domain-wide snow
production is responsible for the reduction in ice mixing ratio
aloft. The average graupel production by clouds diminished in the
present-day (Fig. 5e), primarily because of small cloud droplets,

however, the increase in cloud extent with increasing aerosol
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burden caused an increase in domain-wide graupel production

(Fig. 50).

3.2.  Response of Cloud Dynamical Properties to Increased

Solute Aerosols

Unexpectedly, updrafts with vertical velocities greater than 1m
s~ were weakened by aerosol pollution in the free troposphere
(Fig. 6a). This outcome was attributed to increased gravitational
burden caused by increased condensate loading particularly in
mixed-phase clouds (Figs. 3). Previous researchers e.g. Storer
and van den Heever (2013) and Cui et al. (2006) also detected
similar trends, especially in deep-convective clouds. As for
weak vertical velocities, a strengthening of vertical velocities
was evident especially in the upper troposphere (Fig. 6¢), and
this strengthening was attributed to latent heat release during
homogeneous freezing of extra cloud droplets. Downdrafts have
shown weak sensitivities to increased aerosols, although a
significant strengthening of weak downdrafts was predicted (Figs.
6b and 6d). Surging gravitational burden as well as evaporative
cooling from falling hydrometeors can cause strengthening of

downdrafts.

Evidence of the thermodynamic effect (Test D) is quite
significant in Fig. 7a, which demonstrates the change in predicted
mean atmospheric temperature from pre-industrial to present-
day aerosol scenario. It is apparent that, the mean atmospheric
temperature increased by as much as 0.5°C in the upper
troposphere. This finding is principally attributed to the release
of latent heat during homogeneous freezing. The fact that the
temperature change is maximum at the homogeneous freezing
level is consistent with the fact that homogeneous freezing of
aerosols and cloud droplets is the cause. The cooling near the 0°C
level is attributed to evaporative cooling caused by precipitating
hydrometeors as supported by the increase in relative humidity
at about the same altitude (Fig. 7b). The predicted reduction of
relative humidity in the upper troposphere (Fig. 7b) arises mainly
from increased competition for vapour by extra ice crystals,
increased snow production and subsequent decrease of ice-only

cloud mass.
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3.3. Response of Cloud Extent to Increased Solute Aerosols

3.3.1. Horizontal Cloud Fraction

Looking at the broader properties of the clouds across the
simulation domain, described as the macrophysical features, Fig.
8 shows changes in domain-averaged cloud fractions. This is the
fraction of the horizontal area of the domain covered by grid-
columns that have cloud in them. On the other hand, Fig. 9 shows
the change in volumetric cloud fraction. The volumetric cloud
fraction is the fraction of the volume of the whole domain and
entire simulation period that is occupied by clouds. Therefore,
Fig. 8 illustrates the degree of changes in the horizontal extent
of clouds, whereas Fig. 9 encapsulates the lifetime component and
mass budget of the clouds by including changes in vertical, as well
as horizontal, extent.

A distinct increase in the fractions of all cloud regimes was

simulated by the present-day run relative to the pre-industrial
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Figure 6. Vertical profiles of positive (updrafts) and negative (downdrafts) ascent
conditionally averaged over deep-convective clouds (w > 1ms ™) and clouds with
weak vertical velocities (w < 1ms™1): (a) updrafts in strong vertical velocities, (b)
downdrafts in strong vertical velocities, (c) updrafts in weak vertical velocities, (d)
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simulation. The largest changes in horizontal coverage are in
mixed-phase clouds followed by ice-only clouds (Fig. 8), while
the volumetric cloud fraction also shows increases in the extent
of mixed-phase and ice-only clouds, the largest increase is in
ice-only clouds followed by mixed-phase clouds (Fig. 9). This
implies that ice-only clouds are now deeper than mixed-phase
clouds. This indicates that some of the mixed-phase clouds in
the present-day have been repartitioned to ice-only clouds. This
happens because vapour growth of more numerous ice crystal
from extra homogeneous freezing act to boost water subsaturation
and evaporation of cloud-liquid (e.g. Korolev (2007)), especially
in widespread regions of weak vertical velocities (stratiform

clouds).
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Change in Cloud Fraction
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all clouds ice-only liquid onlynixed phase

Figure 8. Change in cloud fraction for all types of cloud species in the present-
day simulation relative to 1800. A grid-column is defined as cloudy when the mass
mixing ratio of either ice or liquid is greater than zero.

Change in Cloud Fraction

all clouds ice-only liquid onlynixed phase

Figure 9. Change in volumetric cloud fraction for all types of cloud species in the
present-day simulation relative to 1800. A grid-column is defined as cloudy when
the mass mixing ratio of either ice or liquid is greater than zero.
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averaged over cloudy regions, (a) Liquid Water Content, (b) Ice Water Content.

3.4.  Other Cloud Property Responses to Increased Solute

Aerosols

Examining some of the cloud properties as a function of vertical
velocity in each grid-box, Figs. 10a and 10b, show responses
of cloud mass for a given velocity grid to changes in aerosol
loading. On one hand, LWC is increased by aerosol pollution
at all velocities, while on the other hand; IWC per each vertical
velocity grid shows no sensitivity to changes in aerosol loading.
The increase in LWC is reminiscent of the suppression of
coalescence, which allows more liquid mass aloft to persist as

indicated by the increase in cloud droplet number concentration.

3.4.1.  Supersaturations

Another interesting phenomenon drawn from these results is
the weakening of supersaturations over a cloud droplets due to
increases in aerosol loading (plot not shown). This finding was
attributed to the proliferation of cloud droplets, which compete
more for excess vapour, since supersaturation is simply the
balance between production and loss of excess vapour. This is why
higher supersaturations were detected in maritime clouds than
in continental clouds (Lamb and Verlinde 2011). Another factor
contributing to the reduction in present-day supersaturations is the

weakening of present-day strong updrafts.

3.5.  Response of Cloud Optical Properties to Increased Solute

Aerosols

It was shown from the simulations that clouds became denser
in the present-day, because of the suppression of precipitation

causing an increase the optical thickness (7) of all cloud types.

© 2015 Royal Meteorological Society
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Figure 11. Superimposed optical thicknesses predicted in the CLASIC simulation of
mid-latitude continental clouds - conditionally averaged over grid-boxes in which
the mass mixing ratio of a targeted cloud type is greater than zero. Optical depth
from each cloud-type is plotted by assuming that no other cloud-types are present.

I PD-CTRL
I PIN-SOL

Optical thickness

All Clouds Ice-only clouds

Mixed-phase clouds Liquid—only clouds

Figure 12. Superimposed optical thicknesses predicted in the CLASIC simulation
of mid-latitude continental clouds - unconditionally averaged of the entire domain
and duration of the simulation. Optical depth from each cloud-type is plotted by
assuming that no other cloud-types are present.

The distinct increase in the domain averaged 7 is also attributed to
the predicted increase in the cloud fractions of all cloud types.
Overall, all cloud phases were optically thicker in the present-
day runs. The following conclusions were drawn about the optical
thicknesses of the clouds. The responses of the intrinsic and
the domain averaged optical thicknesses of clouds to changes in

aerosols are presented in Fig. 11 and (Fig. 12, respectively.

e Liquid-only clouds are optically denser with increased
aerosols but the response of domain-averaged optical
thickness was minimal because, their horizontal cloud
cover increased slightly.

e Mixed-phase clouds are more horizontally extensive and

have higher water contents in the present-day, so their
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optical thickness both conditionally and unconditionally
averaged were greater.

e Ice-only clouds have similar optical properties per cloud,
but are more horizontally extensive, so their net optical

thickness throughout the domain increased.

4. Response of Radiative Fluxes and Cloud Radiative

Properties to Increased Solute Aerosols

Figure 13 presents results of aerosol indirect effects via glaciated
clouds from solute aerosols (PDCTRL - PINSOL), which were
derived using the methods described in section 2. The full
meanings of abbreviations used in the plot labels (of clusters of
three bars) are given in the figure’s caption. The total aerosol
indirect effect is equal to -9.46 +1.4 Wm~2, The total AIE,
represented by the cyan bar in the bar chart, is the total change
of net radiative fluxes at the TOA. The TOA radiative fluxes are
unconditionally averaged over the whole domain and the indirect
effects are estimated as described in test A.

The corresponding green bar represents the indirect effects
of glaciated (mixed-phase plus ice-only) clouds (-6.33 +0.95
Wm72), while the red bar represents the aerosol indirect
effects of water-only clouds (-3.13 +£0.47 Wm~2). The same
glaciated cloud indirect effect bar appears again in the second
cluster (glaciated cloud aerosol indirect effect (GC-AIE)) with
its corresponding ice-only (magenta) (-4.14 +0.62 Wm™?) and
(blue) mixed-phase (-2.49 +0.37 Wmfz) cloud components

[_JAll clouds
GCL-AIE} | Water clouds
B Glaciated clouds
Il Vixed—Phase (m-p) clouds
Il |ce-Only clouds
-10 -8 -6 -4 -2 0

TOA radiative flux change (Wm‘2)

Figure 13. Glaciated clouds aerosol indirect effects from solute aerosols (PDCTRL
- PINSOL), results are derived mainly from tests A and B through identifying
salient microphysical processes that are responsible for modifying cloud radiative
properties in CLASIC. Meaning of abbreviations: GC-AIE = Glaciated Clouds
AIE, GCL-AIE = Glaciated Clouds Lifetime AIE, GCAE-AIE = Glaciated Clouds
Albedo-Emissivity AIE.
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of the indirect effects of aerosols on glaciated clouds. The
third cluster (the glaciated clouds lifetime (GCL-AIE)) provides
the lifetime indirect effects for (green) glaciated (-4.08 40.61
Wm~?), (magenta) ice-only (-2.96 +0.44 Wm~2) and (blue)
mixed-phase (-1.42 £0.21 Wm™?2) clouds. These lifetime effects
are derived by subtracting the corresponding albedo-emissivity
effects of glaciated clouds (GCAE-AIE), which are given in
the last cluster (derived from test A) from their corresponding
counter-parts in the second cluster.

For our mesoscale area over Oklahoma, in which cloud cover
is dominated by glaciated clouds aloft (Figs. 8 and Figs. 9), the
aerosol indirect effect of glaciated clouds is stronger than that of
water-only clouds. Globally, by contrast, the generally accepted
hypothesis from previous studies states that, warm clouds make
the largest contribution to the net radiative properties of all clouds,
hence, to the indirect effects of aerosols as well (e.g. Charlson
et al. (1992); Hobbs (1993); Gettelman et al. (2012)). This striking
outcome is a consequence of the fact that glaciated clouds in
this study were more extensive and more sensitive to aerosol
changes in terms of horizontal coverage and domain-wide optical
properties (7, Figs. 8 and 9) relative to liquid-only clouds.

Concerning the glaciated clouds indirect effects, surprisingly, it
is noticeable that ice-only clouds exhibit a higher aerosol indirect
effect than mixed-phase clouds, despite that the increase of the
domain-averaged optical depth of ice-only clouds was less than
that of mixed-phase clouds. The reason is that the sunlight is
reflected first by ice-only clouds and dominance of short-wave
effects over long-wave ones. The lifetime effect of ice-only clouds

also dominates the glaciated clouds aerosol indirect effect.

4.1. All Clouds

4.1.1. Negative net aerosol indirect effect from all clouds

The net negative radiative flux change of -9.46 +1.4 Wm™? at the
TOA (Fig. 13) clearly shows that aerosol effects on clouds have
the potential to offset the global warming exerted by greenhouse
gases. Several factors augmented this outcome. The dominant
pathway being; an increase in solute aerosols boosts the CCN
loading and consequently, the number concentration of droplet

embryos rises (Fig. 1a). Since the aerosol loading has minimal
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effect on the mean water content of a cloud, it is therefore
apparent that the mean droplet size diminishes (Fig. 1b). Tiny but
numerous cloud particles reflect more shortwave fluxes back to
space, through the cloud-albedo indirect effect.

In addition, the precipitation efficiency of liquid-only clouds
is reduced (Fig. 5), leading to a prolonged lifetime of the clouds
and hence, the enhancement of chances of homogeneous freezing
of cloud droplets, which boosts ice crystal concentrations aloft
(Fig. 1c). These complementary factors lead to increased cloud
coverage (Fig. 8 and 9) causing a reduction of solar radiation
transmitted into the climate system. The vertical cloud fractions
(plots not shown) underlined that this escalation of the cloud
fraction is predominantly via stratiform type clouds, particularly
mixed-phase clouds. Also, the optical thickness of the clouds in

the present-day deepened (Fig. 7).

4.2.  Glaciated Clouds

4.2.1. Glaciated Clouds AIE Greater Than Water Clouds AIE

The term glaciated clouds in this study refers to clouds comprised
of ice crystals, either in their mixed- or ice-only cloud phases.
The glaciated clouds aerosol indirect effect (GC-AIE = -6.33)
is apparently stronger than the indirect effect from water-only
clouds (WC-AIE = -3.13 £0.5 Wrn*Q). From Figs. 1b, 1d, and
3, it is noticeable that water clouds exhibit a larger conditionally
averaged optical thickness than glaciated clouds, because of
higher water contents and relatively small droplet radii compared
to glaciated clouds (Brient and Bony 2012); however, liquid-only
clouds have a small horizontal coverage.

In this case study, liquid-only clouds contributed a small
proportion to the whole cloud mass. Thus, their contribution to
the total optical properties of clouds was small. This is expected
for a tropical case where forced glaciation due to the prevalence
of strong convective updrafts and generation of a glaciated layer-
cloud by detrainment of ice is likely. Another factor is that
glaciated clouds were more sensitive to aerosol changes than
liquid-only clouds. Additionally, glaciated clouds exist above
water-only clouds; hence, they have the first interaction with solar
radiation before it reaches the water-only clouds below them.

The dominant mechanism giving rise to this result is the strong

modification of glaciated clouds by homogeneous freezing of
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cloud droplets and solute aerosols and the subsequent detrainment

of cloud ice from convective cores into stratiform/cirrus clouds.

4.2.2.  Ice-Only Clouds AIE Greater Than Mixed-Phase Clouds

AIE

In the second cluster of the bar charts, the presented aerosol
indirect effects of glaciated clouds show a negative flux change
(-6.33 £0.95 Wm™?) due to aerosol pollution for both the
lifetime and albedo-emissivity effects. Ice-only clouds have
a higher flux change (-4.14 +0.61 Wm~?2) than mixed-phase
clouds (-2.49 +0.41 Wm™?2). This finding brings into focus,
novel insights into the higher importance of ice-only clouds
in determining the net indirect effects of clouds. This higher
importance of ice-only clouds is derived from their existence
above mixed-phase clouds and hence, their first interaction with
downward solar radiation. The ice-only cloud and mixed-phase
clouds are produced by outflow from convective clouds, so
they tend to overlap in the vertical. Also, the absolute increase
of the volumetric cloud fraction of ice-only clouds is actually
higher than that of mixed-phase clouds (Fig. 9) so that as well

as being more extensive, ice-only clouds have also become deeper.

4.2.3.  Lifetime effect

The lifetime aerosol indirect effects for glaciated clouds (GCL-
AIE, -4.08 +0.57 Wm_2) presented in the third cluster of the
bar-charts show that the lifetime effect of mixed-phase clouds
(-1.42 £0.18 Wm™2) is about half that of ice-only clouds (-2.96
+0.41 Wm™?2). Despite the predicted greatest increase of cloud
fractions for mixed-phase clouds (Fig. 8). The same arguments

explained above, also explain this result.

4.2.4. The Albedo Effect

A negative flux change (solar cooling) for the albedo-emissivity
effect due to aerosol pollution of glaciated clouds was predicted

here (-2.25 +0.3 Wm™2). This is mostly controlled by an increase
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in both droplet and ice crystal number concentrations followed
by a reduction in mean sizes of cloud particles (Figs. 1d and
1b). Despite the fact that mean sizes of ice crystals are greater
than those of water droplets by over a factor of four, ice-
only clouds exhibit a slightly stronger albedo-emissivity effect
(-1.18 +0.18 Wm™?2) compared to mixed-phase clouds (-1.07
+0.16 Wm™2), primarily because of the massive increase in
number concentrations of ice crystals and also the extent of ice-
only clouds, which enhanced their reflectivity. Also, their first

interaction with solar radiation makes them more important.

4.3. Mixed-Phase Clouds

The net flux change of the aerosol indirect effect of mixed-phase
clouds is negative (-2.49 +0.41 Wm~2), implying a cooling
effect on the climate system. Now, in order to have a subtle
understanding of the microphysical processes that control aerosol
indirect effects in mixed-phase clouds, further sensitivity tests

were carried out (Tests B and C).

4.3.1.  Coalescence Effect

It was discovered that the liquid component of mixed-phase
clouds exhibits a smaller indirect effect (-0.83 +0.12 Wm72)
compared to the ice component (-1.66 +0.27 Wm™2). This
smaller contribution from the liquid relative to the ice component
is attributed to the reduction in the effectiveness of the collision
and coalescence of cloud droplets, and it yields a new indirect
effect called coalescence indirect effect caused chiefly by the
reduction of the mean sizes of cloud droplets, which inhibits
coalescence and boosts the cloud lifetime (Fig. 1b). This is
evidenced by the reduction in rain production in the mixed-phase
clouds (Fig. 4a) and the conspicuous increase of the cloud fraction
and optical thickness of mixed phase clouds due to aerosol

pollution (Figs. 8, 9 and 10).
4.3.2. Aggregation Effect

The aggregation indirect effect is an aerosol indirect effect that
arises from the response of the aggregation process of clouds to

changes in aerosol loadings. It was assessed by the use of look-up
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Figure 14. Radiation statistics for mixed-phase clouds. The meanings of the
abbreviations: M-P AIE = mixed-phase aerosol indirect effects (including both
lifetime and albedo/emissivity effects), M-P A-E = Mixed-phase albedo emissivity
effects, M-P LAIE = Mixed-phase lifetime aerosol indirect effects, ICAIE = Ice
clouds aerosol indirect effects.

table of the mean sizes of ice crystals in completely mixed-phase
clouds. The dominant mechanism for the exhibited negative sign
(-1.66 £0.25 Wm™?) is the reduction of the mean sizes of ice

crystals, which reduces the aggregation efficiency and increases

the lifetime and extent of glaciated clouds.

4.3.3.  The Riming Aerosol Indirect Effect

The TOA flux change of the riming indirect effect in Fig. 14 is
strongly negative (-3.97 £0.61 Wm~2), implying a cooling of
the climate system. This arose from the inhibition of the growth
of solid hydrometeors through poor accretion of supercooled
cloud droplets by graupel or snow particles, thus prolonging the
lifetime of mixed-phase clouds. In this study, a great reduction in
cloud droplet sizes was caused by aerosol pollution and it led to
significant reduction in graupel production and this emerged to
be the dominant microphysics mechanism for the riming aerosol

indirect effect.

4.3.4. The Freezing-Related Thermodynamic Aerosol Indirect

Effect

Figure 14 shows a negative flux change at the TOA from the

freezing-related thermodynamic aerosol indirect effect, which
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was inferred from Test D. More aerosols delayed the onset of
precipitation and hence the cloud grew deeper until it reached
freezing levels. The numerous cloud droplets consequently froze
homogeneously prompting the release of vast amounts of latent
heat that tend to invigorate the dynamics of clouds. There is
however, weak evidence for this release of latent heat during
freezing of cloud droplets. This is seen in the strengthening of
both weak updraft and weak downdraft (Figs. 6¢ and 6d). This
invigoration effect then intensifies the ice crystal processes as seen
by the intensification of snow production aloft and may shorten
the cloud lifetime.

Both the thermodynamic and riming indirect effects are
individually much stronger than the net indirect effect of glaciated
clouds. This is not the first time that such a response has been
noted, the latest report of the IPCC (the fifth assessment report
Boucher and Randall (2013)) compiled evidence from several
modelling studies and concluded that individual indirect effects
interact and compensate each other, hence the resultant aerosol
indirect effect from clouds may not be reflective of what the
individual effects show. Also, Lohmann and Feichter (2005)
suggested that the individual aerosol indirect effects may not be

necessarily additive.

4.3.5. Albedo Effect

Remarkably, the reflectivity of ice crystals within mixed-phase
clouds dominated the albedo-emissivity effect therein, exhibiting
a negative radiative flux change (-1.47 £0.22 Wm~2) at the
TOA, which was attributed to the massive increase in number
concentrations of ice crystals and the reduction in mean sizes of
ice crystals in mixed-phase clouds. Also, smaller particles interact
with more radiation than the same water in bigger particles. On the
other hand, the albedo-emissivity effect of water droplets within
mixed-phase clouds surprisingly had a slight warming effect (0.4

+0.12 Wm™2).

4.4.  Ice-Only Clouds

Due to the higher importance of ice-only clouds (-4.14 +0.67

Wm™?) compared to mixed-phase clouds (-2.49 +0.41 Wm™~2) in
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controlling the aerosol indirect effects in glaciated clouds, further
sensitivity test were carried out to disentangle the individual
contributions of each microphysical process involved. This was
done by performing separate pairs of runs, with mean sizes of
ice crystals in targeted microphysical processes of ice-only clouds
being fixed. The identified processes were aggregation (-15.31
+2.29 Wm™?), sedimentation (-1.37 £0.21 Wm™?), and auto-
conversion (-8.53 £1.28 Wm™?2). All these processes become less
efficient in the present-day and hence, increasing the lifetime of
ice-clouds.

Surprisingly, the results show that the sum of the indirect
effects of each of these individual microphysical processes is not
comparable to the net aerosol indirect effect of ice-only clouds
— the individual indirect effects are much larger (Fig. 15). This
discrepancy arises because of the limitation of sensitivity tests as a
way of determining relative contributions from different processes
to the overall flux change. Sensitivity tests cause perturbation of
many processes, with compensating responses beyond the impact
on the target process. Fig. 15 shows that the aggregation of ice
particles became less prolific due to smaller ice crystals, reducing

precipitation and increasing the cloud extent.

4.4.1. Albedo/emissivity

Due to the increase in ice crystal number concentrations in the
present-day scenario and the consequent reduction in the effective

sizes of ice crystals, the albedo-emissivity effect of ice-only

5r ICAIE

ICAIE—due to sedimentation
I ICAIE-due to aggregation
4l Il ICAIE—due to autoconversion
Il ICAIE-due to RAD-SCHEME
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TOA radiative flux change (Wm_z)
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Figure 15. Radiation statistics of ice-only clouds.
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clouds caused a negative radiative flux change at the TOA (-1.18
+0.18 Wm™2), causing a cooling in the present-day climate (Fig.

13).

5. Conclusions

The sensitivity tests performed in this work improved the
understanding of the responses of clouds micro-/macro- physical
and dynamical properties to changes in aerosol chemistry and
loading that has resulted mainly from anthropogenic activities.
The simulations have showed that solute aerosol pollution has
approximately doubled the cloud droplet number concentrations,
although the factor by which the droplet concentration increased
was about half of that for the pollution aerosol concentration. The
extra cloud droplets then competed for the available vapour, and
hence, the mean sizes of cloud droplets diminished by about 20%.
Naturally, numerous cloud droplets do not promote precipitation
production since they have poor aerodynamic interaction with
each other. Also, crystal concentrations rose sharply above the -
36°C level, owing to homogeneous freezing of cloud droplets and
solute aerosols. Significant increase in LWC was also predicted,
while IWC diminished in the upper troposphere due to solute

aerosol pollution.

The hypothesis that solute aerosols modify glaciated clouds
via homogeneous freezing was proved in this work when
the ice crystal number concentrations aloft were amplified
by the increases in the solute aerosol number concentrations.
This increase in ice crystal number concentrations prevailed
despite that solute aerosols are not allowed to nucleate ice
heterogeneously in this aerosol-model. The ice number budget
of the nucleation sources of ice crystals was conducted and
homogeneous freezing of cloud droplets and aerosols, especially
of sulphate aerosols was found to be the major sources of
cloud ice, as found by Phillips et al. (2007). Other potential
sources of ice crystals such as the Hallett-Mossop processes
were surprisingly diminished in the present-day, owing to weaker
riming than in the pre-industrial era. The effective mean sizes of
ice crystals were subsequently reduced in the upper troposphere

as a consequence of increased competition for available vapor.
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However, in mixed-phase clouds, an increase of the mean sizes
of ice-crystals was noted.

A significant reduction in rain production was noted in the
present-day and the dominant mechanism causing this reduction
was the reduced efficiency of the collision-coalescence process
owing to the reduction in the mean sizes of the cloud particles.
Another cause for the reduction in rain production was discovered
as the repartitioning of this precipitation type to the snow. This
pathway was facilitated by the multiplication of ice-crystals owing
to the proliferation of homogeneous freezing and growth by the
’Bergeron-Findeisen’ process in the present day. The production
of graupel in the present-day simulation was however found to
have diminished mainly due to the reduction in the mean sizes of
cloud droplets that rime onto ice and snow particles.

A general weakening of strong convection was noted in the
present-day free troposphere owing to increased gravitational
burden rendered by increased condensate loading. There was also
a general reduction in atmospheric in upper-tropospheric relative
humidity resulting mainly from the increased uptake of vapour by
extra cloud particles.

On the macrophysical properties of the clouds, present-day
clouds were more horizontally extensive, mainly mixed-phase
clouds, primarily because riming and aggregation were less
efficient in the polluted scenario. This weakening of precipitation
producing processes causes the extension of the life span of
a cloud giving rise to the lifetime effect of aerosols. Another
striking discovery was the proliferation of glaciated clouds in the
present-day, especially mixed phase clouds. Overall, the fraction
and optical thickness of clouds were higher because of weak
precipitation production in the polluted case. In summary, ice only
clouds were found to be deeper than mixed-phase clouds in the
present day than in the pre-industrial times.

It should be noted that the accuracy and consistency of these
and related results are dependent on the nature of the models
and the parameterizations used. Also, the nature of the large-
scale forcing and the assumptions used in prescribing the aerosol
profiles are important parameters in determining these results.

The predicted total aerosol indirect effect was equal to
—9.46 + 1.4Wm 2, while the AIEs of glaciated clouds (—6.33 £

0.95Wm™2) were greater than those of water-only clouds

Prepared using qjrms4.cls



Aerosol Indirect Effects on Glaciated Clouds. Part II: Sensitivity tests Using Solute Aerosols 17

(—3.13 £ 0.47TWm™?) by a factor of two in this continental
case. The radiative importance of glaciated clouds lied in their
large collective spatial extent that was higher than that water-
only clouds. Also, their existence above water-only clouds
renders them more radiatively important than water-only clouds.
In addition to the traditional AIEs (glaciation, riming and
thermodynamic), sedimentation, aggregation and coalescence
were new AIEs identified, this finding is closely related to the
recent work of Fan et al. (2013), who noted that microphysical
processes are crucial in modifying the macrophysical properties
of clouds. Importantly, it was discovered that these individual
AlEs interact, compensate and buffer each other, hence, the
relative importance of the contributions from responses of various
processes vary during the climate change. Generally, the results
show that the anthropogenic injection of aerosols into the
atmosphere has the potential of offsetting the effects of COs-
induced global warming. This is because the dominant effect
of anthropogenic aerosol pollution on clouds is to cool the
Earth, which corroborates the findings of Gettelman et al. (2012).
It was also discovered that shortwave radiation dominated the
aerosol indirect effect when compared compared to the longwave
radiation by more than 90 %. Below, a summary of the most
important pathways of aerosol indirect effects is presented. On
average, the predicted AIEs had a standard deviation of around

15% associated with them.

The most important pathways identified in this study by
which solute aerosols modify clouds and their indirect effects are

summarized as follows.

e Solute aerosol pollution raised the number concentrations
of cloud droplets (sulphate aerosols being the dominant
source of cloud droplets), causing the diminishing of the
mean sizes of cloud droplets and the inhibition of the warm
rain processes and hence, promoting homogeneous freezing
of cloud droplets.

e Subsequently, more ice crystals were detrained into the
stratiform/cirrus and mixed-phase clouds from convective
cores, hence the number concentrations of ice crystals aloft
increased sharply, reducing their mean sizes. Consequently,

the extent and optical thickness of clouds especially of
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glaciated clouds increased with anthropogenic aerosol
pollution.

e Results showed that the negative net AIE from all clouds
was dominantly a consequence of increases in spatial extent
and optical thickness of clouds caused mainly by the
reduction in mean sizes of cloud particles.

e Results also showed that homogeneous freezing of
extra cloud droplets and aerosols and the subsequent
detrainment of cloud ice into stratiform clouds are the
dominant mechanisms of AIE of glaciated clouds. (These
mechanisms are responsible for the higher sensitivity to
aerosol changes of glaciated clouds compared to water-
only clouds, because of this phenomenon, glaciated clouds
emerged as more important in AIE of clouds compared to

water-only clouds).
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