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Abstract

A tropical maritime case of deep convective clouds was studied using a state-of-

the-art aerosol-cloud model in order to evaluate the microphysical mechanisms

of aerosol indirect effects (AIE). The aerosol-cloud scheme used is a hybrid

bin/bulk model, which treats all phases of clouds and precipitation allowing a

detailed analysis of process-level aerosol indirect effects on targeted cloud types.

From the simulations, a substantially huge total AIE on maritime clouds of -

17.44 ±6.1 Wm−2 was predicted primarily because maritime clouds are highly

sensitive to perturbations in aerosol concentrations because of their low back-

ground aerosol concentrations. This was evidenced by the conspicuous increases

in droplet and ice number concentrations and the subsequent reductions in par-

ticle mean sizes in the present-day. Both the water-only (-9.08 ±3.18 Wm−2)

and the partially glaciated clouds (-8.36 ±2.93 Wm−2) contributed equally to

the net AIE of these maritime clouds. As for the partially glaciated clouds, the

mixed-phase component (-14.12 ±4.94 Wm−2) of partially glaciated clouds was

dominant, whilst the ice-only component (5.76 ±1.84 Wm−2) actually exhib-

ited a positive radiative forcing at the top of the atmosphere (TOA). This was

primarily because ice water contents aloft were diminished significantly owing

IModeled aerosol-cloud indirect effects and processes based on an observed partially

glaciated marine deep convective cloud case
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to increased snow production in the present-day.

Keywords: Aerosol-cloud interactions, partially glaciated clouds, atmospheric

modelling, cloud microphysics, WRF model

Partially glaciated clouds are an integral part of the atmosphere, they are

spatially and temporally ubiquitous and they have long lifetimes in the at-

mosphere mostly in the form of cirrus (Platt, 1973) and mixed-phase clouds

(Verlinde et al., 2007; Shupe et al., 2008). On average, cirrus clouds are es-

timated to cover around 50 % of the tropical atmosphere (Prabhakara et al.,5

1993), while over 50 % of tropical rain is attributed to cloud systems that fea-

ture mixed-phase clouds (Liu, 2011). Cirrus clouds are usually remnants of deep

convective clouds (DCC), while mixed-phase clouds are a common feature in cu-

mulus congestus clouds (Sheffield et al., 2015) and DCCs (Storer and Van den

Heever, 2013; Saleeby et al., 2016). Furthermore, DCCs are the atmosphere’s10

conduit for transporting heat and moisture from the surface to the upper tro-

posphere in the tropics (Fan et al., 2010). Tropical maritime cloud systems are

of particular importance because of their immediate role in regulating the trop-

ical atmospheric/oceanic circulation and sea surface temperatures SSTs (Evan

et al., 2009; Li et al., 2010; Booth et al., 2012), all of which are key components15

of critical phenomena such as the ElNino Southern Oscilation (ENSO) (Holton

and Dmowska, 1989), which is responsible for most of the global precipitation

patterns (Ropelewski and Halpert, 1987; Dai and Wigley, 2000). It is there-

fore apparent that partially glaciated clouds/DCCs are an integral part of the

Earth’s hydrological and radiation budgets, nonetheless, it is not presently well20

understood how these of clouds are affected by changes in the loading of aerosols

(Tao et al., 2012). The term partially glaciated clouds is used in this paper to

mean clouds comprised of both mixed- and ice-only phases.

On the other hand, changes in atmospheric aerosol loadings, particularly

anthropogenic-induced changes have profound effects on our climate since aerosols25

directly interact with solar radiation (Charlson et al., 1992; Haywood and Boucher,

2000; Rap et al., 2013) and also act as cloud condensation nuclei (CCN) or ice
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nuclei (IN) (Twomey, 1974; Albrecht, 1989; Lohmann and Feichter, 2005). As a

result, an accurate representation of aerosols and associated processes is essen-

tial in improving climate forecasts (Carslaw et al., 2013), yet some important30

aerosol-cloud processes are presently not well understood and hence not well

represented in numerical models, making aerosols the largest source of uncer-

tainty in climate prediction (Boucher and Randall, 2013; Stevens, 2015; Carslaw

and Johnson, 2018). It is therefore essential to improve our understanding of

aerosol-cloud interactions, since the available literature indicates that the scat-35

tering and cloud nucleating aerosols impose a negative radiative forcing on cli-

mate and, hence, they have the potential to counteract the greenhouse effect

(Solomon et al., 2007; Scott et al., 2014; Saleeby et al., 2016).

The objective of this study is therefore to investigate the key mechanisms by

which changes in soluble aerosol loadings, which are a type CCN modify the mi-40

crophysical properties of partially glaciated clouds in deep convective cloud sys-

tems of a tropical maritime environment. Tropical maritime convective clouds

have been selected here because of their importance in atmospheric/oceanic cir-

culation and global precipitation distribution and budget (Mann and Emanuel,

2006; Evan et al., 2009; Booth et al., 2012). Most of the studies that have been45

conducted so far have either focused on the effects of CCN on warm clouds or

on the effects of CCN on isolated 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 effects of soluble aerosols on wider and

long-lived convective cloud systems have received little attention (Gettelman50

et al., 2012). Therefore, we shall simulate multiple multi-cell mesoscale cloud

systems in order to allow cell-to-cell interactions and feedbacks between clouds

and their environment as opposed to simulations of isolated DCCs (Lohmann,

2002a; Khain et al., 2005; Connolly et al., 2006; Lee et al., 2009; Fan et al.,

2012) or short-lived cloud systems (Saleeby et al., 2016) typically studied in the55

past.

Although this deficiency in our understanding of aerosol effects on partially

glaciated clouds emanates partly from the large uncertainties associated with
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the measurements and knowledge of ice nucleating aerosols (Cziczo et al., 2004;

DeMott et al., 2011) and our limited comprehension of mechanisms of ice nucle-60

ation (DeMott et al., 2010; Phillips et al., 2008, 2013) as opposed to cloud droplet

nucleation (Kokkola et al., 2003; Petters and Kreidenweis, 2007; Romakkaniemi

et al., 2014), the other daunting impediment to studying the aerosol interac-

tion with partially glaciated clouds is the strong dependence of most ice-phase

processes on warm-phase microphysics (Chen et al., 2017). For instance, an65

IN particle may be modified during the warm-phase before it nucleates ice and

the presence of giant CCNs may inhibit ice processes by enhancing warm rain

processes (Barahona et al., 2010). Therefore, in order to capture most of salient

processes within this complex interface between the warm and the ice phases of

convective clouds, we employ a state-of-the-art aerosol-cloud model (Kudzotsa70

et al., 2016a) that treats the microphysics of both the liquid (cloud droplets and

rain) and solid (ice, snow and graupel) hydrometeor species. The aerosol-cloud

scheme encapsulates a 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).75

The structure of this article is as follows: Section. 1 provides a brief descrip-

tion of the model and then the model comparison with observations is presented

in Section. 2. The microphysical responses of clouds to aerosol loading are pre-

sented and analysed in Section. 3, while the radiative responses of the clouds

are presented in Section. 4 and conclusions are stated in the last section.80

1. Model Description

Here we present a brief overview of the model description; the reader is

referred to Kudzotsa (2013); Kudzotsa et al. (2016a) and references therein for

the full description and validation of the aerosol-cloud model used in this study.

1.1. Overview and the Microphysics Scheme85

The Cloud System Resolving Model (CSRM) used here was the Weather

Research and Forecasting (WRF) model (Michalakes et al., 2005) Version 3.6
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updated with a detailed aerosol-cloud scheme that is configured with hybrid

bin/bulk microphysics (Kudzotsa, 2013; Kudzotsa et al., 2016a). The scheme

comprises a two-moment treatment for the prognostic variables of all cloud and90

precipitation species and the dynamical framework was a non-hydrostatic and

an-elastic fluid flow with periodic boundary conditions. The CSRM encapsulates

an interactive radiation scheme from the geophysical fluid dynamics laboratory

(GFDL) (Freidenreich and Ramaswamy, 1999).

Since the type of most of the clouds simulated in this study were of convec-95

tive nature, the model top was set at 20 Km with a vertical level-spacing of 500

m. Although this spacing is seemingly coarse compared to other CSRMs, it is

still about at least an order of magnitude smaller than the depth of the deep

convective clouds that were simulated. In addition, the model uses a diagnosed

value of supersaturation at the cloud base, hence it is sufficient to resolve the100

convective type of clouds simulated in this study. Also, the peak supersatura-

tion close to cloud-base (typically about 10 meters above it) is parameterized

with a dedicated cloud-base droplet activation scheme (Ming et al., 2006) and

is not resolved, so there is little incentive for a finer vertical grid spacing to

represent it. The domain was about 170 km wide in the east-west direction and105

simulated with a grid-spacing of 2 km. This spatial resolution is a trade-off be-

tween accuracy and computational expense whilst maintaining a relatively high

temporal resolution of 10 seconds to be high enough to accurately resolve the

time-dependent microphysical processes. A two-dimensional configuration was

chosen for this study in order to minimize computational expense since accord-110

ing to Tompkins (2000) and Petch et al. (2008), two dimensional simulations

are able to capture the key features of convective systems. Convection in the

simulations is triggered by random perturbations of the moisture field at the

beginning of the simulation and then maintained by tendencies of the observed

large-scale forcing derived from the three-hourly soundings religiously launched115

during the campaign (May et al., 2008), while the temperature above the 15 km

altitude was nudged back to observed profiles.

In this aerosol-cloud model, a total of seven different species were used as
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either cloud condensation (CCN), which are soluble or ice nuclei (IN), which

are insoluble. The soluble aerosol species are ammonium sulphate (its bi-modal120

distribution is separated into two independent modes as SO41 and SO42), sea-

salt (SS) and soluble organic carbonaceous material (SO), while the insoluble

species were mineral dust/metallic (DM), soot/black carbon (BC), insoluble

non-biological organic (O), primary biological aerosol particles (BIO) and finally,

there is a fraction of the soluble organic group (SO) that becomes glassy at very125

cold temperatures (SOLO). They were all assumed to follow a bi-modal log-

normal size distribution with the distribution parameters mostly constrained by

observations (Kudzotsa et al., 2016a). The aerosol-cloud scheme tracks aerosols

through all the processes that act as sinks (e.g. cloud activation and coagulation)

and sources of aerosols such as droplet evaporation; however, it is beyond the130

capabilities of the model to simulate the natural replenishment of aerosols within

the simulation domain. Therefore, an artificial technique for the replenishment

of the aerosols within the simulation domain was applied by way of relaxing the

aerosols profiles back to their initial values at intervals of three hours.

A Γ-distribution was used to describe both the precipitating and non-precipitating135

hydro-meteors. The nucleation of cloud droplets is treated explicitly using the

Ming et al. (2006) scheme and the κ-Kohler theory of Petters and Kreidenweis

(2007) depending on the type of nucleating particles and also on whether the

nucleation is at cloud base or in-cloud. For the formation of ice crystals, an

empirical parameterization (EP) of Phillips et al. (2008, 2013) was used. Other140

microphysical processes such as droplet growth by coagulation, ice multiplica-

tion, and auto-conversion are described in detail in Kudzotsa et al. (2016a). It

is, however, important to highlight that a bin-emulating approach was applied

for all the coagulation processes, while auto-conversion processes were treated

using a bulk microphysics approach due to the difficulty associated with the145

explicit implementation of autoconversion, even in detailed microphysics mod-

els e.g, Tonttila et al. (2017). The bin-emulating approach is done by creating

temporary grids with 33 bins in this case upon which the respective bulk concen-

trations of the interacting species are decomposed according to their assumed
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statical distributions. After the treatment of the targeted process is completed150

in this bin-emulating approach, the new bulk concentrations of the species are

reassembled by summing up the discretized concentrations in each bin. This

approach allows a bulk microphysics model to represent microphysics processes

more realistically without much computational expense associated with full sec-

tional microphysics models (Saleeby et al., 2016).155

2. The Simulated Case

The model was used to simulate a maritime case of deep convection for

two purposes: to evaluate its performance by comparing its predictions with

observed quantities and to carry out sensitivity tests required to investigate the

microphysical and dynamical mechanisms of aerosol indirect effects. The case160

that was simulated was the Tropical Warm Pool International Cloud Experiment

(TWPICE), which was conducted over a period of one month, from the 17th of

January to the 12th of February in 2006 over Darwin, in northwestern Australia

(lat = -12.425◦ and lon = 130.891◦). The surface of the domain was treated

as completely maritime, with a constant sea surface temperature (SST) of 287165

K being uniformly prescribed across the whole domain. This is consistent with

what other researchers who have simulated the same experiment have applied

(e.g; Fridlind et al., 2012). The The full details about this campaign are given

in May et al. (2008); Fridlind et al. (2009); Kudzotsa (2013); Kudzotsa et al.

(2016a).170

In addition to the general specifications of the model given in Sect. 1.1,

further specifications were applied in order to match the model conditions with

the observed meteorological conditions and observing patterns used during the

campaign. The model was initialized using the domain averages of observed

thermodynamic (i.e. vapor and temperature) profiles from the TWPICE cam-175

paign. blue The time-mean state of the atmosphere was used to initialize the

model for two reasons: firstly because averages filter out errors and anomalies in

the observations and secondly, the simulations performed were two-dimensional.
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The corresponding thermodynamic tendencies together with profiles of hori-

zontal wind and pressure were used as large-scale forcing. The comparison of180

the model output with observed variables was rigorous since we compared the

model cloud droplet, ice and aerosol number concentrations, in addition to other

thermodynamic and microphysical fields such as temperature, humidity, water

contents and precipitation.

Much of the description of the model performance and its validation are fully185

detailed in our previous work (e.g; Kudzotsa et al., 2016a), here we provide a

brief description (without republishing the figures) that is necessary for the

reader to contextualize the results in this paper. Several micro- and macro-

physical parameters predicted by the model were compared with observations.

These included the ice and cloud number concentrations together with profiles190

of the mean sizes. The mean cumulative precipitation and cloud fractions were

also validated.

The comparison of the model predictions for the vertical profiles of ice and

cloud number concentrations against observed values (Fig. 3 and Fig. 9 in

Kudzotsa et al. (2016a), respectively) showed the model means lying within 90%195

confidence interval of the observations. It is fundamentally crucial in aerosol-

cloud interactions research for the aerosol-cloud model to accurately treat the

nucleation, growth and the interaction of these microphysical species with each

other and the relatively close comparison exhibited by the model to observations

makes it reliable. From the analysis of aerosol types that nucleated the ice,200

it was noted that dust particles were the dominant source of heterogeneously

nucleated ice; however, soot and biological aerosol species showed substantial

contributions to the total number concentration of heterogeneously nucleated

ice. Homogeneous aerosol and cloud droplet freezing were by far the dominant

sources of ice crystals, while the Hallett-Mossop process was the second most205

significant source of ice in the model. Similar satisfactory performance by the

model was noted also in its prediction of other fields such as cloud cover, surface

precipitation, and radiation fluxes.

The vertical profile of the mean domain-wide cloud fraction as shown in Fig.
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14 of Kudzotsa et al. (2016a), shows that the model slightly under-predicted210

the mean cloud fraction in the lower troposphere by about 0.1 and mildly over-

predicted in the middle-troposphere by about 0.1 to 0.2 in comparison to obser-

vations, while a near perfect agreement was exhibited in the upper troposphere.

on average, the mean domain-wide cloud fraction of about 0.5 was predicted

by the model in the middle troposphere. On the other hand, the time series of215

both the model and observations of cloud fraction during the whole simulation

period show that the atmosphere was largely overcast during the first week of

the simulation, while then after, although not overcast, there were significantly

continuous cloud activities in the domain (Figure 1). As for the cumulative

precipitation (Fig. 12 in Kudzotsa et al. (2016a)), a near-perfect agreement was220

exhibited, both in terms of amount and and trend of the precipitation curve.

This is also important in showing that mass budget and boundary conditions

are being treated properly in the model. The full evaluation of the model is

given in Kudzotsa et al. (2016a).

3. The Responses of Clouds to Changes in Aerosol Loading225

The sensitivity tests described fully in Kudzotsa et al. (2016b) were repeated

in this work, hence, only a brief description of the tests is provided below. This

paper only focuses on analyzing the responses of cloud properties to changes

in aerosol loadings and on quantifying the corresponding radiative forcings of

these clouds caused by changes in soluble aerosol loadings.230

Test A of Kudzotsa et al. (2016b) comprised of two model runs, the only dif-

ference between the two simulations was in aerosol number concentrations. The

simulation with present-day (i.e. 2010) aerosol concentration was designated as

the control run and was denoted PD-CTRL, while the simulation in which the

soluble aerosol burden was altered to pre-industrial levels (i.e. 1850) was desig-235

nated as pre-industrial simulation and is denoted PI-SOL. In both simulations,

the same present-day thermodynamic conditions were used to force the model

as was done in other previous studies e.g. in Lohmann (2002a). The test was de-

9



20 25 30 35 40
0

0.2

0.4

0.6

0.8

1

Julian day, 2006

C
lo

u
d

 f
ra

c
ti
o

n

 

 

Observed

Model

Figure 1: Time series of cloud fraction for TWPICE averaged over the whole simulation

domain for cloud mixing ratios greater than 0.01 gkg−3

signed to estimate the effective total indirect effect, Feff due to soluble aerosols

by differencing the top of the atmosphere (TOA) radiative fluxes of the PD-240

CTRL and the PI-SOL simulations (i.e. TOAPD−CTRL - TOAPI−SOL). blue

The present-day simulation was denoted the control simulation because the me-

teorological and micro-physical dataset used for model forcing and validation

was derived from the present day.

Test B was designed to estimate the albedo-emissivity effect by calling the245

radiation scheme twice in both the PD-CTRL and the PI-SOL simulations.

The difference between the first and the second calls is that in the first call, the

radiation scheme is allowed to fully interact with clouds by using droplet infor-

mation predicted in the simulation to calculate the radiative fluxes of clouds,

while in the second call, the the radiation scheme uses information predefined250
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lookup tables. The difference in the net radiative fluxes at the TOA between

the control and the pre-industrial simulations determined using the these first

calls to the radiation scheme gives the total or the effective net radiative flux,

Fnet = Feff as described on Test A. blue On the other hand, the second call

to the radiation scheme is made for diagnostic purposes only (i.e., it does not255

alter the microphysics of the model). In the second call, the sensitivity of clouds

to blue changes in aerosols is eliminated blue 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

(PD-CTRL described above), blue but they could equally be created also from260

the pr-industrial run. The same look-up tables are used for both PD-CTRL and

PI-SOL runs. blue 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 minus the

influence of changes in droplet properties, Fhyp. Finally, subtracting Fhyp from265

Feff , gives us the estimate of the total albedo-emissivity effect from clouds,

Falb.

An important assumption made in these tests is that the effective total

indirect effect, Feff , is an arithmetic summation of the lifetime and albedo-

emissivity effects, Falb and the lifetime indirect effect. Therefore, from this270

assumption and the result derived from Test A and the albedo-emissivity effect

from this Test B, the lifetime effect can be estimated as Flif = Feff - Falb. This

Test B can be applied selectively on targeted cloud types and cloud processes

in order to isolate their respective albedo and lifetime AIEs.

In order to examine how the simulated clouds responded to changes in sol-275

uble aerosol loadings, a number of microphysical and dynamical quantities rep-

resentative of cloud characteristics are presented in this section. Some of these

quantities are plotted as spatial and temporal bulk averages representing the

whole system of simulated clouds, while other quantities are plotted as intrinsic

averages. Intrinsic averages are evaluated by conditional averaging depending280

on the quantity being analysed; whether it is over cloudy regions, in which case,
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the condition would be cloud or ice mixing ratios greater than 0.001 gkg−1 or

over deep convective or stratiform clouds, in which case a threshold of updraft

speeds greater than 1 ms−1 or less than 1 ms−1 are applied respectively. This

threshold for updraft speeds of deep convective clouds is equal to what was285

previously used by other researchers, for example by Sheffield et al. (2015), al-

though it was much slower than what was predicted by Saleeby et al. (2016)

and Fan et al. (2010), who applied updraft speeds of greater than 3 and 7 ms−1,

respectively. This is because they respectively simulated isolated DCCs and a

single life-cycle mesoscale convective system.290

Most of the plots presented here feature two curves, the dashed curve repre-

sents the simulation with present-day aerosol concentrations (PD-CTRL), which

is the control simulation, while the solid curve represents the simulation with

pre-industrial aerosol concentrations (PI-SOL). blue The vertical levels in the

model are fixed in terms of height in meters. However, we included the mean295

temperature vertical axis in our figures in order to easily visualize and highlight

some of the important temperature depended altitudes such as the melting and

homogeneous freezing levels. The adjustment factors used to estimate the pre-

industrial aerosol number concentrations were derived from the global model

results of Takemura (2012) and are shown in Table. 1. blue Note that only300

soluble aerosol (CCN) species are shown in Table 1, whilst the solid or ice nu-

cleating (IN) species are not shown. This is because IN number concentrations

were not modified between the control and the pre-industrial simulations.

3.1. The Response of Cloud Microphysical Properties to Increased soluble Aerosols

3.1.1. Initiation of Cloud Droplets305

Fig. 2a shows the simulated averages of the number concentrations of cloud

droplets for both the present-day and the pre-industrial simulations and clearly,

the concentrations of cloud droplets in the control simulation (PD-CTRL) is

about four times higher than the pre-industrial simulation (PI-SOL). This rel-

atively strong sensitivity to increases in aerosol loading is expected not only310

because there is a direct proportionality between activated cloud droplets and

12



Soluble Aerosol material Adjustment Factor

Ammonium Sulphate

(SO4)

0.19

Sea-Salt (SS) 1.

Soluble Organics (SO) 0.67

Table 1: Fractional changes applied to present-day (2010) soluble aerosol number con-

centrations in order to represent the pre-industrial (1850) number concentrations (in-

ferred from Takemura (2012)).

the CCN concentrations in the CCN activity parameterization of Ming et al.

(2006) used in the model, but also that other previous modelling and observa-

tional studies have shown this trend (Andreae et al., 2004; Boutle et al., 2018).

It was shown in our previous study that among the soluble aerosols, sulphate315

was by far the dominant source of cloud droplets followed by soluble organics.

The accumulation mode of the bi-modal log-normal size distribution of sulphate

aerosols dominated the droplet concentrations in the lower troposphere; how-

ever, in the upper troposphere, the smaller mode was an equally important

source of cloud droplets (Kudzotsa et al., 2016a). It is important to note that320

the fractional increase in the cloud droplet loading and the fractional increase in

the activated CCN concentration are not equivalent; the number concentration

of the activated CCN is slightly higher than that of cloud droplets. This is

expected because some of the cloud droplets grow by self-collection and some

grow into precipitation (or rain drops) via collision-coalescence. In addition,325

the evaporation and homogeneous freezing of cloud droplets also account for

this discrepancy. Finally, a corresponding monotonic reduction of about 5 µm

in the mean sizes of cloud droplets was predicted in the present-day (Fig. 2b)

owing to increased competition for available water vapor by more cloud droplets

(Twomey, 1974).330
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Figure 2: (a) Cloud droplet number concentrations and (b) mean sizes of cloud droplets (c) ice

crystal number concentrations and their corresponding effective sizes in (d). The quantities

were conditionally averaged over cloudy conditions.

3.1.2. Initiation of Cloud Ice

As for the total crystal concentrations (Fig. 2c), the fractional increase is

insignificant in the lower troposphere but it diverges quite drastically from the

preindustrial concentrations with increasing altitude owing mainly to the higher

rates of homogeneous aerosol freezing exhibited in the present-day. A corre-335

sponding pattern in the reduction of effective sizes of ice crystals is shown in Fig.

2d. The average number concentration of ice crystals was about three orders

of magnitude higher than the average number concentration of activated INP.

This is a consequence of secondary mechanisms of ice formation such as homo-

geneous droplet/aerosol freezing and other ice multiplication processes such as340
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the Hallett-Mossop (H-M) process. Similar findings from other tropical cases of

deep convection were made by Phillips et al. (2007); Fan et al. (2010); Storelvmo

et al. (2011). The ice number budget (Fig. 3) shows that homogeneous aerosol

freezing, particularly of sulphate aerosols outnumbers all other sources of ice

crystals, although it does not on its own, account for the total ice concentra-345

tion. Crystals from homogeneous freezing of cloud droplets are much less than

those from aerosol freezing. Other sources of ice crystals such as heterogeneous

ice nucleation and the H-M splinters have smaller contribution to the overall ice

concentrations.

0.5

DF AF HM TH DT ST BI
0

2

4

6

8

10

Ice crystal source

L
o

g
 o

f 
Ic

e
 c

o
n

c
e

n
tr

a
ti
o

n

 

 

PD−CTRL

PRE−IND

Figure 3: The ice number budget from the simulation of TWPICE, DF = droplets frozen

homogeneously, AF = aerosols frozen homogeneously, HM = H-M splinters, TH = total ice

from heterogeneous nucleation, (DT, ST, BI) ice from heterogeneous nucleation of dust, soot

and biological organics respectively.
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3.1.3. Water Contents350

Figs. 4a and 4b show the liquid water content (LWC) and the ice water con-

tent (IWC) of clouds conditionally averaged over cloudy regions. A substantial

monotonic increase of the LWC was evident in the control simulation owing to

weakened present-day rain (Fig. 5) evident especially in surface precipitation

(Fig. 5a) and mixed-phase clouds (Fig. 5b). This weakening in rain produc-355

tion is a direct consequence of predicted strong reduction in present-day droplet

mean sizes. The weak precipitation production implies that more liquid water

stays longer in the cloud thereby extending the lifetime of the clouds.

As for the ice water content, there was barely any change between the freez-

ing and the homogeneous freezing levels, although a strong reduction of the360

upper-tropospheric IWC was consequently predicted in the present-day simula-

tion, especially in regions of weak vertical velocities. The primary mechanisms

for this reduction in the upper-tropospheric IWC were the increase of snow pro-

duction in regions of deep convective clouds and the reduced detrainment of ice

from the convective cores into cirrus which was indicated by the general weak-365

ening of cloud updrafts in the present day. In regions where vertical velocity

remain the same, it ordinarily implies that there was no additional buoyancy

created from the latent heating, i.e. the lack of the invigoration effect (Khain

et al., 2005).

3.1.4. Precipitation370

There was overall, no substantial change in the rain mixing ratio arising

from the inclusion of aerosol pollution (Figs. 5a), although there is a significant

bias towards weakening of rain production especially when rain reaching the

ground is considered. The dominant contribution to this reduction in the overall

rain was from present-day mixed-phase clouds (Fig. 5b). This indicates that375

there was small perturbation to the collision-coalescence process in these clean

maritime clouds that resulted from increased soluble aerosols, even though there

was a significant reduction in the mean sizes of cloud droplets.

On the other hand, the intrinsic (or the conditionally averaged) snow produc-
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Figure 4: (a) Liquid water content, (b) ice water content conditionally averaged over cloudy

regions and in regions of weak ascent.
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Figure 5: Rain mass mixing ratios conditionally averaged over (a) liquid-only clouds and (b)

mixed-phase clouds in TWPICE. Liquid-only clouds are mathematically defined when in a

given grid-box, only the water mixing ratio is greater than 0.001 gkg−1, while for mixed-phase

clouds, both the water and the ice mixing ratios must be greater 0.001 gkg−1.

tion in the present-day was heavily suppressed by the increases in soluble aerosol,380

especially in stratiform ice-only clouds, which are also the dominant contribu-

tor to the ice-only cloud fraction and hence, these clouds had more influence on

the microphysical properties of all ice-only clouds than deep-convective clouds.

This suppression of snow is attributed to the strong reduction in mean sizes of

ice-crystal in the upper-troposphere. In addition, there was also a significant385
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reduction of supersaturations in the regions of weak vertical velocities, which

also limits the growth of snow. As for the production rates of graupel, there was

hardly any change noted in all cloud types in these simulations. This weakening

of precipitation with increasing aerosol loading is in keeping with other studies

e.g. (Storer et al., 2010) who investigated the effects of aerosols on convective390

clouds under different thermodynamic environments.

3.1.5. Vertical Velocities, Cloud Cover and Optical Thickness

There is a complex interplay between the dynamics and the microphysics of

a cloud; at a macrophysical level, the dynamics determine the depth and spa-

tial extent of the cloud, while on the microphysical scale, the dynamics control395

the degree of supersaturation in a cloud and to a certain extent the collection

efficiencies of cloud particles during growth by collision-coalescence and aggre-

gation processes (if the geometric sweep-out concept is taken into consideration)

(Phillips et al., 2014). blue There was a significant weakening of vertical veloc-

ities in the present-day especially in the upper troposphere for regions of weak400

ascent (Fig. 6a) and in the middle troposphere for regions of strong ascent

(Fig 6b). This was in tandem with the reduction in upper-tropospheric IWC

and LWC in general (Fig. 4). The reduction in IWC can imply suppression of

latent heat released during freezing, which essentially weakens the strength of

updrafts. In addition, the predicted increase in LWC is an indication of little to405

no partitioning of liquid-phase clouds to ice clouds and this has the same effect

reducing the strength of updrafts.

3.1.6. Cloud Fractions

As for the horizontal cloud fractions (Fig. 7a), a net increase in total cloud

fraction of about 5% was predicted and also a general increase across all cloud410

types was predicted in the present-day. This alludes to the fact that overall, all

the cloud regimes became horizontally more extensive. blue Note that the sum of

individual cloud covers of specific cloud phases exceeds the cloud fraction for all

clouds. This is because of the overlaps in spatial coverage by these cloud types
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Figure 6: Vertical velocity profiles conditionally averaged over clouds with, (a) weak vertical

velocities and (b) strong vertical velocities. For weak vertical velocities, the vertical velocity

is less 1 m s−1 while it is greater than 1 m s−1 for strong vertical velocities.

caused mainly by their occurrence at different altitudes. Further investigation415

also indicated that all the cloud types became more extensive in the present-day

because the volumetric cloud fraction (the fraction of the grid boxes in the whole

domain that have clouds) showed an escalation of the number of cloudy grid-

boxes for virtually all the cloud types, especially for mixed-phase clouds and

followed by ice-only clouds (Fig. 7b). As a result, both the intrinsic and the420

domain averaged optical thicknesses of all cloud types (Fig. 8) exhibited a large

percentage increase due to aerosol perturbation. This conspicuous change in the

optical properties of clouds implies that the cloud reflectance was also strongly

altered. All the noted microphysical changes such as an increase in droplet and

ice number concentrations and the reductions in mean particle sizes, in addition425

to precipitation suppression are perfect ingredients for increased cloud fractions

and optical thicknesses (Twomey, 1974, 1977).

4. Response of Radiative Fluxes and Cloud Radiative Properties to

Increased soluble Aerosols

This section presents analysis and discussion of how the modifications of430

micro- and macrophysical properties of clouds by the increase in soluble aerosols
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Figure 7: (a). The change in cloud fraction for all types of cloud species in TWPICE. (b).

The change in volumetric cloud fraction for all types of cloud species in TWPICE.

affect the radiative properties of clouds and their corresponding net radiative

forcing for this domain. This was done by analyzing the changes of the radiative

fluxes at the top of the atmosphere.

Figure 9 presents the radiative flux changes at the TOA caused by anthro-435

pogenic increases in the loadings of aerosols between the pre-industrial and

the present-day eras. The modelling results show a strong negative radiative

forcing from all the clouds at the TOA (-17.44 ±6.1 Wm−2). This is because

maritime atmospheres are characterized by low background concentrations of

aerosols, which makes them very sensitive to any changes in the aerosol field.440

Background aerosol loading refers to the average pre-industrial aerosol concen-

tration. The sensitivity to aerosol changes in any atmosphere or any cloud

regime decreases as the background aerosol concentration increases because a

saturation point can be reached beyond which the sensitivity to aerosol per-

turbations becomes minimal. This result corroborates the finding of Andreae445

et al. (2007) who discovered that the aerosol indirect effects are larger in clean

clouds than in polluted clouds. In other words, maritime clouds are expected

to be more sensitive to aerosol changes than continental clouds. In our recent

previous study (Kudzotsa et al., 2016b) where we investigated the effects of

soluble aerosols on continental clouds, we predicted a smaller net indirect effect450
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Figure 8: Superimposed optical thicknesses predicted in the TWPICE simulation; (a) condi-

tionally averaged over grid-boxes in which the mass mixing ratio of a targeted cloud type is

greater than blue 0.001 gkg−1 and (b) unconditionally averaged over 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.

of about −9.Wm−2 over a similar domain and from similar cloud types.

The primary contributions to this strong aerosol indirect effect were the

distinct increases in droplet number concentrations by about a factor of five

and the doubling of ice crystal number concentrations in the upper-troposphere.

Also, the substantial perturbation of other microphysical properties such as the455

optical thickness and increase in cloud cover caused this huge AIE. Fig. 8

clearly shows that the present-day clouds are very optically thick compared to

the pre-industrial clouds.

Both the water-only (AIE of -9.08 ±3.18 Wm−2) and the partially glaciated

clouds (AIE of -8.36 ±2.93 Wm−2) have shown equal importance in contributing460

to the net AIE of all clouds. This is primarily due to the fact that there was

a strong increase in the number concentrations of both cloud and ice particles

and a corresponding reduction in their respective mean sizes of these clouds.

In addition, water clouds possess a strong radiative signature, especially in the

shortwave region of the electromagnetic radiation spectrum, while ice clouds465

exist vertically above water clouds, and hence having the first interaction with

solar radiation; thus, any change to their properties contributes significantly to
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Figure 9: The aerosol indirect effects (AIE) from soluble aerosols calculated for different cloud

phases. Meaning of abbreviations: Total AIE = Total aerosol indirect effect from all clouds.

GC-AIE = AIE from partially glaciated clouds, GCL-AIE = The lifetime indirect effect from

partially glaciated clouds, GCAE-AIE = The albedo-emissivity indirect effect from partially

glaciated clouds.

the overall AIEs.

For the partially glaciated clouds aerosol indirect effect, the mixed-phase

component (-14.12 ±4.94 Wm−2) of partially glaciated clouds was dominant,470

whilst in fact the ice-only clouds component (5.76 ±1.84 Wm−2) exhibited a

positive radiative flux change at the TOA. The predicted reduction in uppertro-

pospheric IWC implies that ice-only clouds allowed more solar radiation into the

atmosphere.

The albedo-emissivity effects and the lifetime indirect effects for the partially475

glaciated clouds had a comparable cooling effect of -4.4 ±1.54 Wm−2 and -4.5

±1.54 Wm−2, respectively. The reduction in the droplet sizes and the increase

in the number concentrations of the cloud droplets made them more reflective

causing such a cooling.

In this work, we investigated the microphysical and dynamical effects of480
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aerosols on clouds, caused by anthropogenic increases in aerosol concentrations

that occurred between the preindustrial and the present-day eras and the en-

suing effects that these changes have on the radiative properties of clouds with

our main focus having been on tropical maritime partially glaciated clouds. The

investigation was conducted using a state-of-the-art aerosol-cloud model that485

included aerosols of different chemical compounds that are either internally or

externally mixed. We conducted various sensitivity tests to isolate different

aerosol indirect effects.

Our results predicted a factor of four increase in the cloud droplet num-

ber concentrations caused by aerosol pollution because in pristine environments490

such as in the simulated case, droplet concentrations are more sensitive to aerosol

concentrations than in a polluted case where cloud droplet concentrations are

driven more by updraft speeds and the thermodynamic conditions. The wa-

ter contents of clouds in the simulated case were relatively low compared to

what is generally expected in a continental scenario e.g Kudzotsa et al. (2016a).495

This was mainly because precipitation efficiency is generally high in maritime

clouds because of low concentrations of aerosol particles that characterize mar-

itime atmospheres. As a result, fewer cloud particles are activated which can

easily grow into large sizes and consequently, precipitation. Overall, the LWC

slightly increased with increased aerosol concentrations, while the IWC in the500

upper-troposphere diminished quite significantly in the present-day simulation.

Although the particle sizes diminished with aerosol pollution, the reduction

was moderate and consequently, the microphysical processes (such as collision-

coalescence, riming and aggregation) that are particle size dependent were not

strongly altered.505

The total aerosol indirect effect from all clouds of about -17.44 ±6.1 Wm−2

was predicted in this marine case when soluble aerosols were increased from

pre-industrial to present day. This is a huge radiative forcing that was caused

mainly by the high sensitivity of maritime clouds to perturbations in aerosol

concentrations. This derives from the fact that the aerosol indirect effect in-510

creases as the background aerosol concentration decreases. This explanation is
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in agreement with the findings of Kudzotsa et al. (2016a) in which a continental

case was simulated and the total aerosol indirect effect of about -9 Wm−2 was

predicted over an equal domain size and similar convective clouds and similarly

in Andreae et al. (2007). Both the partially glaciated and the water-only clouds515

in this case contributed equally to the total aerosol indirect effect of clouds. For

the water-only clouds, this was attributed to their high sensitivity to aerosol

loading and also to their strong radiative signature especially on shortwave radi-

ation. Whereas partially glaciated clouds had a significant contribution because

of their existence vertically above the water clouds and therefore they interact520

with radiation first before it reaches water clouds.

The main conclusions drawn from this study pertaining to the radiative

properties of clouds are: (1) The total aerosol indirect effect from all clouds

was large (-17.44 ±6.1 Wm−2) and this is characteristic of environments with

pristine background aerosols. (2) Both the water-only and the partially glaciated525

clouds contributed equally to the net AIEs. (3) The component of ice-only

clouds in the total AIE was a positive radiative flux change at the TOA while

that of the mixed-phase clouds was a negative radiative flux change, which

subsequently dominated the AIE of partially glaciated clouds. (4) Finally, the

magnitude of the albedo-emissivity effect was comparable to the lifetime AIE.530
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