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Abstract12

Aerosols are postulated to alter moist convection by increasing cloud droplet num-13

ber concentration (Nd). Cloud-resolving model simulations of radiative-convective equi-14

librium show that increased Nd leads to higher convective mass flux, seemingly in line15

with a popular hypothesis which links the convective invigoration to delayed rain for-16

mation allowing more cloud liquid water to be frozen. Yet, the same phenomenon is also17

present in an alternative model configuration with only warm-rain microphysics, suggest-18

ing that one does not have to invoke ice microphysics. The key mechanism lies in the19

different vertical distributions of the increases in cloud liquid re-evaporation and in wa-20

ter vapor condensation, causing a dipole pattern that favors convection. This is further21

supported by a mechanism-denial experiment in which weakened cloud re-evaporation22

tends to mute invigoration. This work represents a major advancement of the process-23

level understanding of aerosol effects on convection.24

Plain Language Summary25

Aerosols are thought to alter moist convection by increasing cloud droplet num-26

ber concentration. According to a popular hypothesis, increased droplet number con-27

centration would delay rain formation, allowing more cloud water to reach the freezing28

level. The additional latent heating from freezing is presumed to be the cause of stronger29

convection. We test this hypothesis with a numerical model capable of simulating moist30

convection, and find that convective invigoration occurs even in the absence of ice pro-31

cesses. A detailed analysis suggests that delayed rain formation increases cloud water32

re-evaporation. The resulting cooling is balanced primarily by more water vapor con-33

densation. This creates a vertical cooling-above-warming dipole favorable to convection.34

This work represents a major advancement of the process-level understanding of aerosol35

effects on convection.36

1 Introduction37

Atmospheric aerosols play a significant role in influencing convection and precip-38

itation. Aerosols alter Earth’s radiative budget through the absorption and scattering39

of radiation, as well as by altering the albedo (Twomey, 1974) and lifetime (Albrecht,40
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1989) of clouds. This change in surface radiation is partially balanced by latent heat, lead-41

ing to changes in precipitation and convection.42

Besides the radiative effects, it has been proposed that aerosols can affect convec-43

tion through purely microphysical pathways. A commonly referenced mechanism (Rosenfeld44

et al. (2008), see also Williams et al. (2002); Andreae et al. (2004)) posits that increased45

aerosol concentrations increase cloud droplet number concentrations of smaller drops,46

which delays the formation of rain. It is thought that this would bring more cloud wa-47

ter above the freezing level, releasing additional latent heat and invigorating convection.48

Stevens and Feingold (2009) present a liquid variant of this argument, suggesting that49

the delayed precipitation increases evaporation at the cloud-top, destabilizing the atmo-50

sphere and favoring convection. Changes in condensate evaporation can also affect cold51

pool strength and the strength of subsequent convection (e.g. Tao et al., 2007; Morri-52

son, 2012; Tao et al., 2012). Recently, Fan et al. (2018) suggested that ultrafine (smaller53

than 50 nm) aerosol particles can be activated into cloud droplets, making it possible54

to condense more supersaturated water. Given that the enhancement of upper level con-55

densational heating was not significant in their sensitivity tests, they argue that the con-56

vective invigoration in their experiments occurs via a warm-phase rather than a cold-57

phase pathway.58

Generally speaking, there is no consensus on how aerosols may affect convection,59

with different case studies suggesting either strengthening (e.g. Fan et al., 2018) or weak-60

ening (e.g. Morrison, 2012). Making comparisons across different case studies is not straight-61

forward, given that environmental factors such as wind shear (e.g. Fan et al., 2009) and62

radiative effects (e.g. Fan et al., 2015) can alter the eventual convective response. The63

setting of radiative-convective equilibrium (RCE) allows us to understand which processes64

are of importance to the climate state in a simple framework. For example, van den Heever65

et al. (2011) found an increase in the frequency of updrafts in response to increased aerosol66

concentrations. In a follow-up study focusing on deep convective cloud properties, Storer67

and van den Heever (2013) showed that changes in latent heat from the freezing of cloud68

water are not the largest contributors to the latent heat budget, suggesting that latent69

heat from freezing might not be of leading order importance for understanding convec-70

tive invigoration, at least in RCE. This motivates a targeted mechanistic study of the71

importance of ice processes to convective invigoration that eliminates cloud-radiative feed-72

backs.73
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2 Methods74

2.1 Model75

The simulations are performed in RCE using the Advanced Research Weather Re-76

search and Forecasting (WRF) model (Wang & Sobel, 2011). The simulation domain is77

doubly periodic and contains 96x96 gridpoints at a horizontal resolution of 2 km, with78

fifty vertical levels. Radiative cooling is prescribed at -1.5 K day−1 in the troposphere79

(T > 207.5 K); above 207.5 K, the cooling follows Newtonian relaxation to 200 K on a80

time scale of 5 days. Prescribing the radiative cooling eliminates a major confounding81

factor of aerosol-radiation interactions on the convective response. Surface sensible and82

latent heat fluxes are computed with an aerodynamic formulation following Chua et al.83

(2019), with surface temperatures set to 28◦C. Subgrid diffusion is calculated by the Smagorin-84

sky and YSU (Hong et al., 2006) schemes. Domain-mean winds are nudged to zero on85

a timescale of two hours. The configuration is identical to that of Chua et al. (2019) ex-86

cept for the use of the double-moment Morrison scheme (Morrison et al., 2009). By pre-87

dicting both the number and mass mixing ratio of hydrometeors, a double moment scheme88

captures more degrees of freedom of the microphysical response to aerosols.89

The Morrison scheme can be set to only consider liquid (or warm rain) microphysics.90

In that configuration, condensation of water vapor (qv) to cloud water (qc) takes place91

via saturation adjustment. Re-evaporation of cloud droplets occurs only in subsaturated92

conditions, and is limited by the availability of cloud water. Rain (qr) is converted to93

vapor by rain re-evaporation. The conversion of cloud water to rain occurs by both au-94

toconversion and accretion, parameterized respectively as 1350q2.47c N−1.79
d and 67(qcqr)1.15,95

with units of kg kg−1 s−1 (Khairoutdinov & Kogan, 2000). Here, qc and qr are in kg kg−1
96

and Nd is in cm−3. Autoconversion is the only microphysical process among both ice and97

liquid processes that is directly affected by Nd.98

2.2 Experiments99

Four pairs of BASE (Nd = 100 cm−3) and BASE* (Nd = 1000 cm−3) simulations100

are performed with different microphysical assumptions. In FULL, the default Morri-101

son scheme configuration is used, with full ice and liquid microphysics, while LIQ involves102

only liquid microphysics. In addition to shutting off ice microphysics, the formula used103

for computing the rates of re-evaporation of cloud water and rain are multiplied by 0.1104
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in the CE and RE experiments, respectively. We collectively refer to LIQ, CE and RE105

as liquid microphysics cases. The BASE simulations are initialized from a warm bub-106

ble and are first performed for 240 model days. The output at day 180 of the BASE ex-107

periment is used to initialize a 60-day-long BASE* experiment. We analyze the last 20108

days of hourly-mean output from each simulation. The noise level of a given variable is109

quantified using five consecutive, non-overlapping 20 day periods (days 220-320) obtained110

by extending the BASE simulations. The response to higher droplet number concentra-111

tion (i.e., BASE* minus BASE) is denoted by a δ.112

3 Domain-mean vertical responses113

Here, we describe the responses of key microphysical, dynamic and thermodynamic114

quantities to the perturbations imposed by our experiments. In all BASE cases, the dis-115

tribution of cloud water (qc, Figure 1a) is similar in the lower and middle troposphere,116

peaking around 900 hPa. In the upper troposphere, the high clouds are comprised by117

ice (dashed) in FULL and cloud water in the liquid microphysics cases. Cloud water is118

larger in FULL than in the liquid microphysics cases. The distribution of precipitating119

condensates (qp, Figure 1b) is similar in the lower troposphere across experiments, with120

a peak at around 700 hPa. Above 600 hPa, the solid condensates (snow and graupel)121

dominate the precipitating condensates in FULL (dashed). Both qc and qp are highest122

in FULL. In all δBASE* cases (Figure 1e), there is an increase in cloud condensate be-123

low 500 hPa. There is also a decrease in qp below 700 hPa (Figure 1f). The increased124

cloud water and reduced rain concentrations are consistent with the nature of the per-125

turbation, which suppresses the conversion of cloud water to rain.126

Next, we turn to the influence of the microphysical perturbations on convective dy-127

namics. Across the BASE cases, the convective mass flux (Mc, Figure 1c) is largest in128

FULL. Convective mass flux is the sum of the mass flux from gridpoints where qc > 0.005129

g kg−1 (e.g. Wang & Sobel, 2011) and vertical velocity exceeds 1 m s−1 (e.g. Robe &130

Emanuel, 1996). Note that convection remains unaggregated across all simulations. Con-131

vective invigoration is seen in both FULL and LIQ in δBASE* (Figure 1g), with the peak132

of the increase in Mc at around 600 hPa, implying that the presence of ice microphysics133

does not qualitatively alter the convective invigoration response. Relative to LIQ, weak-134

ening re-evaporation of cloud droplets (CE) mutes the increase of Mc by 56% at 600 hPa,135
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while weakening re-evaporation (RE) does not significantly alter convective mass flux136

below 600 hPa. The increases in Mc at 600 hPa coincide with the increase of qc.137

One might expect the thermodynamic environment to be important for understand-138

ing the convective response. Figure 1d shows the relative humidity (RH) in the BASE139

cases. The profiles exhibit a C-shape, with minima in the mid-troposphere (around 500140

hPa). Across the cases, experiments with larger RH generally have larger Mc (Figure141

1c, g). The convective invigoration seen in the δBASE* cases coincide with an increase142

in mid-tropospheric (e.g. 600 hPa) RH (Figure 1h). Having identified that convective143

invigoration occurs in δBASE* together with increase in mid-tropospheric RH, even in144

the absence of ice microphysics, we proceed with more quantitative analysis of the con-145

nections between the different domain-mean quantities.146

4 Connections between thermodynamic, dynamic, and microphysical147

variables148

Figure 2 summarizes the key relationships discussed in Section 3. Comparing across149

the BASE (circles) and BASE* (asterisks) cases, there is a general correspondence be-150

tween column relative humidity (CRH) and vertically-averaged convective mass flux [Mc]151

(Figure 2a). The mid-tropospheric (400 to 600 hPa) relative humidity (MRH) has a mono-152

tonic relationship with [Mc] across all cases (Figure 2b). In this sense, the convective in-153

vigoration, as well as changes in Mc across the BASE cases, are linked to a increased RH,154

especially in the mid-troposphere. One way to connect RH to the microphysical pertur-155

bation is by considering the ratio of column-integrated re-evaporation (E) to conden-156

sation (C), which we denote by γ. Larger values of γ favor larger values of RH in an an-157

alytical model of RH which regards re-evaporation as a moistening of the environment158

(Romps, 2014). Indeed, there is a monotonic relationship between γ and CRH across159

our simulations (Figure 2c). Increases in γ can also be associated with increases in MRH160

(Figure 2d).161

Table 1 presents the decomposition of γ into E and C, together with other rele-162

vant quantities in the microphysical budgets. By definition, changes in C−E must equal163

changes in P , which changes little (less than 10%) across experiments due to the fixed164

tropospheric radiative cooling. The assumption of fixed P implies that increases in E165

increase both C and γ. Relative to LIQ, E is mainly reduced via the weakening of rain166

and cloud evaporation in RE and CE, respectively. The weakening of EC in CE (26%)167

–6–



manuscript submitted to Geophysical Research Letters

Table 1. The values of γ [the ratio of column-integrated re-evaporation (E) to column-

integrated condensation (C)], E and its rain (ER) and cloud (EC) components, C, accre-

tion (AR), precipitation P in the BASE liquid microphysics experiments, and their changes in

BASE* (δBASE*). Except for γ, which is unitless, all the quantities are domain-averaged and in

mm day−1. The connections between the processes in LIQ are illustrated in Figure 3. In FULL,

additional ice processes (Table S1) are involved in ER, EC, C, and AR.

EXPT γ E ER EC C AR P

BASE

FULL 0.67 9.1 3.7 5.4 13.7 8.2 4.5

LIQ 0.56 5.8 2.7 3.1 10.2 7.1 4.5

RE 0.37 2.8 0.5 2.3 7.6 5.2 4.7

CE 0.51 4.6 2.7 2.0 9.1 7.1 4.4

δBASE*

FULL 0.02 0.8 -0.7 1.5 0.9 -0.6 0.1

LIQ 0.04 1.0 -0.6 1.6 1.1 -0.5 0.1

RE 0.09 1.3 -0.2 1.4 1.3 -0.1 0.1

CE 0.02 0.5 -0.6 1.1 0.5 -0.6 0.0

is small compared to the weakening of ER by RE (81%), suggesting that EC is strongly168

limited by the availability of condensate. To better understand how the increase in E169

is achieved under a suppression of autoconversion, we investigate the processes under-170

lying the changes in its precipitation (ER) and cloud (EC) re-evaporation components.171

Since ice microphysics do not fundamentally alter convective invigoration, we will172

focus on LIQ (Figure 3a), where the processes are rain (ER) and cloud evaporation (EC),173

droplet condensation (C), accretion (AR) and autoconversion (CR). In equilibrium, sur-174

face evaporation (ES) and precipitation (P ) are in balance, as are the sources and sinks175

of the microphysical terms. One observation is that the conversion of qc to qp is mostly176

from accretion, as one might expect from cloud-resolving simulations (e.g. Heikenfeld177

et al., 2019) and observations (e.g. Gettelman et al., 2013). This does not mean that au-178

toconversion can be disregarded, because in the absence of qp and ice microphysics, au-179

toconversion is the only way cloud condensates can be converted to precipitation.180
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Indeed, a reduction in autoconversion acts to reduce the conversion of cloud to pre-181

cipitating condensates via accretion (Figure 3b). The reduction in accretion is balanced182

by a reduction in rain re-evaporation so as to balance the sources and sinks of qp. To bal-183

ance the qc budget, there is a net increase in EC−C, which occurs via increases in both184

EC and C. In other words, the suppression of accretion leads to opposing responses in185

EC and ER, which act to moisten and dry the atmosphere, respectively, with the for-186

mer winning out.187

The competing effects of EC and ER shed some light on the response across the188

δBASE* experiments. As in δLIQ*, the other δBASE* experiments exhibit decreases in189

AR and ER, and increases in E, EC, and C (Table 1). In RE, where the drying response190

of ER is suppressed, the increase in E is the largest among the δBASE* experiments.191

In contrast, in CE, the moistening response of EC is suppressed, reducing the increase192

in E. So far, we have seen that larger values of E increase γ, which is associated with193

column relative humidity and Mc. In the case of suppressed autoconversion, the increase194

of cloud re-evaporation exceeds the decrease in rain re-evaporation, leading to a net in-195

crease in E. Next, we seek a better understanding of how the changes in microphysical196

processes influence convective dynamics.197

We examine the energy budget (Figure 4) to identify the leading processes respon-198

sible for the altered energy transport due to the increases in convective mass flux. In all199

the BASE cases (a-d), the prescribed radiative cooling (rad) is balanced by latent heat-200

ing from the microphysics scheme (mp), vertical diffusion in the boundary layer (vdif),201

and transport of energy by vertical advection from resolved motions (adv). In δBASE*,202

the changes are largely a compensation between the mp and adv terms. The column-203

averaged value of the absolute change in the mp term is each case is given in the top left204

corner of Figure 4e-h. This compensation is similar (within 15%) of the FULL case in205

LIQ and RE, but is reduced by 44% in CE, consistent with the muting of convective in-206

vigoration in CE*. A feature of this compensation is a dipole structure between 800 and207

400 hPa, with microphysical heating underneath microphysical cooling that is balanced208

by advective cooling underneath advective heating. As such, we can think of the con-209

vective invigoration as a response to the vertical heating dipole imposed by the micro-210

physical changes.211
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To understand how the vertical dipole is created in terms of microphysical tenden-212

cies, we examine the changes in the latent heat budget (Figure 5). In all the BASE cases,213

condensation of cloud droplets (cc) peaks lower in the atmosphere (around 900 hPa) than214

the re-evaporation of cloud and rain condensates (ec and er, respectively). Conceptu-215

ally, the condensation at cloud base generates buoyancy for the air parcel. As the par-216

cel rises, it detrains cloud condensates, which evaporate into the surrounding air. Across217

the BASE cases (Figure 5a-d), larger values of γ (e.g. from RE to LIQ) are generally as-218

sociated with a larger dipole of condensational heating below re-evaporative cooling. In219

δBASE* (Figure 5e-h), a similar dipole of latent heating beneath cooling is seen. The220

dipole is mainly a cancellation between condensation (cc) and re-evaporation (ce) of cloud221

droplets, with ice processes (ice) playing a secondary role. The importance of mid-tropospheric222

evaporative cooling in creating this latent heating dipole, which we have seen is connected223

to the changes in convection (Figure 4), is consistent with the monotonic relationship224

between mid-tropospheric relative humidity and Mc (Figure 2b).225

5 Discussion and Conclusions226

In interpreting our results, it is useful to return to the microphysical budget con-227

straints (Figure 3). Our perturbation experiments suppress the conversion of cloud con-228

densates to precipitating condensates, giving rise to a reduction in precipitation re-evaporation229

and a decrease in the net production of cloud condensates. The latter can occur in one230

of three possible pathways: (1) an increase in condensation and a larger increase in cloud231

re-evaporation; (2) a decrease in condensation and a smaller (less negative) decrease in232

cloud re-evaporation; (3) changes in condensation and cloud re-evaporation that differ233

in sign (e.g. an increase in cloud re-evaporation and a decrease in condensation). Path-234

way (2) does not occur because the suppressed accretion increases the concentration of235

cloud condensates, which seems to be the factor limiting cloud re-evaporation. For ex-236

ample, if one contrasts CE with LIQ, despite the prescribed 10-fold decrease in the pa-237

rameterization, the actual cloud re-evaporation decreases by only 26%. It is reasonable238

to assume that condensation and cloud re-evaporation tend to change in the same di-239

rection. This is borne out in our simulations (Table 1), and allows us to rule out (3).240

A plausible explanation for convective invigoration in the context of liquid or warm241

rain microphysics is then as follows. Increased cloud droplet number concentrations re-242

duce accretion via the suppression of autoconversion. In the dry mid-troposphere, cloud243
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re-evaporation is limited by condensate availability. Hence, the increased cloud conden-244

sates (due to weaker accretion) act to increase cloud re-evaporation. The additional re-245

evaporative cooling is balanced by more condensational heating lower in the atmosphere246

(Figure 5), creating a dipole that dynamically further enhances condensation and con-247

vective mass flux. Since precipitation is fixed, the increase in condensation must be ac-248

companied by an increase in total re-evaporation (from cloud and precipitating conden-249

sates combined), which also favors condensation by moistening the mid-troposphere. Note250

that this argument is consistent with (i) the increase in cloud re-evaporation outweigh-251

ing the decrease in precipitation re-evaporation and (ii) the relationship between mid-252

tropospheric relative humidity and convective mass flux (Figure 2b).253

A contemporaneous study by Abbott and Cronin (2020) allows us to examine the254

robustness of our results to the choice of model configuration and Nd. Both studies find255

that an increase in Nd gives rise to increased mid-tropospheric relative humidity in RCE256

and convective invigoration, even in the absence of ice microphysics. We examine con-257

vective invigoration via convective mass flux in RCE, whereas their study focuses on changes258

in high-percentile vertical velocities under the assumption of weak temperature gradi-259

ent (WTG) balance.260

Ice microphysical processes are often thought to play a key role in enhancing con-261

vection under polluted conditions (convective invigoration). In the setting of radiative-262

convective equilibrium with prescribed radiative cooling, we demonstrate that an increase263

in cloud droplet number concentration can cause an increase in convective mass flux even264

in the absence of ice microphysical processes. Subsequent sensitivity tests of liquid mi-265

crophysical processes indicate that this convective invigoration depends more strongly266

on cloud re-evaporation as opposed to rain re-evaporation. A microphysical process anal-267

ysis reveals that the increased cloud droplet number concentrations reduces the rate of268

conversion of cloud water to rain and leads to an increase in cloud re-evaporation and269

a decrease in precipitation re-evaporation, with the former outweighing the latter. Sup-270

pressing cloud (rain) re-evaporation weakens the responses in cloud (rain) re-evaporation.271

Besides increasing the relative humidity, the increase in re-evaporation helps create a dipole272

of condensational heating beneath re-evaporative cooling, with an associated increase273

in convective mass flux.274
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Figure 1. Domain-average vertical profiles of (a) cloud liquid (solid) and ice (dashed) con-

densates (qc, 10−5 kg kg−1), (b) precipitating liquid (solid) and ice (dashed) condensates (qp,

10−5 kg kg−1), (c) convective mass flux (Mc, g m−2 s−1) (d) relative humidity (RH, unitless),

(e-h) Changes in (a-d) due to δBASE*. The shading in (e-h) represents the noise in BASE.
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Figure 2. Scatter plots of (a) vertically averaged convective mass flux ([Mc], g m−2 s−1)

against column relative humidity (CRH), (b) [Mc] against mid-tropospheric (600 to 400 hPa)

relative humidity (MRH), (c) CRH against the ratio of column-integrated re-evaporation to

condensation (γ, unitless), (d) MRH against γ in all experiments.

–15–



manuscript submitted to Geophysical Research Letters

qv qc qp

C (10.2)

EC (3.1)
AR (7.1)

CR (0.0)

ER (2.7)

P (4.5)ES (4.5)

LIQ(a)

qv qc qp

C (1.1)

EC (1.6)
AR (-0.5)

CR (-0.0)

ER (-0.6)

P (0.1)ES (0.1)

LIQ*(b)

Figure 3. Column-integrated and domain-averaged values (mm day−1) of microphysical pro-

cesses converting between water vapor (qv), cloud condensates (qc) and precipitating condensates

(qp) [condensation of cloud condensates (C), evaporation of cloud condensates (EC), conver-

sion of cloud water to rain by autoconversion (CR) and accretion (AR) and evaporation of rain

(ER)], as well as surface evaporation (ES) and precipitation (P ) for (a) LIQ and (b) δLIQ*. The

corresponding values for all configurations are listed in Table 1.
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Figure 4. Domain-average vertical profiles of the microphysical (mp), advection (adv), verti-

cal diffusion (vdif) and radiative (rad) heating rates in (a) FULL, (b) LIQ, (c) RE and (d) CE.

(e-h) Changes in (a-d) due to δBASE*. The vertically-averaged value of the absolute changes in

mp is given on the top left hand corner. All values are in K day−1.
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Figure 5. The decomposition of the microphysical term in Figure 4 (mp) into contributions

from rain re-evaporation (er), formation of cloud droplets by condensation (cc), evaporation of

cloud droplets (ec), and ice processes (ice) in the BASE configurations (a) FULL, (b) LIQ, (c)

RE and (d) CE. (e-h) Changes in (a-d) due to δBASE*. All values are in K day−1.
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