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Abstract

A new Aitken mode aerosol scheme is developed for a large eddy simulation (LES) model in order to better investigate cloud-

aerosol interactions in the marine boundary layer and to study the Aitken buffering hypothesis of McCoy et al. (2021). This

scheme extends the single-mode two-moment prognostic aerosol scheme of Berner et al. (2013). Nine prognostic variables

represent accumulation and Aitken log-normal aerosol modes in air and droplets as well as 3 gas species. Scavenging of

interstitial aerosol by cloud and rain drops and coagulation of dry aerosol are treated using the scheme described in B13. The

scheme includes a simple chemistry model with gas phase H2SO4, SO2, and DMS as prognostic variables to capture basic

influences of sulfur chemistry on the model aerosols. Primary nucleation of H2SO4 aerosol particles from gas-phase H2SO4 is

neglected. A deep, precipitating stratocumulus case (VOCALS RF06) is used to test the new scheme. The presence of the

Aitken mode aerosol increases the cloud droplet concentration through activation of the larger Aitken particles and delays the

creation of an ultraclean, strongly precipitating cumulus state. Scavenging of dry accumulation and Aitken particles by cloud

and precipitation droplets accelerates the collapse. Increasing either the above-inversion Aitken concentration or the surface

Aitken flux increases the Aitken population in the boundary layer and prevents the transition to an ultraclean state.
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• A simple two-mode aerosol scheme allows exploration of Aitken effects on aerosol11
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Abstract17

A new Aitken mode aerosol scheme is developed for a large eddy simulation (LES)18

model in order to better investigate cloud-aerosol interactions in the marine boundary19

layer and to study the Aitken buffering hypothesis of McCoy et al. (2021). This scheme20

extends the single-mode two-moment prognostic aerosol scheme of Berner et al. (2013).21

Nine prognostic variables represent accumulation and Aitken log-normal aerosol modes22

in air and droplets as well as 3 gas species.23

Scavenging of interstitial aerosol by cloud and rain drops and coagulation of dry24

aerosol are treated using the scheme described in B13. The scheme includes a simple chem-25

istry model with gas phase H2SO4, SO2, and DMS as prognostic variables to capture ba-26

sic influences of sulfur chemistry on the model aerosols. Primary nucleation of H2SO427

aerosol particles from gas-phase H2SO4 is neglected.28

A deep, precipitating stratocumulus case (VOCALS RF06) is used to test the new29

scheme. The presence of the Aitken mode aerosol increases the cloud droplet concentra-30

tion through activation of the larger Aitken particles and delays the creation of an ul-31

traclean, strongly precipitating cumulus state. Scavenging of dry accumulation and Aitken32

particles by cloud and precipitation droplets accelerates the collapse. Increasing either33

the above-inversion Aitken concentration or the surface Aitken flux increases the Aitken34

population in the boundary layer and prevents the transition to an ultraclean state.35

Plain Language Summary36

Aerosols can have large effects on low-level oceanic clouds, and cloud processes strongly37

affect aerosols as well. Both aerosols and clouds are a major source of uncertainty in cli-38

mate projections. A standard tool for studying low altitude ocean clouds and their in-39

teractions with aerosols is large-eddy-simulation (LES), but this tool can be very com-40

putationally expensive when aerosols of many different sizes are included, which can re-41

strict the geographic coverage, the model resolution, and the time extent of model sim-42

ulations.43

We present a new numerical framework for LES that allows treatment of two size44

categories of aerosols and their interactions with clouds in a relatively simple and inex-45

pensive manner. We use this framework and perform a wide range of experiments where46
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aerosol number, properties, and physics are varied in a 10-day simulation of low clouds47

in a small region over the Southeast Pacific Ocean. Our experiments show that small aerosols48

can have large effects on low cloud survival in some circumstances.49

1 Introduction50

Cloud-aerosol interactions can play an important role in the cloud cover and evo-51

lution of the marine boundary layer. Ship tracks and pockets of open cells (POCs) demon-52

strate the connections between aerosol concentrations and cloud properties and dynam-53

ics (e.g. Durkee et al., 2000; Wood et al. , 2011).54

In the remote marine boundary layer away from anthropogenic and natural land55

aerosol sources, it has often been thought that cloud condensation nucleus concentra-56

tions are generally low, rendering cloudy boundary layer processes especially suscepti-57

ble to aerosol perturbations (Platnick and Twomey, 1994). However, over the Southern58

Ocean during summer, boundary-layer cloud droplet number concentrations are typically59

50-100 cm−3, comparable to other ocean regions closer to continental outflows (McCoy,60

D. et al., 2018; McCoy et al., 2020). McCoy et al. (2021) recently proposed that high61

concentrations of Aitken aerosols nucleated in the free troposphere by synoptic uplift of62

marine biogenic sulfur-containing gases may buffer the accumulation mode in the South-63

ern Ocean boundary layers. Once brought into the BL (Covert et al., 1996), these Aitken64

particles act as the main source for growing SO CCN (e.g. Quinn et al., 2017; Raes, 1995).65

Additionally, it is hypothesized that this large reservoir of Aitken particles can be ac-66

tivated when precipitation removal leads to increased cloud base peak supersaturations,67

acting to sustain cloud droplet concentrations and therefore help to slow the formation68

of drizzle or rain (McCoy et al., 2021). While the SO is an extreme example of this buffer-69

ing mechanism due to the large quantity and continuous creation of FT Aitken parti-70

cles, it is likely that other ocean regions that experience sufficient quantities of Aitken71

aerosols may also experience these effects (e.g. the NEA Sanchez et al., 2018; Zheng et72

al., 2018).73

Aerosol and related chemical processes have long been represented in regional mod-74

els by sorting aerosols into size categories in sectional or bin models (e.g., WRF-CHEM75

with MOSAIC, Zaveri et al., 2008). These schemes can include dozens of chemical and76
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large numbers of bins or modes. Bin schemes have also been developed for LES and used77

to simulate stratocumulus clouds (e.g. Ovchinnikov and Easter, 2010; Tonttila et al., 2017).78

To avoid the large computational costs of these schemes, especially in relatively high79

resolution LES or CRM models, modal schemes with a small number of modes can be80

used. This approach was used by Ekman et al. (2006) to study processing of Aitken aerosols81

in cumulus convection. Kazil et al. (2011) used a modal scheme to investigate Aitken82

aerosols and the role of gas-to-particle conversion in a study of marine stratocumulus over83

the SE Pacific Ocean.84

In this paper, we interactively couple a large-eddy simulation (LES) of a cloud-topped85

marine boundary layer with simple representations of Aitken and accumulation mode86

aerosols and sulfur chemistry, and we use this aerosol-coupled LES to demonstrate the87

plausibility of the McCoy et al. (2021) ‘Aitken buffering’ hypothesis in an idealized sub-88

tropical environment.89

Specifically, we couple the System for Atmospheric Modeling (SAM, Khairoutdi-90

nov and Randall, 2003) LES, including two-moment warm-cloud microphysics, with a91

two-mode, two-moment aerosol scheme, together with minimalist marine sulfur chem-92

istry distilled from the CESM Modal Aerosol Model 3, MAM-3 (Liu et al., 2012). Our93

methodology builds on the one-mode aerosol scheme of Berner et al. (2013), hereafter94

B13, designed for SAM.95

We simulate an idealized case based on a stratocumulus topped boundary layer in96

an environment favorable to the formation of pockets of open cells (POCs) and sensi-97

tive to aerosol concentrations. The case is similar to that of B13 and Kazil et al. (2011)98

and is based on Research Flight 6 (RF06) of the VAMOS Ocean Cloud Atmosphere Land99

Study (VOCALS) on Oct. 28, 2008 (Wood et al., 2011). In B13’s simulations, the stra-100

tocumulus boundary layer collapsed after several days into a shallow, low-albedo ultr-101

aclean state, due to aerosol-cloud-precipitation feedback modulated by scavenging of ac-102

cumulation aerosol. We use our two-mode scheme to study the impact of Aitken aerosols103

on this collapsing case at higher spatial resolution and over longer time scales than Kazil104

et al. (2011).105

The paper is structured as follows: Section 2 describes the model physics includ-106

ing the two-mode scheme and chemistry model. In section 3 the idealized VOCALS case107
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study is described and the model setup details for all experiments are summarized. Sec-108

tion 4 presents the experimental results. Discussion and conclusions are presented in Sec-109

tion 5.110

2 Model Description111

We use SAM version 6.10, including the Rapid Radiative Transfer Model (RRTM,112

Mlawer et al., 1997) with no direct radiative effects of aerosol. SAM uses centered-differenced113

momentum advection, and we selected the scalar advection scheme of Yamaguchi et al.114

(2011). Subgrid fluxes are computed with SAM’s 1.5-order TKE scheme.115

Our modal approach to aerosol representation is fundamentally based on the work116

of Whitby et al. (1991). At each grid point, each aerosol mode is represented by lognor-117

mal distribution of sizes which can be characterized by two parameters, the geometric118

mean dry diameter, Dm, and a fixed geometric standard deviation, σg. As in B13, we119

predict the dry aerosol mass mixing ratio, q (kg kg−1), and number concentration, N120

(mg−1), to characterize each mode. Together q, N , and σg determine Dm at each grid121

point for each mode. The two modes, which we will call ’Aitken’ and ’accumulation’ will122

in general overlap with the large tail of the Aitken mode exceeding the size of the small123

tail of the accumulation mode. To avoid ambiguity, comparisons with observed aerosol124

number concentrations should be made using fixed size ranges and summations of both125

modes in each range.126

Our aerosol scheme is designed for simulations of the remote marine boundary layer.127

Our implementation of the Aitken-mode builds on B13’s implementation of the accumu-128

lation mode, which in turn is built on the bulk 2-moment microphysics scheme of Mor-129

rison and Grabowski (2008). As in B13, we assume all aerosol is soluble with the dry den-130

sity and hygroscopicity of ammonium sulfate, and three categories of accumulation mode131

aerosol are tracked: interstitial aerosol (qad, Nad), cloud-droplet-borne aerosol (qaw, Nc),132

and rain-drop-borne aerosol (qar, Nr). Cloud drop (Nc) and rain drop (Nr) number con-133

centrations are already accounted for in the existing microphysical scheme, leaving four134

additional variables (qad, qaw, qar, and Nad) to represent accumulation mode aerosol prop-135

erties. Upon collision and coalescence of cloud droplets and rain droplets, the dissolved136

aerosol merges with no change in dry aerosol mass. When a cloud droplet or rain drop137

evaporates, a single aerosol particle is produced. In this way the prognostic number con-138
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centrations of cloud droplets (Nc) and rain droplets (Nr) implicitly contain aerosol num-139

ber information. In B13, the assumption of a lognormal distribution primarily affects140

aerosol activation and scavenging.141

In a departure from B13, we define a new prognostic variable qacc as the sum of142

the interstitial accumulation mode aerosol mass qad and cloud-borne accumulation mode143

aerosol mass qaw. The lognormal accumulation number distribution with mass qacc and144

number Nc+Nad is partitioned by assuming all aerosols above a dividing size are cloud145

borne and below that size are interstitial. The dividing size is calculated from the in-146

terstitial number fraction Nad/(Nc+Nad). The masses qaw and qad are defined as the147

integrated mass above and below this size, respectively, and are now diagnostic, and not148

prognostic, variables. The number concentrations of each category, Nc and Nad, remain149

as separate prognostic variables.150

To track Aitken-mode aerosol as a separate log-normal mode at each grid point,151

we add two prognostic variables, qait and Nait, for mass mixing ratio and number, re-152

spectively. Rather than having the Aitken mode represent a fixed aerosol size range, a153

novel scheme discussed in section 2.1 is implemented to transfer Aitken aerosols to the154

accumulation mode so that the Aitken mode is predominantly composed of aerosol that155

has never been activated, while the accumulation mode is predominantly composed of156

larger aerosol that has been activated and cloud-processed.157

To complete the specification of the log-normal modal distributions, we assume fixed158

geometric standard deviations σg of 1.4 for Aitken aerosols and 1.6 for accumulation mode159

aerosols. These widths are representative of observed marine-boundary layer size distri-160

butions in our VOCALS RF06 case (e.g. Allen et al. (2011)). The coarse mode is not161

explicitly treated, but its influence on droplet activation is parameterized as described162

below.163

In our scheme, the lognormal shapes of the distributions affect not only activation164

and scavenging, but also coagulation and aerosol chemistry. We include the scavenging165

of interstitial aerosol by cloud droplets and rain drops as in B13, extending their treat-166

ment to include scavenging of Aitken mode particles. For this purpose, the size of both167

accumulation and Aitken interstitial aerosol particles is adjusted for equilibrium uptake168

of water vapor both below and within cloud.169

–6–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 1. Examples of Aitken transfer schemes for critical diameters Dc (vertical green lines)

of 0.048µm and 0.07µm on the left and right panels, respectively. Distributions are compared

for an initial time (dashed lines), after one time step (solid lines), and after 10 time steps (thick

dashed lines). The top panels, (a) and (b), use instantaneous transfer (IAT) and the bottom

panels, (c) and (d) use the Hoppel transfer scheme. In (c) the gray line shows the initial Hoppel

diameter Dh and the gray arrow shows the resulting shift to a smaller Dh which matches Dc

after a single transfer step.

For this study interstitial aerosol coagulation processes are included with a widely170

used modal formulation (Binkowski and Shankar, 1995; Whitby et al., 1991). We treat171

both coagulation of particles between modes and within the Aitken mode. Somewhat172

significant in our MBL simulations is Brownian coagulation of interstitial accumulation-173

mode and Aitken-mode particles, which transfers Aitken particles onto existing accumulation-174

mode particles and reduces the Aitken number concentration, especially affecting smaller175

Aitken particles. Of lesser importance is coagulation within the Aitken mode, which takes176

several days to substantially increase the mean diameter of the Aitken mode under re-177

mote marine conditions.178

The conservation equations for aerosol number and mass in this scheme are spec-179

ified in the Appendix.180

2.1 Transfer of activated aerosol from Aitken to accumulation modes181

Aerosol activation follows the multi-mode activation scheme of Abdul-Razzak and182

Ghan (2000), hereafter referred to as ARG, which prescribes activation for each aerosol183
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mode in a saturated updraft. The ARG scheme requires the aerosol modes to have log-184

normal size distributions, which dictated our decision to use overlapping Aitken and ac-185

cumulation modes rather than non-overlapping, truncated size distributions. In saturated186

updrafts, the ARG scheme uses the aerosol distributions, hygroscopicity and updraft speed187

to compute a peak supersaturation. For simplicity, we assume in this work that all Aitken188

and accumulation mode aerosols have the same hygroscopicity and hence the same thresh-189

old diameter Dc for the given maximum supersaturation. Both Aitken and accumula-190

tion aerosols above this threshold are assumed to be activated. Our approach could be191

generalized to multiple externally-mixed aerosol types.192

Our initial naive approach to modal transfer was to instantaneously transfer any193

activated aerosols in the large-diameter tail of the Aitken mode into the accumulation194

mode at each model time step as in Figure 1a-b; we call this instantaneous activation195

transfer (IAT). In reality, smaller Aitken aerosols would then have to gradually grow or196

coalesce to fill in this tail. In the model, however, the Aitken mode is always assumed197

to be lognormal. A new large-diameter tail is reconstituted at the next time step from198

the updated Aitken mass and number concentration and can be immediately activated.199

This process induces overly efficient transfer from the Aitken to the accumulation mode,200

which artificially decreases the Aitken modal size and number concentration. In the fig-201

ure, the same transfer process is applied over 10 time steps, comparable to the number202

of steps the transfer would be applied to an updraft of 0.25 ms−1 at cloud-base level (cor-203

responding to critical diameter Dc = 0.048µm in Figure 1a) as air is vertically advected204

through one third of single grid level. The size of the Aitken mode is significantly reduced,205

especially in Fig. 1a which has a lower Dc than Fig. 1b. Small Aitken aerosols are also206

more vulnerable to in-cloud Brownian diffusion loss, further lowering the simulated Aitken207

number concentration. Within hours to days, these processes lead to an equilibrated Aitken208

modal size and number concentration that are unrealistically small.209

To avoid these issues, we have implemented a novel modal transfer scheme that ad-210

dresses this artifact of the assumption of lognormal aerosol modes while still account-211

ing for all activated aerosol in a single way and maintaining a crossover from Aitken-dominated212

to accumulation-dominated aerosol at a physically reasonable diameter. A first design213

goal is to minimize the artificial effect (created by the lognormal distribution shape as-214

sumption) of large-diameter Aitken activation on the smaller-diameter part of the Aitken215

size distribution. This is achieved by retaining the activated Aitken aerosol in the Aitken216
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mode mass and number instead of moving it to the accumulation mode, except as part217

of a rarer model transfer process to be described below. Smaller accumulation-mode aerosols218

stand in for these activated Aitken aerosols as part of the activated number Nc and mass219

qaw.220

What matters physically is the overall aerosol size distribution formed by the su-221

perposition of the lognormal Aitken and accumulation modes. In any fluid parcel cir-222

culating through a cloud-topped boundary layer, this distribution can be divided into223

smaller-diameter particles that have never been activated into droplets, and larger-diameter224

particles that have been activated and cloud-processed at some time. The observed aerosol225

size distribution in such boundary layers commonly exhibits a ’Hoppel minimum’ (Hop-226

pel et al., 1990) in the number concentration that is interpreted as the dividing point227

of this distribution. In our setting, we define a Hoppel diameter DH as the diameter at228

which the number concentration of accumulation and Aitken mode aerosols coincide, i.e.,229

Nacc(DH) = Nait(DH). Typically, DH is close to a local Hoppel-like minimum of the230

aerosol size distribution, as can be visualized from the cartoon by mentally adding the231

solid red and blue curves in Figure 1.232

Our second design goal is to ensure that, after activation, the overall aerosol size233

distribution reflects this observed characteristic. This is accomplished using a modal trans-234

fer mechanism that we call ’Hoppel transfer’, which only occurs in cloudy updrafts, and235

in which the critical diameter Dc for activation diagnosed by the ARG scheme in the Mor-236

rison microphysics plays a key role. Hoppel transfer is implemented as follows. If the crit-237

ical diameter Dc is smaller than the Hoppel diameter DH (i.e., the Aitken number is larger238

than the accumulation number at Dc), we transfer just enough Aitken particles of size239

Dc from the Aitken to the accumulation mode so that DH = Dc (Figure 1c). With this240

approach, computing the required transfer is very simple and efficient, and after one time241

step, no further transfer occurs when Dc is constant. In regions of cloud droplet acti-242

vation where Dc > DH (as might occur in a weak updraft, Fig. 1d), the Hoppel trans-243

fer is inactive. In the absence of other processes that modify the aerosol, the diagnosed244

one-way transfer process keeps the Hoppel diameter from exceeding the smallest Dc ac-245

tivated in saturated ascent of the air parcel.246

Large sea-salt aerosol particles are represented by the inclusion of an additional spec-247

ified coarse mode when computing maximum supersaturation in the ARG scheme. This248
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Figure 2. Comparison of Mean BL aerosol size distributions for Control using Hoppel transfer

(solid black) and Instantaneous activation transfer (red) simulations after 1 day. Dashed black

line shows the initial size distribution for both simulations.

mode is assumed to have a 2.6 µm modal diameter, σg of 2.5, a typical sea-salt hygro-249

scopicity of 1.1 (Zieger et al., 2017), and 0.13 mg−1 number concentration, and typically250

reduces ARG maximum supersaturations by about 5%. Wind-speed dependence of this251

large aerosol mode is neglected for simplicity in this work, but could easily be added for252

enhanced realism.253

Fig. 2 illustrates the sensitivity of the Aitken size distribution to the modal trans-254

fer method after one day of simulation. The dashed and solid black lines show, respec-255

tively, boundary-layer averaged aerosol size distributions at the start and one day into256

a Control simulation, fully described below, that uses the Hoppel transfer algorithm. Af-257

ter one day, there is a Hoppel minimum at about 50 µm diameter, and the Aitken modal258

diameter is nearly 30 µm. The red line shows corresponding results at one day from a259

otherwise identically configured and initialized simulation with our naive approach, in-260

stantaneous activation transfer or IAT. In the IAT simulation, the Aitken mode rapidly261

develops a smaller modal diameter of 20 µm and a 25 % lower overall number concen-262

tration than in the Control simulation.263
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Figure 3. Aerosol-scheme categories and boundary-layer processes that affect them. Prognos-

tic variables are shown in bold font.

2.2 Summary of processes transferring number and mass between aerosol264

categories265

Figure 3 is a schematic of the processes (arrows) that affect the aerosol categories266

(ovals). All of the processes moving aerosol between categories conserve total aerosol mass.267

However, total aerosol number is reduced by autoconversion, accretion, and interstitial268

scavenging. There are three direct pathways for the loss of particles from the Aitken mode269

to the accumulation mode: scavenging, coagulation, and activation transfer.270

Scavenging of Aitken aerosol by cloud droplets or raindrops moves the Aitken par-271

ticle’s mass into the accumulation mode because the scavenging drops are all assumed272

to contain accumulation particles, and upon evaporation all aerosol mass is kept in the273

accumulation mode. This process is also a sink of Aitken number concentration.274

Coagulation between Aitken and interstitial accumulation aerosols is assumed to275

increase accumulation mode mass at the expense of Aitken mass and number concen-276

tration. Aitken-Aitken dry coagulation depletes Aitken number concentration while in-277

creasing Aitken size over a timescale of days. Coagulation between interstitial accumu-278

lation mode particles is neglected. In the experiments presented here, coagulation is sus-279
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pended in the free troposphere above 1800m so that nearly constant aerosol properties280

are maintained above the inversion.281

All microphysical processes that affect accumulation mode aerosol mass in rain droplets282

are assumed to affect it in proportion to the ratio of aerosol mass to water mass, follow-283

ing B13 and Flossmann et al. (1985).284

2.3 Surface Aerosol Fluxes285

Surface fluxes of aerosol are horizontally uniform and are specified based on the

sea-salt aerosol flux parameterization of Clarke et al. (2006) and dependent on the domain-

mean wind speed near the surface. The number flux of surface aerosol (m2s−1) for each

mode is

FNaero = CSWU3.41
10 , (1)

where W = 3.84× 10−6 and U10 is the 10-m neutral windspeed (m s−1) calculated us-

ing the winds at the lowest model level. For our experiments here the coefficients CS for

accumulation and Aitken modes are each set to 4.37× 107. This gives a total number

flux of accumulation plus Aitken modes very close to the total number flux in Clarke et

al. (2006). We also specify a fixed diameter for emissions of each mode. Like Clarke et

al. (2006) and B13, our mass flux parameterization has an identical wind-speed depen-

dence as the number flux. Because of this and our Gaussian modal treatment, for each

mode the surface aerosol mass flux (kg m−2 s−1) is uniquely determined by the number

flux together with the specified modal diameter Dm:

Fqa =
π

6
D3

mρa exp (
9

2
log2 σg)FNaero. (2)

Here ρa is the aerosol density. For our simulations here we choose Dm,accum = 150 nm286

and Dm,ait = 30 nm; these are also used to specify the initial size distributions of the287

two aerosol modes. Figure 4 shows a comparison of aerosol-flux size distributions for our288

2-mode approximation with the Clarke formulation, all using a wind speed of U10 = 9.0 ms−1.289

2.4 Model Chemistry290

We include a simple scheme to treat basic sulfur chemistry relevant to aerosols, fol-291

lowing the approach of the CESM MAM-3 (Liu et al., 2012). We include three prognos-292
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Figure 4. Parameterized surface aerosol number flux parameterizations given a wind speed

U10 = 9 m s−1 for Clarke et al. (2006) (solid black), and for the two-mode parameterization used

here (solid red). Individual modes are plotted as dotted lines.

tic variables for tropospheric gases: DMS, SO2, and H2SO4. We also account for pro-293

cesses that increase the aerosol sulfate mass though aqueous chemistry and uptake of H2SO4294

by aerosol particles.295

We include the production of SO2 due to the reaction of DMS with OH and NO3,

the loss of SO2 due to reaction with OH, and the reaction of SO2 with OH to produce

H2SO4. These reactions have the following rate equations:

d[DMS]

dt
= −r1[OH][DMS]− r2[OH][DMS]− r3[NO3][DMS] (3)

d[SO2]

dt
= r1[OH][DMS] +

1

2
r2[OH][DMS] + r3[NO3][DMS]− r4[OH][SO2] (4)

d[H2SO4]

dt
= r4[OH][SO2], (5)
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where all concentrations denoted by [ ] have units of molecules cm−3, concentrations of296

OH and NO3 are specified constants and uniform, and r1,r2,r3, and r4 are temperature297

dependent rate constants from MAM-3.298

We represent aqueous production of sulfate mass in cloud drops due to oxidation

of SO2 by H2O2 following the GEOS-Chem model (Bey et al., 2001). Dissolved aque-

ous concentrations of SO2 and H2O2 are determined using Henry’s law from gas concen-

trations. The resulting equation for sulfate production can be expressed in terms of gas

concentrations as

dSO4(aq)

dt
= Kaqox[SO2][H2O2], (6)

where the rate constant Kaqox depends on temperature and pH, and includes Henry’s299

constants for SO2 and H2O2. We specify a constant droplet pH of 5 representative of300

remote ocean regions.301

Aerosol sulfate mass can be increased by condensation of H2SO4 onto cloud drops

and aerosol particles. This is treated following MAM-3 as an irreversible process using

the diffusion equation

dH2SO4(g)

dt
= 4πrDH2SO4 (7)

where r is the cloud drop or aerosol radius and DH2SO4 is the gas diffusivity of H2SO4.302

For uptake on aerosols, r is adjusted for ambient relative humidity.303

2.5 DMS Fluxes304

Tropospheric DMS is replenished by surface fluxes using the following simple bulk

formulation of Nightingale et al. ( 1999):

FDMS = 10−7(7.5U10 + 5U2
10)C, (8)

where C is the specified ocean surface DMS concentration [mol m−3] and the DMS flux305

FDMS has units of mol m−2s−1. For the experiments described below, we follow Wyant306

et al. (2015) and use C = 2.8× 106 mol m−3 based on VOCALS regional measurements.307
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2.6 Neglected processes308

In this first study with this new scheme, several processes are neglected for sim-309

plicity. We do not simulate new particle formation or dry deposition of aerosol. In ad-310

dition, direct radiative effects of aerosols are not included in the simulations.311

3 Experiment Description312

We simulate an idealized version of the VOCALS RF06 case with an environmen-313

tal setup that is nearly identical to that of B13. The model and environmental simula-314

tion parameters are summarized in Table 1. We use a vertically uniform geostrophic wind.315

The large-scale divergence is assumed to be steady and uniform up to 3km with a value316

of 3.33× 10−6 s−1, the same as used in the majority of simulations in B13. This pro-317

duces a subsidence rate of 5.0 mm s−1 at 1500 m. This subsidence rate is stronger than318

the observed value of 2 mm s−1 (Wood et al., 2011) but helps maintain a steady MBL319

depth in our simulations. We also apply constant, diurnally averaged insolation. Tem-320

perature and moisture profiles more than 150 m above the inversion are nudged towards321

initial values with a relaxation timescale of one hour. Our simulations have 125 m hor-322

izontal grid spacing and a variable vertical grid spacing with a total of 384 vertical lev-323

els: 30 m spacing near the surface, 5m spacing up to 1500 m with rapidly coarsening res-324

olution and 41 levels above 5000 m.325

A summary of all the experiments is presented in Table 2.326

4 Experiment Results327

4.1 Control Case328

Our control case is broadly similar to the 3D control case presented in B13. It dif-329

fers from B13 in its reduced initial BL and FT accumulation mode concentrations and330

in the inclusion of an Aitken mode with initial number concentrations of 30 mg−1 in the331

boundary layer and 100 mg−1 in the FT.332

The boundary layer structure and cloud cover change dramatically over the course333

of the simulation, evident in the evolution of horizontally-averaged cloud water (Fig. 5334

(a)). After 4 1/2 days the cloud-topped boundary layer collapses due to a steady deple-335

tion of boundary layer accumulation model aerosol (Fig. 5) into a shallower ”ultra-clean”336
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Table 1. VOCALS RF06 Control Simulation Parameters. Some initialization values are sepa-

rately specified for the marine boundary layer (MBL) and free troposphere (FT).

Parameter Symbol Value

Constants

SST 291.15 K
geostrophic wind Ug 2.33 m s−1

geostrophic wind Vg 11.97 m s−1

large-scale divergence D 3.33× 10−6 s−1

horiz. grid size ∆x,∆y 125 m
vert. grid size (min) ∆z 5 m
horiz. domain size 8 km x 8 km
time step ∆t 0.75 s
[NO3] 5.0× 10−11 kg kg−1

[H2O2] 7.0× 10−10 kg kg−1

[OH] 5.0× 106 molecules cm−3

pH 5

Initial Conditions

MBL accumulation conc. Nad 80 mg −1

FT accumulation conc. Nad 40 mg −1

accumulation diameter Dm,ad 0.15 µm
MBL Aitken conc. Nait 30 mg −1

FT Aitken conc. Nait 100 mg −1

Aitken diameter Dm,ait 0.03 µm
Cloud Droplet number Nd 30 mg −1

[SO2] 5.0× 10−12 kg kg−1

[H2SO4] 5.0× 10−14 kg kg−1

[DMS] MBL 10.0× 10−10 kg kg−1

[DMS] FT 0.0 kg kg−1

Table 2. Experiment details. Initial boundary layer and free tropospheric aerosol number con-

centrations are given in mg−1. FT Aerosol number and mass do not change much during these

experiments, in part because coagulation is suppressed above 1800 m.

Run Name BL Aitken FT Aitken Other Condition

Control 30 100
FT1000 30 1000
FT30 30 30

Surfx10 30 100 surface aerosol flux × 10
BL1000 1000 100
NoScav 30 100 no interstitial scavenging
NoChem 30 100 no chemistry
WideAit 30 100 σg = 1.8 for Aitken

IAT 30 100 Aitken transfer on activation only

–16–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 5. (a) Mean simulated cloud water and (b) total accumulation aerosol concentration in

the Control simulation.

BL. This collapse, also described in B13, is caused by a feedback between aerosol con-337

centration, droplet number concentration, and precipitation.338

This transformation is documented in more detail in the domain mean soundings339

and statistics of Fig. 6. The BL initially is 1300m deep and well-mixed with a strong340

13 K temperature inversion and a very strong gradient of moisture across the inversion.341

Over the first 48 hours, the boundary layer deepens by about 50 m and the cloud thick-342

ens to produce a relatively steady LWP of about 150 g m−2. This cloud water persists343

through day 4, though the cloud-top slowly sinks. At day 4.5 the cloud begins rapidly344

thinning with a sharp reduction in cloud liquid water path and cloud fraction. Because345

of the associated reduction in cloud fraction, cloud-top turbulence, and entrainment, the346

boundary layer depth steadily lowers. The resulting state has less than half the LWP347

of the deeper state and shows evidence of decoupling.348

The role of aerosols in this collapse is highlighted in the soundings and aerosol prop-349

erties in Fig. 7. Profiles of BL accumulation aerosol show dramatic loss between sim-350

ulation start and day 6, after which an ultra clean state is reached with less than 20 mg−1
351

BL number concentrations. Through day 2 the BL Aitken aerosol concentration is main-352
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tained, largely through entrainment, but after that point the BL Aitken number concen-353

tration is depleted strongly as well. Note the vertical slope in FT Aitken number (Fig.354

7b) is due to coagulation of subsiding FT Aitken aerosols.355

As described in B13, the BL collapse is fundamentally tied to the steady depletion356

of accumulation-mode aerosol number concentration. The simulated activation fraction357

of accumulation-mode aerosols is fairly steady at 75–80% before the collapse, so the droplet358

number concentrations shows a similar steady decline from 67 mg−1 at day 0.5 to 32 mg−1
359

at day 4.0 (Figure 7c). Figure 7d shows the rapidly increasing surface precipitation rate360

from 0.5–4 despite the steady LWP, which accelerates the loss of accumulation-mode aerosols,361

triggering a strong feedback and the collapse of the boundary layer.362

Despite the steady loss in number, the accumulation aerosol mass increases dur-363

ing the first 4.5 days because of increasing modal diameter(Fig. 7e,f) . This steady in-364

crease is due to aqueous oxidation and will be discussed further in section 4.3.365

The boundary-layer-mean accumulation (excluding rain-borne aerosol) and Aitken366

number budgets are shown in Figures 8a-b. We can accurately close both budgets: the367

red budget residual lines are much closer to zero than the dominant sources and sinks.368

In the accumulation number budget (Figure 8a), the main sources are surface fluxes (black)369

and transfer of aerosol from the Aitken mode (green). These are countered by a variety370

of sinks, principally accretion (turquoise), autoconversion (yellow-green), interstitial scav-371

enging (orange), and entrainment (blue). Evaporation (purple) of rainwater producing372

dry accumulation aerosol in the subcloud layer only slightly counteracts accretion and373

autoconversion losses. Note that entrainment becomes a weak source after day 4 when374

the accumulation number concentration becomes lower in the BL than in the FT. When375

the cloud droplet number concentration decreases and precipitation increases, autocon-376

version and especially accretion losses increase, particularly after day 3.377

The Aitken number budget (Figure 8b) is dominated by a balance between surface378

(black) and entrainment (blue) sources and losses due to interstitial scavenging (orange)379

and activation-driven transfer loss (green), which is important initially and after BL col-380

lapse. In contrast to the transfer process, interstitial scavenging preferentially removes381

smaller Aitken particles.382
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Figure 6. Horizontal-mean vertical profiles at selected times from the Control simulation of

(a) total water, (b) liquid water potential temperature, and (c) cloud water. Time series of (d)

domain-mean LWP and (e) cloud fraction.
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Figure 7. Vertical profiles at selected times from the Control run of (a) total accumulation

number concentration, and (b) Aitken number concentration. Time series of (c) BL-mean number

concentrations of aerosol and cloud droplets, (d) surface precipitation, (e) BL-mean aerosol mass

(e), and (f) modal diameters of the two aerosol modes.
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Figure 8. Boundary-layer-mean aerosol number budgets for (a) accumulation mode (exclud-

ing rain-water-borne aerosol) and (b) Aitken mode.
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Figure 9. Mean boundary-layer aerosol spectra at 2h, 2d, 4d, 6d, 8d, and 10d of the Control

simulation.

Total boundary-layer aerosol number spectra before and after the boundary-layer383

collapse are shown in Figure 9. At all times plotted, there is a clear Hoppel minimum384

between the modes, and the modes become more distinct with time. The Aitken aerosol385

mode moves to a smaller diameter due to the preferential transfer of large Aitken par-386

ticles. Before collapse the modeled aerosol BL distribution is broadly similar to pre-POC387

observed aerosol distributions in the VOCALS experiment (e.g. Allen et al., 2011), though388

with fewer Aitken particles and slightly smaller Aitken sizes. Chemical processes play389

a relatively minor role in the Aitken aerosol evolution in this case, but cause a substan-390

tial increase in the typical size of accumulation mode particles over the first five days,391

due to aqueous oxidation of SO2. A NoChem sensitivity simulation will be discussed be-392

low.393

4.2 Aitken Aerosol Number Perturbations394

An important goal is to test whether this model exhibits Aitken buffering and if395

so, how quickly it acts. We consider a family of 10-day experiments (listed in Table 2)396

in which Aitken aerosol concentration is perturbed in various ways. In one set of exper-397

iments, Aitken number concentration in the free troposphere is changed from the Con-398

trol value of 100 mg−1 to 1000 mg−1 (FT1000) or 30 mg−1 (FT30). In the Surfx10 ex-399

periment, the surface number flux of Aitken aerosols is increased tenfold by scaling Cs400
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Figure 10. FT1000 Mean simulated cloud water and accumulation aerosol as in Fig.5.

in equation (1) by a factor of 10 for these aerosols. In the BL1000 experiment, the ini-401

tial Aitken number concentration in the boundary layer is increased from 30 mg−1 to402

1000 mg−1 to test how long BL Aitken perturbations persist when they are not induced403

by external forcing.404

These experiments support the Aitken buffering hypothesis of McCoy et al. (2021).405

They show that in our model, a large source of Aitken aerosol from either the surface406

or the free troposphere can stabilize a stratocumulus-capped boundary layer and pre-407

vent the formation of simulated pockets of open cells with much lower area-mean albedo.408

This is illustrated for the FT1000 case in Figure 10. In contrast to Control, FT1000 spins409

up in the first two days into a deep well-mixed stratocumulus-capped boundary layer with410

steady-state profiles of cloud water, boundary layer depth, and accumulation aerosol.411

Time series of BL-mean statistics from FT1000 and the other Aitken perturbation412

experiments are compared with Control in Figure 11. For FT1000, a quasi-steady LWP413

is reached in two days. BL Aitken concentrations reach 225 mg−1 as high FT Aitken par-414

ticle concentrations are entrained into the boundary layer. The largest of these Aitken415

particles are transferred to the accumulation mode, supporting a steady accumulation416
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Figure 11. Mean boundary-layer evolution of Control, FT30, FT1000, Surfx10, and BL1000

experiments.

mode concentration of about 100 mg−1. Precipitation stays well below 0.01 mm d−1 and417

no runaway aerosol feedback occurs. The Surfx10 simulation evolves similarly to FT1000.418

In the FT30 simulation with reduced FT Aitken aerosols, the BL Aitken concen-419

tration declines rapidly in the first four days. This advances the BL collapse by about420

15 hours vs. Control, as seen in the evolution of accumulation mode aerosol, inversion421

height, precipitation and LWP path.422

The BL1000 experiment maintains a deep BL and thick stratocumulus layer sim-423

ilar to FT1000 and Surfx10 for about 6 days. However, both Aitken and accumulation424

number concentrations decrease as the large initial BL Aitken aerosol concentration is425

consumed. This gradually increases precipitation and initiates BL collapse after 8 days.426
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We gain further insight into these sensitivity experiments by comparing their aerosol427

size distributions and number budgets at Day 3, well before the BL collapse in Control428

(Figure 12). The experiments with positive Aitken perturbations (FT1000, Surfx10, and429

BL1000) have much larger Aitken concentrations and — supported by transfer from the430

Aitken mode — substantially larger accumulation concentrations. Compared to Con-431

trol, the Aitken mode has a size distribution with a larger modal diameter, driven by the432

surface and FT Aitken reservoirs. The Hoppel minimum is less extreme and moves to433

a larger diameter. The accumulation mode has reduced modal diameter due to the strong434

transfer of small Aitken aerosols. In contrast, the FT30 experiment has depleted Aitken435

and accumulation modes, both with shapes similar to Control. As in Control, the Hop-436

pel minimum in aerosol concentration is broad and pronounced.437

Figure 13 compares one-day BL-mean Aitken and accumulation number budgets438

averaged from day 2.5 to day 3.5. The accumulation number tendency in Control is dom-439

inated by autoconversion and accretion losses, countered by sources from surface fluxes440

and transfer from the Aitken mode. In contrast, the BL accumulation mode concentra-441

tion in FT1000 is in steady state due to the 20 mg−1 d−1 transfer from the abundant442

Aitken mode, more than double the transfer in Control, and reduced precipitation-related443

autoconversion and accretion losses. In FT1000, accumulation mode number losses due444

to entrainment and interstitial scavenging are larger than in Control because of the larger445

accumulation number concentrations, but this is more than made up for by reduced au-446

toconversion and accretion losses.447

The Aitken number budget in FT1000 is dominated by the 180 mg−1 d−1 entrain-448

ment source. Brownian scavenging of the smaller Aitken aerosols by cloud droplets is the449

dominant sink, while the largest entrained Aitken particles are transferred to the accu-450

mulation mode.451

Comparing the Aitken budget terms of Surfx10 and FT1000 in Fig. 13b for days452

2.5-3.5, the surface flux term in Surfx10 is very large but still smaller than the entrain-453

ment source term in FT1000. This leads to a slightly weaker transfer to the accumula-454

tion mode. Surfx10 has about 35% lower Aitken concentrations than FT1000, and only455

10% larger LWP, leading to smaller in-cloud scavenging losses of Aitken aerosols. The456

accumulation number budgets are fairly similar between the two cases, though Surfx10457
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Figure 12. Mean-BL Aerosol distributions for Control and aerosol number perturbation

experiments at Day 3.
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Figure 13. Principal BL-mean number budget terms averaged over days 2.5-3.5 for Control

and perturbation experiments for accumulation mode (a) and Aitken mode (b). The scavenging

bars represent the scavenging of dry interstitial aerosol by cloud or rain water. The ’acnv+accr’

bars are changes due to sum of autoconversion and accretion. The tendency is the total tendency

of mean number concentration. Note that the vertical scales differ greatly between (a) and (b).
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maintains a lower accumulation mode concentration and therefore higher precipitation-458

related autoconversion and accretion loss rates of accumulation number than FT1000.459

The BL1000 experiment maintains a BL and cloud state similar to FT1000 and Surfx10460

during the averaging period of the budget, but both Aitken and accumulation mode aerosol461

concentrations are decreasing. The Aitken loss is mainly from interstitial scavenging. The462

accumulation loss is due to similar contributions from entrainment, autoconversion/accretion463

and Brownian scavenging.464

Taken as a group these perturbation experiments show that a significant entrainment-465

based or surface-based source of Aitken aerosols due to entrainment or surface fluxes can466

prevent the collapse process in this VOCALS RF06 case by buffering the accumulation467

mode against precipitation-driven losses. An initial elevated Aitken concentration in BL1000468

fades in a few days when these loss processes are not counteracted by a sustained aerosol469

source from above or from the surface.470

4.3 Aerosol Physics Perturbations471

We next consider a set of 10-day perturbation experiments, NoScav, NoChem, and472

WideAit that help explore some underlying processes in the Control run. Figure 14 shows473

the mean BL evolution of these cases relative to Control.474

In NoScav the scavenging of interstitial aerosols is turned off. This prevents BL col-475

lapse, with 100% cloud cover and nearly steady LWP during the 10-day simulation. The476

inversion height lowers very slowly over the last 7 simulation days. The Aitken mode pop-477

ulation increases to a steady state concentration of 85 mg−1. The accumulation aerosol478

population declines very slowly to about 60 mg−1 at the end of the simulation. At that479

time the precipitation rate has grown large enough that the BL collapse feedback could480

soon occur if the simulation were extended.481

The NoChem run has no active chemistry, prenventin growth of aerosol mass through482

oxidation or H2SO4 uptake. The first 2 days of the NoChem run have similar MBL and483

aerosol properties to the Control run. However the BL accumulation mode aerosol is lost484

more quickly in NoChem, leading to boundary layer collapse about 14 hours sooner than485

in Control. After collapse the NoChem and Control runs have broadly similar proper-486

ties.487
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The WideAit run specifies a wider σg = 1.8 for Aitken aerosols compared with488

1.4 for the Control case. (Note that the parameterization for number flux of Aitken aerosols489

from the surface is the same as in Control, while the Aitken mass flux increases with the490

broader mode). There is an immediate depletion of Aitken aerosols in WideAit relative491

to Control. Otherwise the WideAit simulation tracks the Control case closely for the first492

2 or 3 days. Despite the lower Aitken concentrations in the BL, the net transfer to ac-493

cumulation mode in WideAit is larger than in Control, delaying and slowing the BL col-494

lapse. After collapse, WideAit has a higher LWP, higher cloud fraction, and a deeper BL495

than Control.496

The contrast of WideAit with Control is further illustrated in the BL aerosol size497

distributions at Day 3 (Fig. 15). The wider Aitken distribution overlaps strongly with498

the accumulation mode distribution, which enables a higher transfer rate of the largest499

Aitken aerosols and reduces the accumulation modal diameter. This overlapping distri-500

bution shape and enhanced aerosol transfer to accumulation mode persists through the501

BL collapse to the end of the simulation.502

The NoChem Aitken distribution is very similar to Control, but because accumu-503

lation mode aerosols grow less rapidly without active chemistry, the NoChem accumu-504

lation mode has a smaller diameter than Control. Interstitial scavenging of the accumu-505

lation mode is more efficient for smaller aerosol sizes, causing the earlier BL collapse in506

NoChem.507

Figure 16 shows horizontal-mean vertical profiles of chemical gas species in Con-508

trol and aerosol masses for Control and NoChem at selected times (the final Day 5 sound-509

ing in each case falls after BL collapse). In Control, the only DMS source is the surface,510

and DMS is rapidly oxidized by OH in the BL to produce SO2, so DMS concentration511

falls off quickly with height. SO2 is lost primarily through aqueous oxidation in the up-512

per BL by cloud droplets and is also converted to H2SO4. H2SO4 is almost completely513

removed in the upper BL by cloud droplets, with smaller losses at a range of heights by514

aerosol particles. After collapse, when LWP and aerosol concentrations are much reduced,515

the SO2 and H2SO4 concentrations build up rapidly at most heights in the BL. The peak516

in H2SO4 just above the inversion, prominent in the day 5 sounding, could be a poten-517

tial site of new particle formation (see Kazil et al. (2011)), though this process is not rep-518

resented in our model.519
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Figure 14. Mean boundary-layer evolution of Control, NoScav, NoChem, and WideAit exper-

iments.

Over time the accumulation aerosol mass in Control is steadily and substantially520

increased by SO2 oxidation in cloud, in contrast to an almost constant accumulation-521

mode aerosol mass in NoChem until BL collapse. This enlarged aerosol mass is connected522

with the larger size of accumulation aerosols in Control and the delayed collapse rela-523

tive to NoChem. The Aitken masses are reduced almost identically with time in both524

Control and NoChem, implying that the chemistry in Control is having minimal influ-525

ence on the Aitken particles.526

5 Discussion and Conclusions527

To better simulate and understand the role of Aitken aerosols in the remote MBL,528

we have a developed a new two-mode aerosol scheme for use in an LES model. The scheme529
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Figure 15. Mean BL aerosol distributions for Control, NoScav, NoChem, and WideAit at Day

3.
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Figure 16. Mean soundings of gas species (a) DMS, (b) SO2, (c) H2SO4, (d) accumulation

aerosol mass, and (e) Aitken aerosol mass for the Control experiment (solid). NoChem aerosol

masses are plotted in (d) and (e) as thin dashed lines.
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requires 7 prognostic variables for aerosol and is designed for use with a bulk two-moment530

microphysical scheme. The scheme is designed to ensure that most of the small-diameter531

lognormal ’Aitken’ mode consists of aerosol that has never been activated into a cloud532

droplet, and most of the larger-diameter ’accumulation’ mode has been activated and533

incorporated into a cloud droplet at some time. This structure is maintained by direct534

transfer from the Aitken to the accumulation mode in saturated updrafts whenever Aitken535

model aerosols outnumber accumulation mode aerosols for the minimum activated di-536

ameter. This assumption acts as an important transfer valve that prevents excessive de-537

pletion of the Aitken mode. The aerosols also interact with rudimentary sulfate chem-538

istry appropriate for the remote MBL.539

We have demonstrated the new modal scheme using an idealized VOCALS RF06540

case where, with default settings, the boundary layer collapses due to steady depletion541

of accumulation mode aerosols and precipitation feedbacks. Larger Aitken aerosols in542

the boundary layer slow the collapse by transfer to the accumulation mode. In two sen-543

sitivity experiments, FT1000 and Surfx10, additional input of Aitken aerosols from the544

free troposphere or the sea surface prevents BL collapse by supplying a steady popula-545

tion of accumulation mode aerosols, in support of the Aitken buffering hypothesis of Mc-546

Coy et al. (2021).547

The 8km x 8km domain in these simulations encompasses multiple updrafts and548

downdrafts and can represent key cloud-aerosol-precipitation feedbacks and sensitivities.549

However, it is too small to adequately span the mesoscale organization that spontaneously550

develops in stratocumulus-topped boundary layers, which may modulate the onset of sig-551

nificant surface precipitation and associated wet aerosol scavenging. In test simulations552

with a 12x16km domain (not shown), the LWP after one day spin-up was slightly larger553

than in Control, leading to a faster BL collapse. Ideally an even larger domain should554

be used to capture POC structure and related aerosol feedbacks.555

New particle formation, not present in our simulation, could provide a significant556

source of Aitken particles (Kazil et al., 2011) and is occasionally observed in Southeast557

Pacific pockets of open cells (Tomlinson et al., 2007; Wood et al., 2008). Including this558

process would require treatment of more chemical species and processes.559

Our scheme assumes aerosol with fixed lognormal shape based on the width pa-560

rameter σg chosen for each mode, so an appropriate σg must be chosen for each desired561
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case. The WideAit simulation illustrates that a wider Aitken mode can increase trans-562

fer to the accumulation mode and affect other aspects of the aerosol size distribution.563

We plan to test this two-mode scheme in other stratocumulus and shallow cumu-564

lus settings, especially in cases where Aitken aerosol measurements provide constraints565

on initial conditions and checks on the simulated aerosol spectrum, such as the recent566

ACE-ENA experiment (Wang et al., 2021).567

A Appendix568

The conservation equations of our two-mode aerosol scheme are modified and ex-569

tended from the one-mode scheme of B13:570

Ṅad = Ṅad|Srf − Ṅad|Act − Ṅad|ScvCld − Ṅad|ScvRn + Ṅc|Evap

+Ṅr|Evap + Ṅait|Trans + Ṅad|NMT

(A.1)

Ṅc = Ṅad|Act − Ṅc|Auto − Ṅc|Accr − Ṅc|Evap + Ṅc|NMT (A.2)

Ṅait = Ṅait|Srf − Ṅait|ScvCld − Ṅait|ScvRn − Ṅait|Coag − Ṅait|Trans + Ṅait|NMT (A.3)

Ṅr = Ṅc|Auto − Ṅr|SlfC − Ṅr|Evap − Ṅr|Fallout + Ṅr|NMT (A.4)

q̇acc = q̇acc|Srf − q̇acc|Auto − q̇acc|Accr − q̇acc|ScvRn + q̇ait|ScvCld + q̇acc|Coag + q̇ar|Evap

+q̇acc|SO2ox + q̇acc|Uptk + q̇ait|Trans + q̇acc|NMT

(A.5)

q̇ait = q̇ait|Srf − q̇ait|ScvCld − q̇ait|ScvRn − q̇ad|Coag + q̇ait|Uptk − q̇ait|Trans + q̇ait|NMT (A.6)
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q̇ar = q̇acc|Auto + q̇acc|Accr + q̇acc|ScvRn + q̇ait|ScvRn − q̇ar|Evap − q̇ar|Fallout

+q̇ar|NMT

(A.7)

Three processes conserve aerosol number and mass: activation of aerosols into cloud571

droplets (Act), evaporation of cloud droplets and rain (Evap) and transfer of Aitken to572

accumulation mode (Trans). Six processes destroy aerosol number while conserving aerosol573

mass: scavenging of interstitial aerosol by cloud and rain (ScvCld and ScvRain, respec-574

tively), autoconversion and accretion of cloud water (Auto and Accr, respectively), self-575

collection of rain drops (SlfC), and coagulation (Coag). Two chemical processes, oxida-576

tion of SO2 in cloud drops (SO2ox) and uptake of gaseous H2SO4 within cloud droplets577

(Uptk), modify aerosol mass but not aerosol number. Surface fluxes (Srf) act as sources578

for both aerosol mass and number, and NMT terms represent terms associated with non-579

microphysical processes (advection, large-scale subsidence, and sub-grid scale turbulence).580

Equation A.1 for Ṅad is the same as in B13 except for an additional term repre-581

senting transfer from the Aitken mode. Equations A.2, A.4 are identical to equations in582

B13. Equations A.3 and A.6 are new equations for Aitken number and mass. Equation583

A.5 for q̇acc has new terms for coagulation, Aitken transfer, SO2 oxidation (Equation (6)),584

and uptake (Equation (7)). The Aitken transfer rate terms for number and mass are cal-585

culated numerically using the technique described in Section 2.1. Equation A.7 for q̇ar586

adds a term to B13 representing scavenging of Aitken aerosol by rain water. All scav-587

enging terms are computed using the scheme described in B13. Surface flux terms use588

Equations (1) and (2). Autoconversion, accretion, self-collection, evaporation, and fall-589

out terms are determined in the microphysics scheme of Morrison and Grabowski (2008).590

Coagulation terms come from Binkowski and Shankar (1995).591
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