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Abstract. A new open-source chemistry and aerosol box model BoxMART (Box Model for Atmospheric Research and Teach-
ing) has been developed, aiming for easy and flexible configuration for various simulation cases, as well as suitable to teach
and learn complex chemistry and aerosol processes. The model is written in Fortran and stored as a gitlab repository. The
chemistry module is handled by KPP (Kinetic PreProcessor) which converts the chemistry scheme in an adapted format to
Fortran code. The aerosol module currently includes coagulation, condensational and dissolutional growth, evaporation and
aerosol thermodynamic processes. The MOSAIC (Model for Simulating Aerosol Interactions and Chemistry) model has been
implemented to calculate the non-equilibrium dynamic gas-particle partitioning of non-volatile and semivolatile species, in-
cluding H,SO4, HNO;, HCI, NHj3, and organic compounds to multiple particle size bins. The current ion system includes H*,
NH,4*, Na*, SO4%-, NO;~, CI” and H,0, where pH value in each size bin is also calculated. The particle size distribution
is discretized with a fully stationary method. In order to provide good examples for evaluating BoxMART, as well as future
model development, a number of benchmark simulation cases from previous studies ranging from simple to complicated cases,

have been revised in details and simulated to verify different processes.

1 Introduction

The aerosol particles can affect global radiative forcing by directly scattering or absorbing solar radiation and indirectly altering
cloud properties (Forster et al., 2021; Li et al., 2022). The aerosol-cloud interaction (ACI) contributes the largest uncertainty
to the present-day global effective radiative forcing estimation due to complex mechanisms (Fig. 7.6 in Forster et al. 2021).
For example, aerosol particles can act as cloud condensation nuclei (CCN), indicating that more particles generally produce
more cloud droplets, resulting in larger surface area and thus higher cloud albedo when the liquid water content (LWC) is fixed
(Twomey, 1977). Additionally, the vertical and horizontal distributions of aerosol particles can affect the liquid water path and

cloud fraction (Albrecht, 1989; Gryspeerdt et al., 2019; Pugsley et al., 2025). The aerosol size distribution and composition are
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also key factors to determine the aerosol lifetime in the air, number concentration of CCN (Seinfeld and Pandis, 2016), aerosol
optical properties (Bond et al., 2013; Saleh et al., 2015; Moise et al., 2015; Riemer et al., 2019) and hygroscopicity (Hodas
et al., 2015; Riemer et al., 2019), etc., which influence both direct aerosol radiation effect and ACI. A comprehensive aerosol
model is also needed to help us investigate aerosol composition and subsequently reduce the uncertainty of ACI process in
large scale models (Sand et al., 2021; Bellouin et al., 2020; Bhatti et al., 2026).

In recent decades, several models have been developed to simulate the aerosol thermodynamic processes, gas-particle par-
titioning and multiphase chemistry. For example, the Extended Aerosol Inorganics Model (E-AIM) applied the Gibbs free
energy minimization algorithm to calculate the thermodynamic equilibrium phase partitioning of inorganic and organic com-
pounds in the atmospheric aerosol particles (Clegg et al., 2001; Wexler and Clegg, 2002; Clegg et al., 2008). It is considered
as a benchmark model and widely used to evaluate other aerosol thermodynamic models (Zaveri et al., 2008). However, it is
computationally inefficient (Zhang et al., 2000) and can only be used between gas phase and a bulk aerosol phase. Compared
to E-AIM, the Equilibrium Solver II (EQUISOLYV II) includes additional crustal species cations, e.g., potassium (K*), calcium
(Ca*") and magnesium (Mg>*), as well as carbonate anion (CO327). It applies the mass flux iteration and analytical equilib-
rium iteration methods to solve the equilibrium equations between the gas phase and the aerosol phase with multiple size
bins. Moreover, EQUISOLV II can also be used to calculate the non-equilibrium gas-particle transfer when combined with the
mass transfer equations (Jacobson, 1999). Another aerosol thermodynamic equilibrium model ISORROPIA II also includes the
crustal species like K*, Ca** and Mg2+, and computationally efficient (Fountoukis and Nenes, 2007), which makes it suitable
for being applied in large scale models, e.g., GEOS-CHEM (Pye et al., 2009). Recently, a simplified but more computationally
efficient version ISORROPIA-lite has been developed based on ISORROPIA 1I, specifically for large scale model applications
(Kakavas et al., 2022). However, as E-AIM, ISORROPIA 1II and ISORROPIA-lite can only calculate equilibrium between
bulk aerosol phase and gas phase. In order to solve the non-equilibrium dynamic gas-particle partitioning of non-volatile and
semivolatile species between gas phase and particles with multiple size bins, MOSAIC (Model for Simulating Aerosol Inter-
actions and Chemistry) was developed with both accuracy and computational efficiency (Zaveri et al., 2008). It has been also
applied in large scale models, e.g., WRF-CHEM (Zhao et al., 2010) and CAM (Zaveri et al., 2021).

Meanwhile, a number of chemistry and aerosol box models with or without aerosol themodynamic processes have also
been developed in recent decades, focusing on various research aspects. For example, ARCA box (Atmospherically Relevant
Chemistry and Aerosol box model) was developed to simulate complex chemistry and aerosol processes in the atmosphere,
smog chamber and flow tube conditions (Clusius et al., 2022) It provides a graphical user interface which facilitates model
configuration, simulation monitoring, and preliminary output visualization. However, the aerosol thermodynamic processes
are not calculated in ARCA box. PyCHAM (a Python box model for simulating aerosol chambers) also provides a simple
GUI, and it is mainly designed for chamber experiments with detailed wall loss processes for gas species and aerosol particles
(O’Meara et al., 2021). And similar with ARCA box, PyCHAM does not include a thermodynamic module. Compared to other
models, MAFOR v2.0 (Multicomponent Aerosol FORmation model; version 2.0; Karl et al. 2022) and ADCHAM (Aerosol
Dynamics, gas- and particle-phase chemistry model for laboratory CHAMber studies; Roldin et al. 2014) have covered more

comprehensive processes including aerosol thermodynamics and particle phase chemistry. Both of them are good examples
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of incorporating various complex chemistry and aerosol processes in a box model. Inspired by previous models and based on
our experiences of model development (Boy et al., 2006, 2011; Zhou et al., 2017a, b), we have developed a new box model
BoxMART (Box Model for Atmospheric Research and Teaching) aiming for both research and teaching as said in the full
name of the model. Therefore, it is designed to be easy and flexible to set up for various experiments, various chemistry and
aerosol processes including aerosol thermodynamics by implementing MOSAIC. Hence, a bunch of benchmark simulation
cases from simple to complicated are included in the model and will be described below.

The following sections are organized as below. The model structure and main components are described in Section 2. The
benchmark simulation cases are described in details in Section 3. Section 4 includes a summary and discusses the future

development plan of the model.

2 Methods

The development of BoxMART is based on SOSAA-Box (model to Simulate Organic vapours, Sulphuric Acid and Aerosols,
Box version; Fu et al. 2023). Currently, BoxXMART includes a chemistry module and an aerosol module besides general input
and output modules (Fig. 1). In the chemistry module, KPP (Kinetic PreProcessor; https://github.com/KineticPreProcessor/KPP;
last access on 22.01.2026) is applied to convert the formatted chemistry scheme to Fortran code, which is then called in Box-
MART via an interface. The aerosol module calculates the coagulation process following the method originally developed in
Jacobson et al. (1994), the condensation, dissolution and evaporation processes following the semi-implicit method originally
developed in Jacobson (1997), and the aerosol thermodynamics with MOSAIC (Zaveri et al., 2008). The original code of
MOSAIC was downloaded from the official github repository of the WRF-Chem (Weather Research and Forecasting model
coupled with Chemistry; Skamarock et al. 2019; https://code.wsl.ch/sharma/CRYOWRF/-/tree/master/WREF, last accessed Apr.
15th, 2026). Then the interface function was modified to fit for BoxMART code. It should be noted that there is a bug in the
unit conversion of the Kelvin equation in the original code, which, after communication with Rahul Zaveri, has been fixed in
this code. The code is written in Fortran 90, and stored in a GitLab git repository in the University of Helsinki version control

server (https://version.helsinki.fi/putian.zhou/boxmart).
2.1 Condensational and dissolutional growth

The condensational and dissolutional growth of particles are calculated following the analytical predictor of condensation
(APC) and analytical predictor of dissolution (APD) schemes, respectively, which were originally developed in Jacobson
(1997). In order to constrain each species concentration in aerosol phase within a reasonable range, usually larger or equal to 0
and smaller or equal to total species concentration, the constraints described around Eq. 17 in Jacobson (2002) have been also
applied. After condensational and dissolutional growth, the particles in each size with new volumes will be redistributed into
original stationary size bins. In the redistribution, the number and volume will be conserved except that when new particles are

smaller than the smallest size bin or larger than the largest size bin. The calculation is shown below.
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Figure 1. A Model diagram showing the modules included in the model, which are input, output, chemistry, aerosol and MOSAIC modules.
The input files for each simulation case are listed in the input box. The output file is a NetCDF (Network Common Data Form) file which
stores various output variable data, e.g., number concentrations of gases, number concentrations of particle-phase species in each size bin, pH
values and liquid water content in each size bin, etc. Gas-phase chemistry is calculated in the chemistry module, and the chemistry scheme
is converted to Fortran code by KPP (Kinetic PreProcessor). The condensational and dissolutional growths, as well as Brownian coagulation
are calculated in the aerosol module. The thermodynamic system H* - NHy* - Na* - SO4*~ - NO3~ - C1~ - H,O along with the gases H,SOx,
HNOs3, HCI1 and NH3, is calculated by MOSAIC (Model for Simulating Aerosol Interactions and Chemistry) module.

Suppose the particles in size bin ¢ grow/shrink from original volume V; to new volume V; .., which lies between size bin a

and a + 1, the number and volume conservation gives:

Ci = Ca,new + Ca+1,new (1)
90 Ci‘/i,new = Ca,newVa + Ca+1,newva+1 (2)
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here C; is the particle number concentration in size bin ¢ before growth/shrink, Cj, ¢, is the particle number concentration in

size bin a contributed by C;. Solve the equation set, we get:

Ca,new = Cira (3)
Ca-l—l,new - Cz(l - Ta) (4)
Va+1 - ‘/z new
Ta Va+1 —v, (5)
For particles with V; e, < Vi 01 V; pew = Vv, we put all the volume to size bin ¢ or IV, respectively. So:
‘/ti new
Cl,new = Cz . ) when ‘/i,new < Vl (6)
1
‘/i,new
CN,new = C;—-—, when ‘/i,new > Vn @)
For species in the particle phase, the redistribution follows the volume ratios, so:
Va
C anew:C inewlas; 8
q,a, g,i,new’” Vinew (¥
Va 1
Cq,aJrl,new = Cq,i,new(l - ra) V. a (9)
i,new
C(q,l,new = Cq,i;newy when Vvi,new < ‘/1 (10)
Cq,Nmew = Cq,i,newy when Vvi,new = VN (11)

where Cy ; new is the number concentration of species ¢ in size bin 7 after condensation or dissolution, and Cy g neq is the

number condensation of species ¢ in size bin a contributed by Cy ; new after growth.
2.2 Coagulation

The Brownian coagulation of particles is calculated based on the semi-implicit method described in Jacobson et al. (1994). This
non-iterative method conserves the volume but does not calculate the particle number exactly. However, the error in particle
number will decrease when the size bin resolution increases (Jacobson et al., 1994).

Considering the coagulation process, when one particle in size bin ¢ collides with and sticks to another particle in size bin 7,
an intermediate particle with volume V; ; is formed. Suppose the volume of the intermediate particle lies between size bins &

and k£ + 1, namely,
Vi <Viy =Vi+Vj < Vi (12)

then it can be partitioned into size bins k£ and k 4+ 1, the volume fraction partitioned to size bin k, namely f; ; ;. is calculated
from Eq. 13 in Jacobson et al. (1994). The derivation of this equation is shown below.
After coagulation, conserving the particle number and volume we have:
Atp; jC;Cy = ACK + ACk 41 (13)
At ;C:CVi 5 = VikACK, + Vi1 ACk (14)
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where (3; ; is the coagulation coefficient between a particle from size bin ¢ and a particle from size bin j, the unit of it is
m? #~1 s71). AC}, is the change of particle number concentration in size bin k caused by this coagulation process. At is the

time step. After manipulation of the equation set, we get:

Vii—Vi
ACji1 = ACp—21— 15
k+1 Ve — Vi, 15)
Vg1 — Vi
AtB; ,C;C: = ACY, ———— (16)
PiiCiCi Vi — Vij
Viewr — Vi s Vi1 = Vi Vi
Vi AC, = Atﬁi,jcicjvku = Atﬁi,jCiCjVi,jM L AtB; ;CiC3 Vi fijik 17)
Vk+1 — Vk Vk+1 - Vk V;,j
Vi1 ACky1 = ALS, ;C.C; Vi (L — fi k) (18)
(19)
Therefore,
Vir1 = Vi Vi
_— Vi <V <V,
Ve —Vi Vig, A P
k—Vij Vik—1
11— ——>L Vi1 <V <V,
Vei—Vi1 Vg ETTHSR
Vo=Vi; V1
—_— Vi<V < Ve k=1
fizn=1{ Va—V1 Vi PR (20)
1 VN <Vi
Vv —=Vi; VN1 k=N
1- N Vo1 <Vi; <V
VN —=Vn-o1 Vi Nt ! N
0 all other cases
where N is the number of size bins.
So the coagulation production term in size bin k (Py) is calculated as:
LA
P, = §ZZAt6i7jCiCjV;,jfi,j,k (21)

i=1j=1

Here we include coagulation between two particles both in size bin k, since we consider that the intermediate particle volume
2V}, could still stay between V}, and V), under certain size bin configurations, e.g., V41 > 2Vj,. Considering the symmetry

of the coagulation,

Bij = Bj.i (22)
figke = ik (23)
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we can get:

kK k
Pk: — %ZZﬁi,jCiCj‘/i,jfi,jvk

i=1j=1

k k
1
= §ZZﬁi,jCz’Cj(Vi + Vi) fiin

i=1j=1
E ok
= ZZﬁi,jCiCjVifi,j,k (24)
i=1j=1
2.3 Aerosol thermodynamic processes

In MOSAIC, the aerosol equilibrium state and water content are computed by the MESA (Multicomponent Equilibrium Solver
for Aerosols; Zaveri et al., 2005a) thermodynamics module considering temperature, RH, and the Kelvin effect of different
particle size bins. Then the dynamic gas-particle mass transfers of H,SO4, HNO3, HCl and NH; are calculated by ASTEM
(Adaptive Step Time-split Euler Method; Zaveri et al., 2008). The electrolyte activity coefficients are estimated with Multi-
component Taylor Expansion Method (Zaveri et al., 2005b). Then MOSAIC with a modified Kelvin function is implemented
into BoxMART with an interface fit to BoxMART main code

3 Results

We have prepared 10 benchmark simulation cases or case sets, which are derived from previous studies. All the cases have been
revised since some of them were not described clearly or were illustrated with errors in the original references. In this study,
these cases are used to validate the aerosol dynamic processes of coagulation, condensation, and aerosol thermodynamics. A

summary of all benchmark simulation cases is given in Table 1.
3.1 Case J1997_APC_TEST

The ideal APC test case in Jacobson (1997) was repeated in this study, and was aimed to ensure that the APC scheme was
implemented correctly. The species C1 is assumed to be transferred between gas and particle phases. All the parameters are
obtained directly from Jacobson (1997), except the mass transfer rate k; (0.000833 s~1), which is from Jacobson (2005), where
it was fixed from the originally wrong value (0.00833 s~ 1).

In this simple simulation k; values are fixed, therefore temperature, air pressure and relative humidity have no effect, whose
values can be set to default ones, e.g., 298 K, 1 atm and 80% (these values are applied unless specified in the following
cases). In order to be fit for the model simulation with current input files, several other parameters are assumed. The particle
size distribution is represented by three bins with their diameters set to 10 nm, 100 nm and 1 pgm. The simulation has two
components, C1 and CORE, both with particle phase density of 1800 kg m—3. CI exists in both gas and particle phases,
whereas CORE only in particle phase. Bins 1 and 2 are initialized with 2 and 5 g m~—2 of C1 and bin 3 is with 5 ug m=2 of
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Table 2. Parameters and results in the case J1997_APC_TEST. The columns include: particle bins in which the gas phase is also listed (Bin),
particle diameter (D), (nm)), initial particle number concentration (N (# m~?%)), mass transfer rate (k (s~1)), initial mass concentration

(Initial (g m ™)) of species C1 and CORE, simulation results of C1 after four hours (Results (g m™~3)) in the model and reference.

Bin D, (nm) N (# m™?) k(s™')  Initial (ug m™®)  Results (ug m™3)

Cl CORE Model Reference

1 10 2.1221 x 10" 0.000833 2.0 0.0 2.182 2.18
2 100 5.3052 x 10°  0.001667 5.0 0.0 5.364 5.36
3 1000 5.3052x 106  0.00667 0.0 5.0 1.455 1.46
Gas 3.0 1.000 1.00

CORE. The initial number concentration in size bin ¢ can be calculated as:

where N; (# m~3) is the particle number concentration, M; (kg m~3) is the particle mass concentration. V; (m?) is the single
particle volume, p,, is the particle density. All the parameters and results are listed in Table 2. The results after 4-h simulation

are independent on the selected model timestep (0.1 — 7200 s), and agree with the results in Jacobson (1997).
3.2 Case J1997_APD_TEST

170 This case was aimed to ensure that the APD scheme was implemented correctly. The setup is similar with the case J1997_APC_TEST,
except that the Henry’s law constant (i.e. Henry solubility H,, see the detailed definitions and name conventions in Sander

(2015)) of Cl1 in size bin i should be explicitly calculated according to:
H!=LWC;RumTH,, (26)

where H is dimensionless Henry’s law constant, which is set to 4.0 in this case according to Jacobson (1997). The liquid water

175 content (LW (') in each size bin is assumed to be 1.0 ug m~3. The gas constant Ry, is 8.206 m? atm K~! mol™!, and T
is 298 K. So H,,, is 1.6358 x 10'! M atm™~'. The results after 4-h simulation are independent on the selected model timestep
(0.1 — 7200 s), and agree with the results in Jacobson (1997).

3.3 Case J1994_CASEl1

In this case the simulation is compared to an analytical case originally described in von Smoluchowski (1918). This case is
180 aimed to ensure that the coagulation scheme is implemented correctly, so the condensation is not calculated. The initial particle

size distribution is monodisperse and all particles only contain one component, assuming as CORE_aq. The coagulation kernel
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Table 3. The same as Table 2 excpet for the case J1997_APD_TEST

Bin Dp((m) N (# m ) k(s™')  Initial (ug m~3)  Results (ug m~3)

Cl CORE Model Reference

1 10 1.0610 x 10'?  0.00333 0.0 1.0 3.077 3.08
2 100 1.0610 x 10° 0.00833 0.0 1.0 3.077 3.08
3 1000 1.0610 x 10° 0.0117 0.0 1.0 3.077 3.08
Gas 10.0 0.769 0.769

is assumed to be a constant as:

 8kpT

B 3

@7

where kp is Boltzmann constant (1.38 x 10722 J K1), 5 is the dynamic viscosity of air (kg m~! s~!). Here we assume T
as298.15K, andthenn = 1.85x 10 kg m~! 571,50 3 =5.93 x 10716 m? #~1 s~. The analytical solution of the particle
number size distribution for bin i at time ¢ (V) can be calculated as:

¢ NP(058N7)
' (1+0.58NVt)i+1

(28)

where N7 is the initial number concentration in the first bin, and ¢ is the time which should be larger than 0. Following the
simulation case in Jacobson et al. (1994), Nl0 is set to 102 # m™3, and three size bin configurations are simulated with
different volume ratios (V;.) of 1.2 (39 bins, labelled with VR12), 1.5 (18 bins, labelled with VR15), and 2.0 (11 bins, labelled
with VR20). These labels have the same meanings in the following cases. The bin structure is constructed with method 8
(Appendix A) for J1994_CASE1_VRI12.

Figure 2 shows the analytical solution and the simulation results after 12 hours with time step of 600 seconds. The model
results agree the best with the analytical solution for the sub-case J1994_CASE1_VRI12 and deviate more when the size
bin resolution decreases, as expected. It should be noted that the size distribution for particles smaller than 10 nm shows
more discontinuity in J1994_CASE1_VR12 and J1994_CASE1_VR15 than J1994_CASE1_VR20, which results from the

coagulation dips as explained in Appendix A.
3.4 Case J1994_CASE23

In this case the simulations results are compared to the cases 2 and 3 in Jacobson et al. (1994). The parameters and configura-
tions are similar with the case J1994_CASE1 except the initial conditions. Here the initial particle number size distribution fol-
lows the lognormal distribution with geometric standard deviation (GSD) of 1.4 (in sub-cases J1994_CASE23_GSD14_VR12,
J1994_CASE23_GSD14_VRI15, J1994_CASE23_GSD14_VR20) and 1.15 (in sub-cases J1994_CASE23_GSD115_VR12,
J1994_CASE23_GSD115_VRI15, J1994_CASE23_GSD115_VR20) , respectively. In order to cover the whole range of the

10
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Figure 2. Simulation results of particle number size distribution after 12 hours of sub-cases J1994_CASE1_VRI12 (red),
J1994_CASE1_VRIS (blue) and J1994_CASE1_VR20 (purple) in the case of J1994_CASEI. The initial value (black point with dashed

line) and analytical solution (black solid line) are also shown.

results shown in Jacobson et al. (1994), the number of size bins are set to 50, 25, 15 for VR12, VR15, VR20 sub-cases, respec-
tively. The largest size bin diameters (geometric mean diameter, GMD) in these sub-cases are around 150 nm. The simulation
time is 6 hours with time step of 600 seconds.

The simulation results agree well with that in Jacobson et al. (1994), which show a diffusion to larger particles as time
progresses (Fig. 3). The simulations with higher volume ratios show similar results with slightly more diffusion to larger

particles (Figs. 3b, c, e and f).
3.5 Case J1994_CASE4

This simulation case including two sub-cases J1994_CASE4_VR15 and J1994_CASE4_VR20 is compared to the case 4
in Jacobson et al. (1994). Again, the parameters and configurations are similar with Case J1994_CASE]1 except the initial
conditions, which is an exponentially spread size distribution described in Eq. 25 in Jacobson et al. (1994) with At = 0. Here

the initial total number concentration is set to 10! # m™3, and the size bin with the peak number concentration is 100 nm.

11
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Figure 3. Simulated particle number size distributions (PNSD) at initial time (black solid line), after 2 hours (red dot dashed line), after
4 hours (blue dashed line), and after 6 hours (purple dotted line) are shown for sub-cases in the case J1994_CASE23. The sub-cases with
geometric standard deviation (GSD) of 1.4 are shown in the upper panel, which have applied volume ratios of (a) 1.2, (b) 1.5 and (c) 2.0,

respectively. The ones with GSD of 1.15 are shown in the lower panel with volume ratios of (d) 1.2, (e) 1.5 and (f) 2.0, respectively.

The size bin starts from 6 nm with 40 bins in J1994_CASE4_VR15 and 24 bins in J1994_CASE4_VR20. The simulation
time is 12 hours. Figure 4 shows that our results of both sub-cases shift slightly more to the larger size bins than the results in

Jacobson et al. (1994), indicating slightly larger numerical diffusion in the large size bins.
3.6 Case J1994_CASES

In this case a continuous tri-modal size distribution was simulated. The parameters given in Jacobson et al. (1994) were for
volume distribution, so we need to convert them to number size distribution. According to the Eq. 8.52 in Chap. 8.1 in Seinfeld
and Pandis (2016), the geometric standard deviations (o) are the same for these two moments, which is 1.8, 2.16 and 2.21 for

three modes, respectively. The relation between volume median diameter (Epgv) and median diameter (bpg) is:

InD,yv =InD,, +3In’ 0, 29

12
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Figure 4. Simulated particle number size distributions (PNSD) at initial time (black dashed line) and after 12 hours are shown for sub-cases
J1994_CASE4_VRI15 (red dot dashed line) with volume ratio 1.5 and J1994_CASE4_VR20 (blue dashed line) with volume ratio 2.0. The

analytical solution after 12 hours is also shown (black solid line).

And the total volume concentration (V;) can be calculated as:
™ =S 9 2
V= gNt exp(3InD,, + 3 In“oy) (30)

So D, is 13.48 nm, 54.01 nm and 864.1 nm, the number concentration N; is 1.038 x 10 # m™3, 3.228 x 100 # m~3
and 5.381 x 10% # m—3, for three modes, respectively. The volume ratio between adjacent bins is 2, and number of bins is 40
with the first bin diameter as 10 nm. The Brownian coagulation kernel is applied to calculate the coagulation process.

The simulation results show good agreement with the results in Jacobson et al. (1994) (Fig. 5a). Zhang et al. (1999) simulated
the same case, which is the urban condition case in that study. The number size distribution shown here (Fig. 5b) also agrees

well with the exact results in Zhang et al. (1999) above 10 nm, which is the smallest size bin diameter in our case.

13
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Figure 5. (a) Simulated particle volume size distributions at initial time (black dashed line) and after 12 hours (red solid lines) and (b)
Simulated particle number size distributions at initial time (black dashed line) and after 12 hours (red solid lines) in the case J1994_CASES.

The volume ratio between adjacent size bins is 2.0.

3.7 Case JT1995_CASE1

In this case, the evolution of a self-perserving distribution with condensational growth and coagulation was simulated, referring

to the first case in Jacobson and Turco (1995). The initial number concentration size distribution at bin k is

N2dV; Vi
NO — T _ 31
T exp ( v, (€1}
where N% is the initial total number concentration, V}, is the particle volume at bin k, dV}, is the volume range of size bin £,

and V), is the initial mean volume of all particles, which is 20 nm in this simulation. With fixed condensational growth rate and

fixed coagulation kernel, the analytical solution at time ¢ is given by Gelbard and Seinfeld (1978) as:

4NOde 2V},
Ni= Tk ——F _exp(—ot) — ot 2
¢ vp<r+2>2eXp( Vi) P ") (32

14
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where
7= N0t (33)
8kpT
B==3 (34)
U
o= NO3 (35)

the parameters are the same as that in J1994_CASEI (Table 1). o is the growth rate (s~1). In this case, N = 1011 # m~3,
the volume ratio between adjacent bins V,. = 1.2, and the number of bins is 50. As in Jacobson and Turco (1995), 5 = 0 when
only growth is considered, and ¢ = 0 when only coagulation is considered. Three sub-cases COND (only growth), COAG
(only coagulation), and COND_COAG (with both growth and coagulation) were simulated and compared with the results in
Jacobson and Turco (1995).

For distributing the particles, a hybrid method in Jacobson and Turco (1995) was applied, in which the particles are dis-
tributed into different size bins according to their involatile core diameter. The condensed/evaporated species only increase/de-
crease the particle volume in a size bin, but they are still in the same size bin as long as the core size is not changed. The
concept of how condensable species are treated is similar with how water in a particle is treated in our model, hence the growth
rate is calculated as the water growth in this simulation. According to Eq. 11 in Jacobson and Turco (1995), the actual growth

after each time step At at bin k is calculated as:

VIS = Vi et + Vi s A (36)

k,wet

here Vj, et is the particle wet volume at bin k. Figure 6 shows that our simulation results agree well with the analytical

solutions in all three sub-cases. Notice that here the x axis is the particle wet diameter (D), ,,¢;) instead of dry diameter.
3.8 Case JT1995_CASE2

This case refers to the second case in Jacobson and Turco (1995), which includes an involatile species V; and a condensable
species V5. the saturation vapor pressure of Vz is 7.5 x 10~7 Pa, corresponding to parameters A = —11.1307 and B = 0 with

the equation used in our model:
P, = Py #1047 (37)

where P; is the saturation vapor pressure with unit of Pa, Py, is standard atmosphere pressure equal to 1.01325 x 10° Pa, A
and B are parameters, and 7 is air temperature with the value of 298.15 K here. The molar masses of them are 0.15 kg molfl,
and the densities of them in the particle phase are 1500 kg m~3. The effective diffusion coefficient of gaseous V5 (D‘e};f) is

1075 m? s~1, which is applied in the calculation of mass transfer coefficient k,, of species ¢ at bin k:
kem = Ni2m Dy . DT (38)

The surface tension of both species in the particle phase is 0.03 N m~'. A Brownian coagulation kernel is applied.

15
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Figure 6. Simulated particle volume size distributions (dashed lines with circle markers) at initial time (black), after 6 hours with only

condensational growth in JT1995_CASE1_COND (red), after 6 hours with only coagulation in JT1995_CASE1_COAG (blue), and after 6

hours with both condensational growth and coagulation in JT1995_CASE1_COND_COAG (green). The analytical solutions corresponding
to the sub-cases are also plotted (solid lines). The volume ratio between adjacent size bins is 1.2. D, is the particle wet diameter Dy, yet.

In the beginning, the particle is distributed as a lognormal distribution mode with the geometric mean number diameter of

3.1582 x 10'® # m~3. The simulation time is 30 minutes.

275

270 20 nm, geometric standard deviation of 1.4, and total particle number concentration of 10'2 # m~3. Each particle volume

contains half V; and half V5. The gas partial pressure of V5 is 1.3 X 10~? Pa, corresponding to a number concentration of

Two sub-cases were simulated, one with Kelvin effect (KELVIN) and the other without (NO_KELVIN). Here we applied

80 size bins with volume ratio as 1.2, and the particle diameters range from 6 nm to about 931 nm. Figure 7 shows that our

simulation results agree generally well with that in Jacobson and Turco (1995) in both sub-cases. V> condensed evenly onto

particles with different sizes in the case NO_KELVIN, while in the case KELVIN V5 nearly only exists in particles larger than

particles contain less V; than V5 due to condensation of V5.

20 nm after 30 minutes because of the transfer from small particles to large particles under Kelvin effect. While the amount

of V7 in each size bin is only affected by coagulation, in the case KELVIN small particles almost only contain V7, and large

16
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Figure 7. Simulated particle volume size distributions (PVSD) (a) without and (b) with Kelvin effect in the cases JT1995_CASE2_KELVIN
and JT1995_CASE2_NO_KELVIN, respectively. The PVSD of V; + V> (black), Vi (blue) and V5 (red) at the initial time (solid line) and

after 30 minutes (dashed line) are plotted, respectively.

However, some differences still exist. In our simulations, the stationary method assumes that particles grow/shrink and are
then redistributed into larger/smaller bins without altering the size within a bin. While in a hybrid method applied in Jacobson
and Turco (1995), the particles in small size bins can grow and stay within their size bins if the involatile cores do not change.
Consequently, the stationary method results in a numerical diffusion of size bins, distributing some partilces in smaller size
bins and larger size bins. With coagulation, this will finally cause a faster elimination of small particles and an increased growth
of large particles compared to the hybrid method. That could explain why our results show a shift to larger size bins compared

to that in Jacobson and Turco (1995).
3.9 Case JT1995_CASE3

In this case, which refers to the third set of cases in Jacobson and Turco (1995), the condensational growth is simulated
and compared with the analytical solutions in the sub-cases F4_COND, F5_COND and F6_COND. The lognormal PNSDs
with different parameters are applied as the initial conditions (Table 4). In cases labelled with COAG, only coagulation is
simulated, and with COND_COAG, both condensational growth and coagulation are simulated. The initial conditions, model
configuration parameters, model results and analytical solutions are listed in Table 4, similar as Table 1 in Jacobson and Turco

(1995).

17



295

300

305

310

https://doi.org/10.5194/egusphere-2026-2381
Preprint. Discussion started: 20 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Table 4. The initial conditions, model configuration parameters, the model results and analytical solutions of final total volume concentrations
are listed. Here only the sub-cases F4_COND, F5_COND and F6_COND are listed because analytical solutions are available for them. D, 0
is the geometric mean diameter of the initial lognormal distribution, oy, is the geometric standard deviation of the initial distribution, N7 o
is the initial total particle number concentration, Vrr o is the initial total particle volume concentration, Vrq,1 is the analytical solution of final
total volume concentration, Vir.,,,1 is the simulated final total volume concentration, V;. is the volume ratio of adjacent size bins, Ap is the

growth parameter, At is the model time step, ¢ is the simulation time in a model run.

Dypg,0 0g,0 Nro Vro Va1 Vrm,1 Ve Ap At t1

pm - # cm™3 ,um5 cm ™3 ,um“ cm ™3 um" cm™3 - m? st S S

F4 COND 0.2 1.4000 2.260 x 10 1.576 x 10> 2.467 x 10° 2.449x10° 1.5 1.06x107'® 1000 10000
F5.COND 0.1 1.1447 8.796 x 10  5.000 x 10> 1.689 x 10° 1.656 x 10> 1.2 1.00x107'* 0.01 5
F6_COND 0.6 1.3084 6.387x 10% 9.999 x 10> 1.703x10° 1.693x10° 1.5 1.00x107'" 100 10000

The analytical solution of number concentration at each size bin 4 at time ¢; with a constant growth term Ap is shown as

below:

2
Nty Dp iADpi 1Oglo ( Dg,z - 2ADt1/ng’0)
— ) , i ex
V27r1n(10)log,g 0, Dy —2Apt P

Nia(t1) (39)

2logTy oy

where the constant In(10) is used to convert base-10 logarism to natural logarism, AD,, ; is the width of the size bin i. Ap is

the term applied to calulcate the growth of particle diameter as below:

dD, Ap
=— 40
dt D, (40)
So the volume growth rate is calculated as:
dvd /1 i
—=—(=-mD3)==D,A 41
At~ dt (67r P) 9 PP ‘1)

The results of case F4_COND are shown in Fig. 8a, and it should be noticed that the data in y-axis are the volume size
distribution with unit ym® cm™2 instead of the number concentration size distribution, which could be a typo in Fig. 4 in
Jacobson and Turco (1995). Our model results show much more particles in the lower end compared to analytical solution due
to numerical diffusion of the stationary method. However, the modelled final total particle volume (V7,,, 1) agrees well with the
analytical solution (V7,,1) and the model results in Jacobson and Turco (1995). The slightly lower value of Vr,,, 1 compared to
Vra,1 can be explained by the overestimate of smaller particles, since the growth is proportional to particle diameter (Eq. 41).

Our results of case FS_COND shown in Fig. 8b are quite different from that in Fig. 5 in Jacobson and Turco (1995). First,
the analytical solution in our case F5_COND grows larger with higher peak number size distribution of 7 x 10® # cm™3. The
total volume concentration of analytical solution in our simulation at the end (5 s) is 1.689 x 10° um3 cm =3, which is also
much larger than that in Jacobson and Turco (1995) (7.06 x 10* zzm? cm™2). The final total volume concentration in our model

result is similar with our analytical solution, although it still shows large numerical diffusion. The results with coagulation in
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Figure 8. The comparisons between the model results and analytical solutions of particle number size distributions in sub-cases (a) F4_COND
(red dashed line), (b) F5_COND (red dashed line), FS_COAG (blue dashed line), F5_COND_COAG (purple dashed line) (c) F6_COND (red
dashed line), F6_COAG (blue dashed line), F6o_COND_COAG (purple dashed line). The simulation time is 10000 seconds, 5 seconds and
10000 seconds in F4_COND, F5 cases and F6 cases, respectively. The analytical solutions (solid black line) are only available for the sub-
cases F4_COND, F5_COND and F6_COND. The initial conditions (black dashed line) are also shown for each sub-case set (F4, F5 and F6).

our simulations F5_COAG and F5_COND_COAG show little shift of the aerosol size distribution, which is consistent with
the very short simulation time 5 s. However, the results in Jacobson and Turco (1995) show apparent shift due to coagulation
315 which seems not reasonable, unless the coagulation kernel is very strong.

In case F6_COND, our model results still show numerical diffusion compared to the analytical solution (Fig. 8c). Similarly,
the final total volume concentration in our simulations is apparently higher than that in Jacobson and Turco (1995). Moreover,
the coagulation does not shift the size distribution as large as that in Jacobson and Turco (1995).

In summary, the results with the stationary method agree with the analytical solution in average. but it will introduce numer-
ical diffusion which is even larger when the growth process is dominant. And it should be noted that our results are different

320
from that in Jacobson and Turco (1995) in sub-cases F5_COND, F5_COAG, F5_COND_COAG, F6_COND, F6_COAG and

F6_COND_COAG, which indicates further verification of these cases is still needed.
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3.10 Case Z2008_CASE

In order to verify the performance of how the aerosol thermodynamic processes are calculated in BoxMART, the test cases
325 in Zaveri et al. (2008) were simulated in this study. Since the calcium ion (Ca®") is not included in the current model ver-
sion, only the cases 1, 2, 4,5, 6,7, 8,9, 11, 12, 13, and 14 in Zaveri et al. (2008) were simulated, which corresponded to
sub-cases Z2008_CASE1, Z2008_CASE2, Z2008_CASE4, Z2008_CASES, Z2008_CASE®6, Z2008_CASE7, Z2008_CASES,
72008_CASE9, 22008_CASE11,Z2008_CASE12,22008_CASE13, and Z2008_CASE14 in this study. The cases from Z2008_CASE1
to Z2008_CASEI12 are discussed in Appendix B, since they are mostly applied to evaluate how MOSAIC is performing in Box-
330 MART as a single module. In the Z2008_CASE set simulations, the ion HSO,4™ is not explicitly output and calculated from
MOSAIC, so the sulfate actually represents SO,>~ + HSO,~. In the beginning of each simulation, the MOSAIC in BoxMART
is run with a time step of 0.01 s to obtain the initial thermodynamic state from the initial condition. After this the model clock
is reset to start time and the simulation starts with the solved initial conditions.
For the cases Z2008_CASE13 and Z2008_CASE14, the initial gas concentrations, relative humidity (RH), air pressure and
335 temperature are the same as the corresponding cases as shown in Table 3 of Zaveri et al. (2008). However, the particle size
distribution and composition mass distribution were not described explicitly in Zaveri et al. (2008), and therefore in this study
these parameters were estimated as faithfully as possible. In both cases Z2008_CASE13 and Z2008_CASE14, 100 size bins
were applied, with geometric mean diameter as 5 nm in the smallest size bin and 12 ym in the largest size bin. The number
size distribution is the superposition of three lognormal modes with geometric mean diameters 10 nm, 100 nm, and 2 ym,
340 geometric standard deviations 1.5, 1.7 and 1.8, as well as total number concentrations 5.0 X 1010 # m~3,1.2 x 10° # m™3,
and 6.0 x 10° # m~3, respectively. Initially, the particles in Aitken and accumulation modes (5 nm to 1 gm) contain NH4* and
S04~ with a molar ratio of 2:1, and the particles in the coarse mode (1 zm to 12 ym) contain Na* and C1~ with a molar ratio
of 1:1. The simulation time step is 60 seconds. It should be noted that the transfer of particles between size bins is calculated

with the moving section method in Zaveri et al. (2008) instead of stationary section method used here.
345 3.10.1 Case Z2008_CASE13

In Z2008_CASE13, the initial ions in the particles form solids (NH4)>,SO4(s) and NaCl(s) quickly after the initial 0.01 s
thermodynamic step under low RH of 30%. Our simulation results agree generally well with that in Zaveri et al. (2008),
some apparent differences are discussed below. In our simulation after 5 minutes, the particles smaller than 30 nm are almost
removed, while the other larger Aitken mode particles grow quickly (Figs. 9c and 9d). This is slightly different from the results
350 in Zaveri et al. (2008), where all the Aitken mode particles grow more evenly. After 10 hours, our simulation results show more
diffusion so that the Aitken and accumulation modes start to merge with each other, and particles smaller than 30 nm are still
found (Figs. 9¢ and 9f). Another difference is the abrupt peak of Na,SO4 at around 1 pm in our simulation due to numerical
diffusion of stationary method (Figs. 9d and 9f). Because of the diffusion around 1 pm, the particles containing NH4* and the
ones containing C1~ can meet to form NH4Cl(s) (Fig. 9d). The concentrations of gaseous NH3 and HCI are higher than HNOj3

355 after 10 hours, while in Zaveri et al. (2008) their concentrations are nearly the same (Fig. 9g). This could result from that more
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small particles exist in our simulation which uptake less NH; and HCL. In the other hand, HNO; condenses onto particles over
the whole size range including coarse particles, so it is not affected by the numerical diffusion as much as the other two gases.
In summary, most of the differences between our results and that in Zaveri et al. (2008) can be explained by the differences
between stationary section method and moving section method. We also tested Z2008_CASE13 with the original MOSAIC
version which has a typo in the Kelvin factor calculation function, and found that it showed nearly the same results. However,

this typo affects the phase states of small particles in Z2008_CASE14 which will be shown below.
3.10.2 Case Z2008_CASE14

Our simulation results of Z2008_CASE14_OLD with original Kelvin calculation function agree well with that in Zaveri et al.
(2008). And the differences between them are similar with that in Z2008_CASE13, which results from the numerical diffusion
of the stationary section method (Figs. 10c and 10d, 10e and 10f). Besides, the number concentration of HNOj is slightly lower
than HCI, and the NH3 concentration decreases with oscillation after around 3 hours (Fig. 10g). And Fig. 10h shows that the
pH value of particles smaller than 1 pum is not a constant as in Zaveri et al. (2008) after 10 hours. Instead, it is more acidic in
Aitken mode and less acidic in accumulation mode.

In Z2008_CASE14_NEW with corrected Kelvin calculation function, the results are similar for particles larger than 100 nm
(Figs. 11c, 11d, 11e, 11f, and 11h). However, the most noticable difference is that the particles smaller than 25 nm are solid
containing (NHy4),SO4(s) and NH4NOs;(s) despite of high RH of 85%. This results from how Kelvin factor is calculated in two
cases. The Kelvin factor in the original version is nearly the same for all the particles with values close to 1, the maximum value
for smallest particles (5 nm) is 1.04. While in the new version the Kelvin factor is much larger for smaller particles, and the
maximum value for smallest particles is 1.58. This makes water activity (a,,) apparently smaller than RH in the new version
according to Eq. 1 in Zaveri et al. (2008), which is 0.81 for smallest particles in the old version and 0.54 in the new version,
respectively. Therefore, the growth factor after 10 hours in Z2008_CASE14_OLD is larger than that in Z2008_CASE14_NEW
for Aitken mode particles (Fig. 12). Here the diameters in the discussion refer to dry diameters. The relative difference between
a,, in wet diameter and a,, in dry diameter is less than 5%, so the discussion here also refers to a,, in dry diameter. Additionally,
in the case Z2008_CASE14_NEW, more particles smaller than 30 nm still exist after 5 minutes (Fig. 11c and 11d), and the
separation between Aitken mode particles and accumulation mode particles is much more obvious after 10 hours (Fig. 11e and
11f). The pH value also shows sharper change at 100 nm compared to that in Z2008_CASE14_OLD.

In summary, the simulation results in Z2008_CASE14_OLD agree well with that in Zaveri et al. (2008), and the differences
can be explained similarly as for Z2008_CASEI13. Moreover, the Kelvin effect plays a more significant role here since it
decides the phase states of small particles. With the corrected version of Kelvin calculation function in Z2008_CASE14_NEW,
the small particles become solid even under a high RH (85%) condition. However, Cheng et al. (2015) proposed that the solid
particles would transfer to liquid below a critical diameter, typically around 20 nm. This indicates that more comprehensive

mechanisms are needed in simulating particle phase state and transfer correctly.
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Figure 9. Initial conditions and simulation results of case Z2008_CASE13, (a) The initial conditions, (c) simulation results at 5 minutes and

(e) at 10 hours of particle number size distribution and particle mass size distribution. (b) The initial conditions, (d) simulation results at 5

minutes and (f) at 10 hours of molar concentrations of particle phase species in different size bins. (g) Time series of molar concentrations

of gaseous species.
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Figure 10. Same as Fig. 9 except for the case Z2008_CASE14_OLD with original Kelvin calculation function. Additionally, the pH size

distribution at 5 minutes and 10 hours are shown in (h).

4 Summary and outlook

In this study, a new chemistry and aerosol box model BoxMART (Box Model for Atmospheric Research and Teaching) was

introduced, which was aimed for both research simulations and teaching of chemical and aerosol dynamic processes in the
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Figure 11. Same as Fig. 10 except for the case Z2008_CASE14_NEW with corrected Kelvin calculation function.

atmosphere. The model of current version has integrated gas-phase chemistry, particle condensation and growth, particle coag-

ulation, as well as aerosol thermodynamic equilibrium process.

In order to evaluate the model performance, 10 benchmark cases or case sets from previous studies were revised and tested,

focusing on condensation, dissolution, evaporation, coagulation and aerosol thermodynamic processes. The input and config-

395 uration of each simulation case were described in detail. The lack of simulation configuration information was supplemented
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according to the description in corresponding studies, theoretical calculation or numerical experiment trials. The typos in pre-
vious studies, if existed, were checked and fixed. All of the efforts were made to make sure that the benchmark simulation cases
in this study are repeatable not only with BoxMART, but also with other atmospheric models. Moreover, different processes

were verified in different benchmark cases, which is valuable for future model development.

The APC and APD for condensational and dissolutional growth processes were tested in J1997_APC_TEST and J1997_APD_TEST

400
cases. The coagulation process itself was tested in J1994_CASE1, J1994_CASE23, J1994_CASE4, and J1994_CASES. The
condensational growth was tested in JT1995_CASE]1, JT1995_CASE2, and JT1995_CASE3 with/without coagulation process.
And finally, the aerosol thermodynamic processes were tested in the case set Z2008_CASE. Among them, the combination of
condensational growth, coagulation and aerosol thermodynamic process were tested in Z2008_CASE13 and Z2008_CASE14.
405 The simulation results of the case Z2008_CASE14 have shown that small particles can stay in solid state even under high RH

value (85%) if their Kelvin factors are large enough.
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The current version of the model mainly focuses on the theoretical simulation cases, but it provides a solid base for future
development. Future work includes simulating chamber experiments, which requires implementing more mechanisms, includ-
ing, e.g., wall losses of gases and particles, dilution due to flow rate, multiphase chemical reactions, new particle formation,
etc. Furthermore, the cloud related processes will also be considered, e.g., the calculation of cloud condensation nuclei (CCN),
cloud droplet formation, etc. As more benchmark simulation cases related to real experiments are added, BoxMART will

become a more and more valuable model tool for both research and teaching.

Code availability. The version used in this study has been uploaded to Zenodo (https://doi.org/10.5281/zenodo.19591193, last accessed
28.04.2026; Zhou et al., 2026). The newest version will be updated in the gitlab repository of the University of Helsinki Version Control
System (https://version.helsinki.fi), and can be obtained upon request to Putian Zhou (putian.zhou @helsinki.fi).
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Appendix A: Setup of particle bin structure

There are eight methods to setup the particle bin structure aiming for various simulation cases. The explanation is shown below:

1.

The bins are set to a logarithmic sequence with constant difference dlog;,(D,). The input parameters are number of
bins (IV), particle diameter at the lower bound of the smallest size bin (D), 1;), and particle diameter at the upper bound
of the largest size bin (D), v ). So the particle diameter representing the size bin i (D, ;, ¢ = 1,2,...,N), which is the

geometric mean of the lower bound diameter and the upper bound diameter, can be calculated as:

dlog,o Dy = (logy Dp,N,u — 10819 Dp,1,0) /N (A1)
log,o Dp,; =10g19Dp,1,+ (i —0.5) - dlog,q D) (A2)
logioDp,ii =10g19Dp11+ (i —1)-dlog,, D, (A3)
log1g Dyp,i,u =10g1g Dp,1, +1-dlogyy D, (A4)

. This method is the same as method 1 but the input parameters are particle diameters representing the smallest (D), 1) and

largest size bins (D,, ), respectively. And the other parameters are calculated as:

dlog,o Dp = (logy Dp,n —logyg Dp1)/(N — 1) (A5)
logyg Dyp,i =10g19 Dp,1 + (i — 1) - dlogy Dy (A6)
logg Dyp.ii =1ogig Dp,1 + (i —0.5) -dlog;, Dp (A7)
10819 Dyp,i,u = 10g19 Dp,1 + (i+0.5) - dlog, Dy (A8)

. Manually set size distribution with input parameters being /N + 1 size bin bounds D,, ; ; and D, ; ,,. Other parameters

are calculated as:

dloglo DpJ' = loglo Dp,i7u — 10g10 Dp,i,l (A9)
log1oDp,i = 0.5 (log1g Dp.ii + 10810 Dp i) (A10)

. Manually set size distribution with input parameters being /N size bin diameters. Other parameters are calculated as:

logioDp,ii =0.5-(loggDpi—1+10g10Dpi), i=2,....N (A11)
log1oDpiw =0.5- (logyg Dpi +10g10Dpit1), i=1,...,.N—1 (A12)
logyg Dp,1,0 =2-1l0gyg Dp1 —logyg Dp1.u (A13)
log g Dp,Nuw =2-logyg Dp N —loggDp. Ny (A14)
dlog,g Dy, =10g10 Dy i — 1081 Dp.is (A15)

. The first nq size bins in this size distribution have a constant volume ratio V.1, and the rest of the bins (/N — ny) have

another constant volume ratio V,.o. Here the volume ratio in a size bin is equal to the ratio between the volumes at
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upper bound and lower bound. In this case, the value dlog,, D), is the same in the size bins with the same volume ratio.
Therefore, this size distribution can also be represented by a logarithmic sequence of particle diameters. In this method,

the input parameters are V; ;, V;q, V2, n1 and N, From this we can get:

Vi Vi, i=1,...,nl
455 Viu= (A16)

ViV ™, i=nl+1,...,N
Vie=Victu, i=2,...,N (A17)
Then we can obtain Dy, ;, Dy, ;7 and D, ; .

6. This size distribution is the same as the one above, but the input parameters are V1, V,.1, V,.2, n; and N. Because

logioDp,i =0.5- (log1g Dp,ii + 10810 Dp.iu) (A18)
460 which deduces:
log, Vi =0.5- (logo Vi +10g1o Vi) (A19)
‘;u - x‘// . (A20)
Viu _ (Vi \?
So we can get V; ; from V; by:
465 Vig= “//11 (A22)

then all the following calculation is the same as that in method 5.

7. In this size distribution the volumes in the first n,, size bins are multiplication of monomers, and in the rest of the bins
the volumes follow varied volume ratios. The first size bin contains monomers with particle diameter as D), 1. And the
volume ratios in the rest of the bins change linearly from V. s, t0 V. 1,q.. This size distribution has high resolution in

470 the small bins and appropriate number of large bins. The input parameters are D), 1, . Vimaz and N. The V. 40, is

assumed as a continuation of monomer size bins:

N, + 1

Vr,min = (A23)
N
So the volume of the rest bins are calculated as:
V, —Vimi
AV, = w7 N m+1 A24
N —n,, —1 > Tom + ( )
475 Vi=Vemin+ (G —nm —1)-AV,]-Vi_1, i=n,+1,...,N (A25)
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8. In the methods 5 and 6, there will exist concentration dips in the first several smallest bins considering coagulation

process, if the volume ratio is too small. To overcome this deficit, the bin volumes should be set in a slightly different
way. In Jacobson et al. (1994), the threshold of the volume ratio, under which the concentration dips occur, is 1.62, which

is the volume ratio when first bin volume plus second bin volume is larger then the third bin volume:
1+r>7r2 (A26)

where 7 is used to represent V,. for simplicity, and the volume of the first bin V] is divided off from both sides. Here » > 1.
In the following discussion, we will always divide the V; off for simplicity. However, if we consider how the coagulation
process is calculated, this criteria is not precise. For example, the smallest combination between two particles are first
bin plus first bin instead of first bin plus second bin. In a general case, suppose a size bin alignment: 1,7,72 73,74, ..., if
we want every size bin except the first one can get coagulated particles, all these size ranges shown below must include at
least one coagulated particle volume: (1,72), (r,7%), (r2,7%), (r3,7°), ... And the combined volumes are ordered starting

from smallest values as: 2,1+ r,2r,7% + 1,.... Hence, 2 should be in the range of (1,72), which means:

5 < y2 (A27)
r>v2 (A28)

Then we can derive that r + 1 is in the range of (r,7?), because:

r+1>r (A29)
P+ =r*-1)-1>r2-1)—1=r—-1>0 (A30)

And for all the subsequent ranges, e.g., (1™, rm+2),m > 2, we can prove that:

() =" (P 1) = 1> —1>0 (A32)

so at least the coagulation between bin 1 and bin m + 1 lies in the range (r™,r™*+2). So the threshold ratio value
is 7. = v/2 instead of 1.62, and when 7 > 7., all the size bins except the first one will get coagulated particles after
interpolation, which can be named as "bin coagulation criteria". When r < 7., we can construct an alignment of size bins
to fulfill the criteria. Different approaches can be applied according to individual needs, here is an example with IV size

bins: 1,2,r™ rm+1 . rm+N=3 Here m > 3 because r? < 2, and we need to find m to meet both requirements shown

below:
rm+1 >3 (A33)
pmt2 _m s g (A34)

For example, for 7 = 1.2, m = 6, and we can construct the size bins as: 1,2,1.26(2.99),1.27(3.58),1.28(4.30),..... So

the input parameters in this method are D), 1, V;. and N.
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Appendix B: Cases from Z2008_CASE]1 to Z2008_CASE12

From Z2008_CASEIl to Z2008_CASE12, the particles lie in one size bin with the same diameter. In our simulations, the

growth of particles are not considered in these cases, so the particles keep their dry diameters while the compositions inside

are changing with time. However, we noticed that the smallest particle dry diameter in these cases was 300 nm, indicating that

510 the particle growth can be neglected compared to their size. This is also proved by the simulation results as shown below. The

initial conditions of the cases from Z2008_CASEI to Z2008_CASE12 are the same as the corresponding cases as shown in
Table 3 of Zaveri et al. (2008).

The simulation results here are compared with that in Zaveri et al. (2008). The case CASE1 agrees well (Fig. Bla and b).

In case CASE2, the gas H,SO, decreases slightly faster (Fig. Blc), and the time variation of NH4Cl is also plotted which is

515 not shown in Zaveri et al. (2008) (Fig. B1d). In the beginning, C1~ in the NaCl(s) is replaced by the condensed S04~ and

NO;~. But at the same time NH4Cl(s) forms when NH3 condenses, which also uptakes HCI. After that, when more HNOj

condenses, NH4Cl(s) is replaced by NH4NO3(s) and HCl is evaporated. This also explains the dip in the time variation of HCI

concentration (Fig. Blc).
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Figure B1. Time series of (a, ¢) gases and (b, d) particle phase species in cases Z2008_CASE1 and Z2008_CASE2, respectively. The aerosol
particles are solid under low RH values (RH=30%) in these cases.

The results of cases CASE4, CASES, CASE6, CASE7 and CASE9 agree well, a minor difference is that H,SO4 condenses
520 slightly faster in CASES (Fig. B2, B3c, and B3d). In the case CASES with current version of MOSAIC in our simulation,
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H,0, NH,*, (NH4),SO4(s) and S0,2~ do not have the dips in the beginning, which seems more reasonable than that in Zaveri
et al. (2008) (Fig. B3a and B3b). Because in the original Case 8, during the first several minutes, the concentrations of NH3 in
gas phase and all the NH,*-contained species in particle phase are decreasing which violates the mass conservation. This also
happens for gaseous H,SOy and particle phase SO4%-contained species. Nonetheless, the concentrations of the species in the
final equilibrium state agree well.

The RH changes with time in cases CASE11 and CASEI12. In our simulation in CASE11, NH4CI(s) exists in a short time,
while it is not shown at all in the original Case 11 (Fig. B4a and B4b). Otherwise, it agrees well. In CASE12, the equilibrium
states agree well (Fig. B4c and B4d). Moreover, the water content decreases as the RH decreases, which results in the decreasing
of H*. However, in our case the other ion species keep their concentrations which indicates enhanced molarities. While in the
original Case 12, the molar concentrations of NH;*, NO3~ and Cl~ also decrease with H,O, corresponding to increasing of

their gaseous counterparts NH3;, HNO3; and HCI. This uncaught feature needs further investigation in future.
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Figure B2. Time series of (a, c, e, g) gases and (b, d, f, h) particle phase species in cases Z2008_CASE4, Z2008_CASES, Z2008_CASE®6,
and Z2008_CASET7, respectively. The aerosol particles are liquid under high RH values (RH=85%) in these cases.
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Figure B3. Time series of (a, ¢) gases and (b, d) particle phase species in cases Z2008_CASES8 and Z2008_CASE9, respectively. The aerosol
particles are mixed phase under medium RH values, which is 55% in Z2008_CASES8 and 52% in Z2008_CASE9.
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Figure B4. Time series of (a, c) gases and (b, d) particle phase species in cases Z2008_CASE11 and Z2008_CASE12, respectively. In
CASE11, the RH values is 30% initially, and starts to increase linearly at 6.67 h to 70% at 10 h. In CASE12, the RH values is 70% initially,
and starts to decrease linearly at 6.67 h to 30% at 10 h.
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