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Abstract. The process of formation of cloud droplets on the microphysical properties of clouds (i.e. the size spectrum
an ensemble of aerosol particles is modelled by numerousf droplets) strongly depend on physicochemical properties
investigators using the method of lines (MOL). The method of aerosol particles (see e.g., the reviewMifFiggans et aJ.
involves discretisation of the aerosol size spectrum into bins20086.
whose positions evolve with time. One of the drawbacks of Owing to the fact that the radiative properties of clouds
the method is its poor representation of the aerosol spectrurand their ability to precipitate are both dependant on
shape in the region between the unactivated aerosol modgharacteristics of the size spectrum of droplets (see e.g., the
and the activated droplet mode. An adaptive grid refinementeview of Stevens and Feingal@009, the description of the
procedure is introduced. The procedure splits any overlyactivation process is of importance to the studies on aerosol-
wide bins into several narrower ones during integration.cloud-climate interactions (e.d<ulmala et al, 2009ab).
The number of new bins added is a function of particle  agrgsol growth by condensation of water vapour is
concentration in the bin being split. Application of the grid ¢qnceptualised as a twofold diffusion process. First, there
refinement procedure results in suppression of the sensitivitys e diffusion of water molecules towards the particle, and
of the computed cloud droplet spectrum characteristics suchhe condensation of water vapour on the particle surface.
as droplet number concentration or effective radius to theconcyrrently, the latent-heat release triggers the diffusion
initial grid choice. A model of droplet formation on multi- ¢ heat from the particle, hence the system is akin to
component aerosol is formulated for the purpose of the studyine wet-bulb thermometer described Maxwell (1878.
Model formulation includes explicit treatment of the droplet the chemical composition of the growing particle and its
temperature evolution. Several examples of the model sefs,ature determine the vapour pressure over its surface
up are used to demonstrate model capabilities. Mode{y shier 1936 and his earlier works), and hence influence
results are compared to those without adaptivity. A C++e hace of the diffusion process. Additional complexities
implementation of the model is available as an electronicgq introduced when considering an ensemble of particles
supplement of the paper. of different sizes ilowell, 1949 Kraus and Smith1949,
with different shapes and soluble material contétrfeld,
1970, nuclei of different solubility Fitzgerald 1974, and
1 Introduction finally nuclei composed of different chemical speciesg

and Pruppachef977) all competing simultaneously for the
Cloud droplets form on cloud condensation nuclei, CCN available water vapour. Yet another level of detail is reached
(Aitken, 188Q and the works of his contemporaries). When considering the feedback with the dynamics of the
CCN are the atmospheric aerosol that contribute to thedir (turbulence, entrainment and mixing), the interactions

heterogeneous nucleation of the water vapour. As a resulfyetween the individual droplets (i.e. collision/coalescence) or
more sophisticated description of cloud chemistry, all being

however distant from the scope of this study. Numerical
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computing, starting with the studies dflordy (1959 analogous to what is referred to as the adaptive method of

performed using the Swedish BESK computer, and the studyines (e.gWouwer et al. 2001).

of Neiburger and Chie(1960 carried out on the American The following section of the paper covers model formula-

SWAC. tion and implementation. Sample results are discussed in the
The key complexity of the problem, from the math- third section. First, a set of model runs without adaptivity

ematical standpoint, is the necessity to solve the partiais discussed revealing the sensibility of the results to

differential equation describing the evolution of aerosol sizeparameters controlling the discretisation of the initial aerosol

spectrum. Analytical solutions to the problem (or semi- size spectrum (Sect3.1and3.2). Second, the properties and

analytical estimates) can be derived only under significantefficacy of the adaptive size-spectrum discretisation method

approximations (see e.gSquires 1952 Twomey, 1959 are presented (Se@®.3). The fourth section concludes the

Johnson 1981 Gelbard 1990 Khvorostyanov and Curty  paper with a brief outlook on the possible applications of the

2009 and references therein). Numerical solutions based omliscussed method within different domains of atmospheric

finite-difference approach using a fixed-grid representationresearch.

of the size spectrum may be used (also called Eulerian

or fixed-bin approaches). Such methods are characterised

by computational difficulties, and the complexity of the 2 Modelformulation and implementation

description of chemical properties of aerosol (see e.g. . L )
Chap. 5 inwilliams and Loyalka1993). The model provides a description of the droplet formation

process at the initial stage of cloud-formation triggered
by vertical air motion (i.e. in convective or orographic
clouds). The model utilises the method of lines (MOL)
for numerically solving the so-called dynamic equation of
aerosol growth by condensation. A list of symbols used in
fthe textis given in AppendiA.

The partial differential equation may be reduced to
a system of ordinary differential equations (ODE) by spatial
discretisation of the initial size spectrum into sections
with constant-in-time number of particles. The boundaries
of these sections are then allowed to evolve with time,
hence the name moving-sectional technique/Lagrangia
approach/full-moving structurelécobson1999 Sect. 14.5
therein) or method of characteristic&€lbard 1990, or

methdod 0(; Iti)nes Deﬁry et al, 203?]' Th_is apgroach wgs_ The model describes an air parcel with the temperature
introduced byHowell (1949, and has since been used in 1, essurep, and specific humiditygy being vertically

moddellri]r_lg CCN a(_:tivatior|1 (e.gMordy, 1959 Neit_)urgﬁjr displaced with constant velocity. The parcel does not
and Chien 196Q Fitzgerald 1974 Hane| 1987 Feingo exchange heat or mass with the environment and hence

andI l—;e(z)ylmsfigld ri9f92 Nlen_es e}t r‘:‘j 20%1? ?rgbowskih its heat budget (neglecting terms related to mass and heat
etal, 2010. Such formulation of the model eliminates the e nt of the particles) is expressed as:

computational difficulties inherent to numerical treatment of
partial differential equations, and allows accurate description R(gy)T
of the evolution of aerosol composition because particlecl’ (qu)dT =
properties such as mass of solute are retained throughout the . )
computation. wherely is 'Fhe latent h.e'at of evaporqtlw},(qv) =cCpvqv +

The moving-sectional technique does pose computationafrd(1—4v) I the specific heat capacity at constant pressure
difficulties because of the ODE system stiffiness (see e.g.Of Moist air, andR(gy) = Rvgy + Ra(1—¢qv) is the gas
the discussion byGelbard 1999. The physical process constant of moist alr.R\,. and Ry dgplct gas constants_ for
of competition for the water vapour between particles of Water vapour and dry air, respectively,y andc,q depict
different sizes and chemical composition can be correctlysPeC'f'C hgat capacities at constant pressure for water vapour
resolved in a numerical solution only under sufficiently @nd dry air, respectively. _ _
short time-steps. The approximations inherent to the 1he parcel's pressure adapts instantaneously to the envi-
bin-representation of the aerosol size spectrum introducéonmental value defined through the hydrqstatlc equmbrlu.m.
significant uncertainties to the solution if low-resolution 't follows that the pressure changes are driven by the vertical
discretisation is usedKprhonen et al. 2009. The  Velocity of the parcel:
issues of stiffness of the system and of appropriate time-dp rg
step choice are addressed herein by using an adaptiv%—=— w

. > t Ry T

Gear-type ODE solver. The issue of sensitivity of the
results to the bin-number choice, being one of the factorswhereg is the gravitational acceleration.
causing discrepancies among results of different models Physical characteristics of the aerosol suspended in the
(Kreidenweis et a) 2003 is the very focus of this study. The parcel are described by a set of probability density functions
problem is tackled by introducing an adaptive size-spectrum(PDFs) defining the size spectra of dry aerosol, each PDF
discretisation refinement. The resultant solution procedure i€orresponding to different chemical composition. The dry

2.1 Air-parcel system and its governing equations

dp—1I,(T)dgy (1)

)
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spectranli! (rq) are invariant with time, and are defined as KK 1425
a function of dry radius-y, separately for each chemical = ~ "° ik i \2
componentc. Each dry spectrum has a corresponding wet 1+171. 50 +133 (W)

spectrumnly! () defined analogously but varying with _ o o
time. Bothnff] andnl<! are expressed in terms of particle where Dg is th_e diffusivity of water vapour in air (assumed
number per unit mass of moist air, and are referred toconstant), Ko is the thermal conductivity of air (assgme_d
as specific concentrations. The total mass of particles i€onstant),.p is the mean free path of water vapour in air,

assumed to be proportional to the third moment of the@Nd2x is a length scale for heat transfer in air (the ratio
wet PDFs (i.e. neglecting the contribution from soluble Of @ mean free path to a characteristic length is called the

8)

substance): Knudsen number). The two last are defined as:
[e¢)
1 Ap =2Do(2Ry Tyy) "2 9)
(ra) =~ / nl) rw. ) gy (3)
¢ 0 4 T 1/2
Ak =—Ko— (2RqT) ™Y (10)
where Nl = fo"on\[,sldrw is the total specific concentration S p

for a given chemical component. For each wet spectrum_ .
. . _— . (Williams and Loyalka1991, Egs. 6.6 and 6.33 therein).
a corresponding particle temperature flﬂkﬂ (rw, 1) is also . .
introduced. The condensation/evaporation of water on/from the

Water is considered to be present in liquid and vapouraerOSOI is the only source of changes in specific humidity

phases only. The diffusion of both water vapour and heat?" and thus:
around the particles is treated assuming stationary state

with time-varying boundary conditions what results in the dav =—(1—q\/)@i <r3)ZN[C] (11)
following form of the Fick’s first law and Fourier's law (cf. 4! 3 dr| " z

e.g., Chap. 7 ilRogers and YauL989:

M 1 D where the(1—gy) term stems from the employment of

Py e (v — pvlparticle surfacs (4)  specific quantities.

"W Tw The density of water vapour at particle surface
d_Q 1 —E(T—T ) (5) Pvlparticle surfacein EQ. @) is assumed to be equal to the
dt 47”\,2V_rW w equilibrium (saturation) value taking into account the

Gibbs-Kelvin and Raoult effects related to surface curvature

— 3 i i i .. . ..
whereM =4z ry,pi/3 is the mass of a particle of density, 519 composition, respectively (the so-calledhier curve):

pv is the density of water vapour in the parcél), and K

are diffusion coefficients discussed below. The liquid water 20

densityp; is assumed constant. The two diffusion equations?vs = Pvoc (Tw) 'a(rw’rd)‘eXp< RuTwp ”w) 12)

are coupled via a heat budget equation:

dQ = McadTy—1y (Ty)dM (6) where pys is the equiliprium vapour pressure over plane

surface of pure watek is the surface tension coefficient,

wherecy is the specific heat capacity of liquid water. and the water activity is parameterised in accordance with

Equations 4) and €) evaluated with diffusion coefficients  experimental data using the single-parameter representation

D and K independent of particle size represent the so-of petters and Kreidenwe{2007, Eq. 6 therein):
called continuumégime in which the efficiency of diffusion

is limited solely by the diffusivity of water vapour in air. r\,'?’,—rg
Continuum égime is applicable for particles of sizes larger @ ("w,7d) = 33 (1—x) (13)
than the free path of water molecules in air (irg. > wod

0.1 um). Evolution of size of much smaller particles is
described using the moleculaggime, and the transition
between the twoagimes may be approximately allowed for
by introducing a particle radius-dependency to the diffusion
coefficient Langmuir, 1944 discussion of Eq. 52 therein).
Here, we apply the transitioregime correction factors of
Fuchs and Sutugif1970 in the form suggested for cloud
modelling byLaaksonen et a(2005:

where «[°! is the single parameter representing chemical
composition in spectrum. The dry aerosol is assumed to
be entirely soluble. A constant surface-tension coefficient
o =0.072Jm? is used (value for pure water at 298 K)
in accordance with the parameterisation Bétters and
Kreidenweig(2007).

The specific heat capacities of dry aipq, and water
vapour ¢,y are assumed constant (perfect gas), hence the

1+ ﬁ—” latent heat of evaporation is given by:
D =Dy : ; (7)
14171224133 (42) W(T") = Lot (cpy—a1) - (T' — To) (14)
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18 S. Arabas and H. Pawlowska: Adaptive method of lines for CCN activation

and the equilibrium pressure over a plane surface of pure If the size spectra are discretised into adjacent bins
water (solution of the Clausius-Clapeyron equation) is giventhen 7[5'?! = Tv[v‘l'*b“], r([j‘r'*b] - rc[ﬁ'»b*l] andrl&:?! = ”v[\fi’bﬂ]-
by: Consequently, the state vector of the model assuming
- discretisation of the size-spectrum int adjacent bins and
epu—c

lvo— (cpv _Cl) To | (T & N, chemical components consists of:
— 5

Ro.(L_1 -1 <To> (15)
v TO - T

where Ty, po andlyg correspond to the triple-point values,
and 7’ denotes here the temperature for which the formulee _ n,_. (N, + 1) variable wet radi'r‘E\j’b]
are evaluated. The specific heat capacity of liquid wates
assumed constant.

Pvoo (T') = po-exp .
v (') — N,- N, constant concentrationé(¢-%]

~ N-(Ny+1) constant dry radi}"”’

N, - (N, + 1) variable temperatur [‘l"b]

2.2 MOLs ODE system variablep, T andgy

. . . , . ~_While still constant from the standpoint of the ODE solver,
As outlined in the first section, the mathematical formulation

. [C,b] . . .
of the model constitutes a system of ODEs which approx-Nb’ Nte? andrcc],, change during the grid refinement, and
imate the partial differential equation for describing the Vo Pecomesv, ™ (cf. Sect2.5). L
evolution of aerosol size spectrum. This approach is based 1he System of ODEs defines the derivatives of all the
on an approximation of the PDFs with piecewise constant/arables with respect to time as:

functions. Here, each bin (numbered by is defined by - 4T (TMJ el rl“-“)
a constant-in-time number of particld8<-?! (per unit mass rlet] DO.p.rw) [Rf’q‘fv)T _ e W'R ’T[Vﬁ'b]’ a :|
. . . . . e Wi : v v s
of air), and variable-in-time left and right boundari¢s” (1) Aw "
andr&vcr’b] (1). The third moment of the particle size spectrum
is thus approximated using: Tl g[drvli.‘bj R W i K(AK,rW)]
al| Tdar T Ien le.b]2 ol
[¢,b] wl Twi
o I'wr 3
L3 dry =Y NIt [ Wy 16
/nw nyarw Xb: / r\%jh]_r[cl’b] rw ( ) i qv _ (qv_l)%ZZN[c,b].
0 A T @ =5

lc.b] [c.b]] drig"! [e.b] [e.b]] dryg”
. . . S 04 [r NG ] i tV|tw T
This allows expressing the time derivative of the total mass [ L B LU

of wet aerosol without employing partial differentials using:

d|, 3 1 b g ~ TRign ¥
- N[CI = Nlc, ] qv
d (rW>XC: } 42},:2
) T 1 [TR@dp _ day
_ dr[c‘»b] dr[c’b] L i L L'p([]\/) [ P dt lV(T) dt ] i
~ b wr b 3 | —_—
14 (r\%r’b]’rxl ]> i +y (’"\xl ! ’\%rb]) —Zlvt ] 17) x F(x.t)
- (19)
where . . -
The first equation for the rate of change of the wet radii
y (ro,r1) = (3r§+rf—4r8rl)-(ro—r1)‘2 (18) s the Fick’s law (Eq.4). The rate of change of particle

temperatures (second equation in the system) is obtained by

stems from analytical differentiation of the integral in substitutingd Q defined in Eqg. §) into the Fourier's law
Eqg. (16) and introduces the dependence on bin widths into(Eq. 5). The third equation in the system expressing the
Eq. 7). An assumption thatls”! < riz” is inherent  time derivative of specific humidity in the parcel is obtained
in this formulation (cf. the discussion and a related proofby combining Egs. X1) and (7). The last two equations
of particle ordering principlein Gelbard 1990. The  defining the rate of change of pressure and temperature in
same discretisation is applied to dry radii and particle the parcel correspond to Eq8) @nd (1), respectively.
temperaturedy, introducingri"”! and 7?1, and 7% (1) Particle growth is described here using separate equations
The MOL is thus applied for particle-temperature and particle-radius evolution (see

e.g., Vesala et al. 1997, as opposed to a single explicit
equation (the so-called Maxwell-Mason equatisigwell,
1949 Tsuji, 1950 Mason 1957). The Maxwell-Mason
approximation is available as an option in the program.

and TS 1), respectively.
to calculate the evolution ofyw(rgq,t) and Ty(rq,t) by
discretisingrq and lettings to be the only independent
variable.
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2.3 Initial conditions the Brent-Dekker method, cf. Se@.6). The initial search
interval for root-bracketing is defined using the dry radius for

The initial dry-aerosol size spectra and their chemicalthe lower bound, and the equilibrium value with the Gibbs-

composition, initial temperature, pressure, humidity and thekelvin effect neglected for the upper bound.

vertical velocity profile are the key parameters for each The ODE system is solved using the variable-order,

model run. variable-step backward differentiation formula (BDF) as
PDFs of tropospheric aerosol are generally well repre-implemented in the CVODE solve€phen and Hindmarsh

sented using a trimodal log-normal distributiowlitby, 1996 cf. Sect2.6herein). In each time-step (numberedipy

1978. The initial spectra of dry aerosol are thus defined for e opE systemdx/dt = F(x,t) defined by Eq. 19) is

ehach .m)odel run using/(illiams and Loyalkal991, Eqg. 1.22 integrated by finding a root of (x;):

therein):

[e] h
ma (0) o)=Y atigXiow+ ti—ti0) Bi F (xi,1i) — i (22)

2
1 N1 n() -
= ; ;maem - m (20) using the Newton-Raphson iteration (hérearies between 1
" " and 5, and defines the order of the method at the current time-
step, andy; x andg; are variable coefficients). The iteration

where N;! is the total concentration in the mode, 7, (with steps numbered byj) is of the following form:

is the geometric standard deviation of a mode, e&ﬁbis
the mode radius (all defined separately for each chemical . | ;S i Fx)

1-(i—ti-) B %

componentc). N, is generally reported as concentration x,-] =X; ) =X; (23)
(defined in terms of a unit volume, as opposed to unit mass as '

it is in case of specific concentratiag) hence the division The Jacobian matrig F/dx is updated at least once every

by the air density in Eq. (20). The bins are initially equally twentieth time-step. The Jacobian is approximated by

spaced in logarithm of radius over the 1nm-100 um rangemultiple evaluations of the right-hand side of E§9Y using
what ensures accurate representation of the log-normal shaqﬁe current, and slightly perturbed valuescof

of the |n_|t|_a_l spectra. The CVODE solver adaptively chooses time-step accord-

The initial spectra of wet aerosol are calculated by. . : .

. o . ing to the desired accuracy to be achieved in each step of
assuming an equilibrium state defined by

integration (relative tolerance ofx110~8 and zero absolute

T[f] =7l =T tolerance was used in the calculations presented here). In
W li=o 1=0 addition, the solver is instructed to shorten the time-step if

aldl g 0 @) an unphysical condition is detected during evaluation of the

| 7oAl system right-hand sidé (x,r) (e.g. if a positively-defined

. . . guantity has a negative value or if the left edge of a bin
that is effectively by the equality of the vapour pressure overy . ns its right edge).
the particle surface and the ambient vapour pressure. The right-hand side of the ODE system is evaluated in the

thggﬁ ;'(g';é:{ia;gii;;ﬁ)’/ ﬁeir;i?r\\/ t%r:cﬁgﬁzebna;cé diejce:'tbﬁgr?rder presented in Eql9). The integration is performed
relative humidity (RH) but below saturation. High initial until a desired time (altitude) is passed, and an interpolated

. - LT ., setof values for this time (altitude) is calculated and returned.
relative humidity translates to high initial water content it ( )

the particles. This assures that the mass of solute is small Q:‘ter; ?‘?Chr sugc?ssiful |rr1rtie%rat|otn ifStr?p, a \:,pectr:grr;;]
in comparison to the mass of the water, a prerequisite forrﬁ te € thp ior::te lrj 3 r? C\‘;" ; fh cl)u t tim ectess? yr, a ted
the assumption that both the particle density and the surfac at case the integration over the 1as e-step IS repeated.

tension coefficients are independent of particle composition. he cpndmons for triggering the grld-reflnement are (_jefmed
and discussed in the following subsection. Each refinement

2.4 Numerical solution causes a change of the lengthxgfwhich in turn results in
reducing the current ordérto unity, and re-evaluation of the

Integration of Eq. 19) without further approximations Jacobian matrix.

requires a numerical algorithm capable of solving a stiff ODE A solution of the problem in context of cloud-

system (the stiffness of the system is confirmed e.g. by themicrophysical studies is a set of properties of the droplet

significant inefficiency of the Adams-Moulton method with spectrum such as cloud droplet number concentration

functional iteration). In addition, calculation of the initial wet (CDNC), liquid water content (LWC), average droplet radius

spectra using an equilibrium condition defined by EQY) (  ({r)), the standard deviation of the size spectrury) énd

is not possible analytically. The latter problem is solved effective radius #ef). The k-th moment of the droplet

by employing an iterative root-bracketing procedure (usingspectrum is evaluated, taking into account that the left-most

www.geosci-model-dev.net/4/15/2011/ Geosci. Model Dev., 43152011



20 S. Arabas and H. Pawlowska: Adaptive method of lines for CCN activation

(and right-most) bins may fall only partially in the given tighten its time-step, re-evaluate the Jacobian matrix, and

droplet size range, using: consequently slow down the computations. For this reason,
r the number of bins into which a bin is split is chosen in
{rw) = Zk/Zo 24)  a way ensuring no further splitting of any of the newly

created bins will occur. The number of new bins added is

where . b
thus chosen by dividingv!©-?! by the tolerance. The new
4 Nlebl ry—rq rpit—rktl o8 bins are spaced linearly in radius, and hence the specific
k —;; \E\fr,b] _ r[cl,b] r\gvcr,b] _r[cl,b] k+1 (25) concentration in each of the new bins is equal. The values of
Wi W

particle temperature and particle dry/wet radii at the newly
introduced bin boundaries are linearly interpolated from the
values at the boundaries of the bin being split.

The refinement criterion and the refinement procedure are

wherer, = ma><(rmin,r‘Evﬁ’b]), rp= min(rmax, r&v‘}’b]); Fmin Was
set at 1 pm andynay at 25 um. Consequently:

— CDNC=pZg local to a given bin and thus different bins may be split at
different times during the integration.
- LWC=4prp Z3/3 In principle, the presented approach replaces the single

_ parameter of the discretisation, the number of bins, with
01=\/Z2/Z0—(21/ 20 two new parameters: thimitial number of binsand the
reft=Z3/Z2 tolerance The former determines the uncertainty related to
the discretisation of the initial condition (initial dry radii).
2.5 The adaptive size-spectrum discretisation scheme  The later controls the uncertainty associated with the final
spectrum, and has a physical meaning, being the highest
The key task of the adaptive discretisation scheme is ttnumber of particles allowed to reside in a bin laying in
control the accuracy of the discretisation by splitting any between the two modes of the final aerosol spectrum (i.e.
overly wide bins into several smaller bins while the ODE modes of activated and non-activated particles).
system is integrated. Using the MOL nomenclatWk@(wer
et al, 2001, Sect. 1.3 therein) it is thus dnrefinemenof 2.6 Implementation of the model
the spatial grid. Insertion of new bins takes place at discrete
time levels only, namely when the ODE solver reaches itsThe program is implemented in an object-oriented manner
next internal time-step. Consequently, the grid adaptationin C++. The implementation is built upon the Boost.Units
procedure is decoupled from the ODE integration and aframework for dimensional analysis of the code at compila-
such thestatic girdingis employed. The method utilises tion time (Schabel and Watanad#08 hence a physical unit
the so-calledfull restart as the ODE solver is reinitialised is assigned to every variable/expression in the code with no
after each refinement event, and restarts with the lowesperformance penalty. The GNU Scientific Libra@dlassi
order. The restart and the reduction of the method ordeet al, 2009 is used for root-bracketing using the Brent-
is a consequence of changing the length of the model stat®ekker method (cf. SecR.4 herein and Sect. 33.8 therein).
vectorx. The ODE system is solved using the CVODE solv@olen
The criterion for triggering the division of a given bin is and Hindmarsh1999 interfaced through the SUNDIALS
defined as follows. Bin splitting happens whenever the ratiopackage ilindmarsh et a).2005. CVODE is a C-written
of the logarithm of the width of a given bin to its initial successor to the Fortran-written VODE solver and a close
value reaches a certain limit. The limit was set at 2 for relative of the LSODE solver. LSODE was used e.g. in
most of the simulations discussed in the text (save for theGhan et al(1998, Nenes et al(20018 andRomakkaniemi
case of urban aerosol where 1.8 was used, cf. S8, et al. (2009 while two out of five models compared in
meaning that no bin was allowed to double its width when Kreidenweis et al(2003 and the model oDebry et al.
viewed in logarithmic scale (the previous step of the solver(2007) were based on VODE.
is repeated each time new bins are added). Smaller limits The source code of the program is available as an
cause the algorithm to carry out the refinement earlier inelectronic supplement of this paper and is released under
time and hence increase the computational effort. Largethe GNU General Public License. All model parameters are
limits delay the refinement and at the same time increasgassed using UNIX-like command-line options. Toggling
the uncertainty inherent to the interpolation performed tosuch settings of the model as transiti@gime corrections,
calculate the particle temperatures and dry/wet radii at thehe Gibbs-Kelvin effect or the adaptivity do not require
edges of the newly created bins. No refinement takes placeescompilation. Similarly, altering the numerical solution
when the particle concentration in a given bin is below parameters such as the tolerances or switching from BDF
a certain level hereinafter referred to as thierance to Adams-Moulton method for ODE integration is possible
Each refinement event causes a full-restart of the ODHEising command-line options. A web-based interface (written
solver which, in turn, causes the solver to reduce the orderin HTML/PHP) allowing alteration of all model options,
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visualisation of single simulation results, as well as control OfTabIe 1. Aerosol distributions used in the example model run

parallel runs of simulations with different input parameters is jiscussed in Sec8.1 Data afterO’Dowd et al.(1997), as used
included. in Ghan et al(1998.

3 Example results Mode Solute Np 'm  Om
[em=3  [um] [1]

3.1 Example run without adaptivity: sea-salt/sulphate

competition in marine aerosol activation Film drop NaCl 511 010 1.90
Jet drop NaCl 2.21 1.00 2.00
Spume drop NaCl 0.00001 6.00 3.00

Ghan et al. (1999 presented an analysis of relative
importance of sea-salt and sulphate particles during CCN
activation. The study was based on a series of simulations
using a moving-sectional model of CCN activation. We
use here a similar set-up for discussing an example model

Accumulation  (NH)2SOq 100 0.08 1.45

run without adaptivity and relatively low spectral resolution ~ 1.0e+06 - Q) initial dry spectra: Si?ghsaat'(f_ A
(45 bins over the 1 nm—100 pum radius range). i o sea salt = 1
In the set-up the initial aerosol content of the air parcel is —, 1.0e04 - initial wet spectra: g jphate —
described by a sum of a single-mode log-normal distribution &
of ammonium sulphate aerosol, and a tri-modal log-normal > 1:0¢402 |- 1
distribution of sodium chloride aerosol. The parameters of all g I
modes are listed in Tableand are based on measurement- 1.0e+00 - ]
data fits summarised i®’'Dowd et al. (1997, values for 3 I ]
horizontal wind speed of 15 nmT$ were used ). g H0e02r 1
A steady updrafw = 0.25ms ! is driving the changes 5 1nm 10nm  100nm 1 Lm 1o'um 100 pm
in the parcel's temperature, pressure, and relative humidity:fg ' ' '
which are initially set at 280K, 1000hPa and 99%, § 1.0e+06 [ ) initial wet spectra: (12> ~ -
respectively. The integration is performed for 250s. 5 - _  sea salt = 1
A summary of evolution of the aerosol spectra is presented g 1.0e+04 - final wet spectra: g iphate —
in Fig. 1 (see figure caption for details). The shift towards §
larger sizes of the initial wet spectra (green lines in Bi). @ 1.0e402 - 1
with respect to the initial dry spectra (red lines) reflects I
the growth of particles up to RH=99% calculated assuming 1.0e+00 - ]
equilibrium condition (cf.O’Dowd et al, 1997 Fig. 4 L0002 _ |
therein). Further growth of the aerosol is calculated resolving '
T T

the diffusion kinetics, and leads to activation of CCN and
formation of droplets (peaks on right-hand side of the final
blue spectra in Figlb). The final spectra of both sulphate Fig. 1. A summary of aerosol size spectra evolution as calculated in
and sea-salt particles are distinctly bi-modal. The large-the model run discussed in Se8tl The four data sets plotted in
particle mode corresponds to cloud droplets, and is visibleplot (a) correspond to the initial dry (red colour), and the initial wet
in both sulphate and sea-salt distribution. The small-particle(green colour) spectra for sea-salt (thin lines) and sulphate (thick
mode Corresponds to unactivated particles_ The |arges|ines) aerosol. In plO(b) the initial wet SpeCtl’um (green COlOUr) is
droplets were formed on sea-salt aerosol. For both aerosaihown again, together with the final wet spectrum (blue colour).
components, the region of spectra between the two modes

of the final PDFs is represented with a single bin spanning

over an order of magnitude in radius. This very section(s)side of the plot (i.e. particles of less than 10 nm in radius).
is hereinafter referred to as the critical section(s) following Elsewhere, the two symbols (i.e. circles and diamond)

T T
1nm 10 nm 100 nm 1pum 10 pm 100 pm

Korhonen et al(2005. overlap. The symbols are drawn every fiftieth time-step of
Figure 2 presents the time-evolution of particle sizes, the solver, and what follows the time-step adjustments made
particle temperatures (colour scale representiug— 7), by the solver may be observed.

and the time/height profile of relative humidity. Wet radii  Four phases of the process can be distinguishieavéll,
corresponding to the two chemical components considered949. First, the particles grow slowly approximately until
are plotted using circles and diamonds. The differenceghe relative humidity reaches 100%. From then on, the
in wet radii for the same dry size (i.e. the differences relative humidity does not fall below 100% and hence all
arising from the differences in water activity for sea-salt subsequent phases occur at supersaturation with respect to
and sulphate solutions) are most pronounced in the left-hanthe plane surface of pure water. The second phase is
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wet radius (every 50 time-steps)

1nm 10 nm 100 nm 1um 10 pm 100 pm
| | | ORI
250 § 10 seasalt :
" % Y sulphateg

QOO0 XV @ & & & & & & O O © Oc, :_ RH
> :
_ 5o [RERREEEEE888888 % o
2, [eesset s 888838888 % :
) »QOO XD DO>D>DO O O C O O O o lond (” .
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£ 100 | -
/ : }Lg
50 —1: Q
. /Q~ .
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98.8 9I9 99.2 99I.4 99.6 99.8 1c;o 100.2
RH [%]

Fig. 2. Evolution of the aerosol spectra (symbols) and the relative humidity (green curve) as calculated in the model run discussgd.in Sect.

Wet radii at bin boundaries are drawn every 50 time-steps. Circles and diamonds correspond to sea-salt and sulphate aerosol, respectivel

Colour of the symbols indicate the difference between the temperatures of particles and the surrounding air. The two dark-grey vertical lines

at 1 and 25 um indicate the region of the spectra used for calculating the moments of the droplet spectrum, as defin2f) byHegthick

light-grey bifurcated line in the background is drawn to highlight the two bin boundaries of the same dry radius which undergo markedly

different evolution for sulphate and sea-salt aerosol (discussed in the text).

characterised by a rapid growth of particles in the 0.5-5um 0/mg 50 100

range, and continuous increase of the relative humidity until | |

reaching a maximum value of 100.2%. In the third phase, m]
=

250

occurring roughly from 120s until 150 s, the rate of growth
of particles stabilises throughout the whole spectrum, with
the exception of the region separating the unactivated and
activated modes. There, one of the bin-boundaries undergoes -
a different evolution for sulphate and sea-salt aerosol, / | 150
initially having equal volume of dry material (highlighted 7] _—
with the thick light-grey bifurcated line in the background

in Fig. 2). The highlighted bin boundary in the sulphate
spectrum becomes the smallest one in the activated part of the
spectrum, while the one of the sea-salt aerosol is the largest
one in the unactivated part of the spectrum. The relative
humidity decreases during the third phase. Finally, the fourth = - 50
phase of the growth represents a quasi-equilibrium state
with activated droplets steadily growing at almost constant

- 200

time [s]

—

- 100

relative humidity. S 0
- I I I I I
The characteristics of the droplet spectra (spectrum 1um 2 3 4 5 6
moments calculated over the 1pm-25pum radius range) wet spectra (sea salt)
are presented in Fig3. The shapes of both spectra —— wet spectra (sulphate)
(sea-salt and sulphate solution droplets) are plotted at six N [1/mg]

A . . . X X <r> +/- or [um]

intermediate altitudes (histograms constructed with thick _

and thin blue lines, respectively). The droplet specific Fig- 3- A summary of the evolution of droplet spectrum as

number concentration (turquoise line) increases till about‘:";‘lcglraﬁg mtthii m?detl rg':ir?:scutssed 'ni:ed' TI:etw?istpecitr; or

140 s (35m), and stays constant afterwards. The mean radifEc drawn at six selecte €-steps using separate histograms 1o
. . . . . . Sulphate (thin blue lines) and sea-salt (thick blue lines). The vertical

(thick orange line) |ncrease_s cqntlnuously with height from scaling factor is the same for all twelve histograms, and has an

the onset of droplet formation ill the end of the model run. opitrary value. The thick orange line denotes average droplet

The standard deviation of the droplet radius (thin orangeragius, while the two surrounding thin orange lines represent the

lines) stays approximately constant. The droplets formedyidth of the spectrumo;). Both the average radius and the
on sulphate aerosol dominate in the small-size part of thestandard deviation are shown only after the specific concentration
spectrum, while the sea-salt aerosol took part in formation ofreaches 50mg!. The turquoise line denotes specific droplet
the largest droplets. concentration (units at the top axis).
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3.2 Sensitivity to the discretisation resolution

23

Table 2. Aerosol distributions used in the model runs presented in

(without adaptivity) Sects.3.2-3.3 Data afterWhitby (1978, as used irNenes et al.
Apart from the physical parameters of the model (such as(2001b.
verfcical velocity pro_fil_e_), and the initial values of model Spectrum Ny . om
variables (such as initial temperature and the dry aerosol (mode) 3] [um [
spectra), the model results depend on parameters controlling
the discretisation scheme and the integration process. As Marine (nuclei) 340 0.005 16
pointed out inKreidenweis et al(2003 the droplet number Marine (accumulation) 60 0.035 2.0
concentrations obtained with models relying on the moving- Marine (coarse) 31 031 27
sectional technique are sensitive to the number of bins used Clean continental (nuclei) 1000 0.008 1.6
for the discretisation of the aerosol spectra. To assess the Clean conti. (accumulation) 800 0.034 21
degree to which the choice of the number of bins used to ~ Clean conti. (coarse) 0.72 046 2.2
represent the initial spectrum influences the results, a set of  ayerage background (nuclei) 6400  0.008 1.7
simulations run with different number of bins is compared. Average bg. (accumulation) 2300 0.038 2.0
The variability of the results due to changes in discretisation  Average bg. (coarse) 3.2 051 2.16
parameter is compared with the variability associated with Urban (nuclei) 106000 0.007 1.8
the aerosol physical and chemical properties, and the vertical Urban (accumulation) 32000 0027 216
air velocity. Urban (coarse) 043 043 221

Four tri-modal aerosol distributions corresponding to
properties of aerosol of different air-mass types are taken
into account. Their parameters are listed in Tabknd are
based on thenaring clean continentalaverage background  Graqual increase of the number of bins does lead to the
and urban cases reported iWhitby (197§. For each  conyvergence of the result to an asymptotic value; however,
distribution, a nuclei mode, an accumulation mode, andyyqyuably 300 bins is not a sufficient number in some cases.

a coarse mode is defined. The spectra are assumed learly, the results obtained with less than 100—150 bins are
represent the sizes of dry particles. This is the set of casegharacterised by significant uncertainty.

used inNenes et al(2001H for studying the influence of The spread of the obtained CDNC values is roughly
aerosol characteristics on cloud radiative properties using,, |ine with results reported irKreidenweis et al(2003
a moving-sectional model of CCN activation. and Korhonen et al.(2005. While the differences in the
For each of the considered initial aerosol size distributionsmodel formulations, and the differences in model set-ups
the calculations are carried out separately assuming purg,je out direct comparison of the results, it is worth to
ammonium sulphate and pure sodium chloride aerosol, anghention several of observations from the two mentioned
for three different updraft speeds, namely 0.25, 1 andsydies. In both cases the focus was given to the droplet
4mst. Calculations are performed until reaching 125m. numper concentratiorireidenweis et al(2003 Par. 22 and
Each set-up (defined by one of the four size-spectra, one ofig. g therein) compared results from four different models,
the two chemical compositions, and one of the three verticahmning them with different number of bins ranging from
velocities) is tested with 54 different numbers of bins ranging g 1o 100. The bins were spaced equally in logarithm of
from 30 to 300, with a step of 5. All other model parameters yagjys and in all cases covered at least two decades of the
are defined as in the example run described in Sett. 1nm-10pum size range. The variability of droplet number
Figure 4 presents the results from all 1296 model runs. concentrations was observed for all of the models. The
Six quantities are compared, out of which five represent thejjscrepancies between the results obtained with the same
final values reached at the altitude of 125 m above the initialngdel but with different number of bins reached ca. 10%.
level: the droplet concentration CDNC, the mean radius ofkgrhonen et al(2005 compared results obtained using five
the droplets(r), the standard deviation of the droplet radius gifferent activation schemes run at low spectral resolution
or, the effective radiuserr and the liquid water content (10bins within the 10nm-1.5pm range) with a high-
LWC. The sixth quantity is the maximum supersaturation resplution run in which 500 bins were used. The variations
Smax = max(RH — 1) encountered during the model run, \vere analysed separately for marine, rural, and urban
expressed in percent. It is evident that the model resultgerosol, and for a variety of vertical velocities (all below
are sensitive to the number of bins used to represent thg ms-1). Predictions of the most accurate low-resolution
initial spectra of aerosol. The maximum supersaturation ismodels differed from the high-resolution calculations by
the only quantity not exhibiting significant variation. The youghly, up to 1%, 10% and 50% for marine, rural, and

variability associated with the changes in the number of binsyrhan aerosol, respectivelikgrhonen et al.2005 Fig. 3
is in some cases stronger than that due to different chemicaherein).

composition or updraft velocity (e.gy in the marine case).
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Fig. 4. A summary of results obtained without adaptivity in the 1296 model runs discussed i32e(=ee text for details) plotted as

a function of the number of bins. The lines are drawn by connecting points every 5 bins. The width and colour of a line correspond to the
vertical velocity and solute, respectively (cf. the key in the top-right corner of the figure). Each of the four columns of plots corresponds to
a different initial aerosol size spectrum (i.e. marine, clean continental, average background and urban), all plots in a column share the x-axis.
Each of the top five rows of plots corresponds to a droplet spectrum parameter (i.e. GDNCqy, LWC andreg). The bottom row of plots
corresponds to the maximum supersaturation. The ranges of the y-axes differ. Fayesents analogous results obtained with adaptivity

(with maximum supersaturation plots omitted).

The problem of the sensitivity of the moving-sectional cloud droplets, as well as broadening of the cloud droplet size
model results to the spectrum discretisation resolution waspectrum with increasing number of bins uséshan et al.
also discussed iflakeda and Kub§1982 Sect. 2.5 therein) (1998 used bins of equal number of particles, as opposed
where the authors mention large influence of the number oto the present logarithmic layout, effectively increasing the
particles in a critical section on the total number of activateddiscretisation resolution near the critical section(s).
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Fig. 5. A summary of results obtained with adaptivity in the 1296 model runs discussed irBS4see text for details). Figu#presents
analogous results obtained without adaptivity (see caption for explanation of the plot elements).

3.3 Example results with adaptivity mass- and droplet number-related quantities, even though
the model is formulated using particle number distributions.
The same series of simulations as presented in the previousoth the effective radiuses and cloud droplet number
section was repeated with adaptivity. The tolerances were satoncentration CDNC do not exhibit virtually any variability
to min(0.5%- N,,, 50mg1) using N,, of the accumulation  (both being the focus of studies of cloud albedo and climate
mode (see Tabl) giving 0.3mg !, 4mg?, 11.5mg? and impacts, cf. e.g.Brenguier et al. 200Q and references
50 mg! for marine, clean continental, average backgroundtherein).  Comparison of Figs4 and 5 confirms that
and urban cases, respectively. The results of multiple(i) the sensitivity of the model-predicted values of CDNC
simulations with adaptivity are summarised in Fi§.  to number of bins reported greidenweis et al(2003 and
intended for direct comparison with Fig. The previously = Korhonen et al(200§ is related to the poor representation
observed variability of the results with varying number of of the spectrum shape near the critical section(s); (ii) the
bins is visibly suppressed confirming the efficacy of the adaptive discretisation scheme correctly identifies the critical
proposed method. The quality of the results (i.e. the stabilitysection(s); (iii) the proposed refinement strategy helps to
with regard to the number of initial bins) obtained with low limit the uncertainty of the results.
initial number of bins is significantly enhanced, in particular ~ Figure 6 summarises the relation between the initial
in the case of LWC. This suggests that introduction of theand final number of bins, and thus provides a brief
adaptivity helps the model to correctly resolve both dropletestimate of the memory/CPU footprint of the adaptive

www.geosci-model-dev.net/4/15/2011/ Geosci. Model Dev., 43152011



26 S. Arabas and H. Pawlowska: Adaptive method of lines for CCN activation
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Fig. 6. Final number of bins plotted as a function of the initial number of bins for the model runs with adaptivity presented5n Fig.
and discussed in Se@.3. Dashed lines in the plot are: 1 lines representing cases without adaptivity. Consult the caption o#Fd.
explanation of the plot elements.

a) without adaptivity
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Fig. 7. A comparison of aerosol spectra evolution as calculated in two model runs with adaptivity togdlexboffl on(b). See captions of
Figs.1-3 for description of the plot elements. Figure discussed in Sec&t.

refinement scheme. The key observation is that the An in-detail comparison of one of the simulations
final number of bins corresponding to ca. 50 bins on thepresented in Figs4 and 5 is presented in Fig.7a
abscissa (i.e. roughly the number of bins needed to obtairfwithout adaptivity) andrb (with adaptivity). The vertical
convergence with adaptivity) is, in general, lower than velocity was set at 1 nTs, the aerosol size spectrum was
the number of bins needed to obtain convergence withoutnitialised with theaverage backgroundistribution, and the
adaptivity. Consequently, the method offers a reductioncomposition was assumed to be pure ammonium sulphate.
of computational effort needed to obtain results of a givenTo enhance the readability of the figure by lowering the
precision. number of bins, the initial nhumber of bins was set at
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55, and the tolerance was decreased to 46ingDuring The key advantages of the introduced grid refinement
the simulation with adaptivity 14 bins were added to the method are (i) the suppression of bogus sensitivity of the
spectrum. There are two most evident differences among thenodel results to the discretisation parameters when working
plots in Fig.7a and b. First, the final concentration calculated in low resolution; (ii) the introduction of physically-based
with adaptivity is about 15% higher, and consequently theuncertainty-related parameters controlling the spectrum
predicted average droplet radius is smaller. Second, theliscretisation independently of the resolution of model input;
shape of the spectra at different heights is asymmetric fo(iii) the enhancement in resolution of the shape of the
the case without adaptivity. left edge of the model-predicted droplet spectrum; (iv) the
Enabling adaptivity, and thus increasing the resolution ofreduction of computational effort needed to obtain results of
the discretisation in the very region of the spectrum where thea given precision. The discussion of results obtained without
droplet-growth is most vigorous, allows the model to resolveadaptivity constitutes an assessment of the uncertainty of
the shape of the left-hand side slope of the droplet spectrunresults obtained using classical MOL (see FHy.
This suggests that the asymmetry of the droplet spectrum Presented method is potentially applicable to numerous
near cloud base, predicted by the model without adaptivityfields of aerosol/hydrosol-related research where moving-
is a numerical artefact. Finding support for this observationsectional models of aerosol growth are used, including
in experimental data is difficult as most of the cloud droplet (i) studies of closure among the CCN activation theory
spectrometers nowadays are optical instruments which, foand in-situ measurements of cloud properties (&gider
physical reasons, cannot sense the smallest{ilebumin et al, 2003; (ii) design and calibration of aerosol
radius) droplets (see e.g., Fig. 10aliawson and Blyth  instruments (e.g.Nenes et a). 20013; (iii) research on
1998 presenting the cloud spectra 50 m above cloud bas¢he nucleation of aerosol in the atmosphere (efgttila
as measured by three different instruments). et al, 2009; iv) estimations of the impact of aerosol
The ability of the model to faithfully resolve the spectrum properties and the kinetics of its growth on cloud albedo
shape at the very onset of droplet growth is of potential(e.g., Nenes et aJ.2001h and the related assessments of
importance for the development of parameterisations of thegeoengineering techniques for global warming mitigation
activation process for use in cloud-resolving hydrodynamical(e.g., Bower et al, 2006; (v) investigations on cloud
models (see e.g., the discussionGmabowski and Wang processing of aerosol (e.gRomakkaniemi et al.2006);
2009 where the authors underline the need for parameter{vi) construction and evaluation of parameterisations to
ising the initial width of the spectrum of activated droplets). be employed in hydrodynamical models run at resolutions
Comparison of the right-hand side panels of F@  where CCN activation is a sub-scale process (Egingold
and b suggests that the adaptivity contributes as well tcand Heymsfield1992. Further studies underway are aimed
a better representation of the transiti@gime corrections at validating the model with aircraft measurements, and
in the model. The increase of the number of bins nearat enhancing the representation of links between particle
100 nm results in probing the transitioggime interpolation  growth kinetics and its composition. The implemented
formulae at denser intervals. logic for efficiently handling variable number of bins shall
be a valuable component for implementing an accurate
treatment of the coagulation process using the moving-
sectional approach. Results of these studies will be reported
én future publications.

4 Summary and outlook

This paper discussed a numerical method for studying th
kinetics of aerosol growth by vapour condensation in the
context of CCN activation. A simple yet robust air-parcel
model of droplet formation utilising the adaptive method
of lines was formulated. Implementation of the model was
discussed and its source code is available as an electronic
supplement of the paper. Example results for single- and
multi-component aerosol, with- and without adaptivity, for
different vertical velocities, and different initial aerosol
spectra were presented.
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Appendix A

List of symbols.

Symbol Sl unit Description

a, B [1] coefficients in the BDF formula

y [m?] helper symbol in Eqsl7 and18

0 [kgm~3] density of moist air in the parcel

01=1000 [kg N3] density of liquid water

Ov [kgm~3] density of water vapour in the parcel

0=0.072 [Jm?] surface tension coefficient of water

O, ] [1] geometric standard deviation of a log-normal mode
or [m] standard deviation of droplet radius

ilel [1] chemical-composition parameter for spectram
«0=1.28 [1] CCN-derived value of for NaCl

«11=0.61 [1] CCN-derived value of for (NH4)2SOu

AD [m] mean free path of water vapour in air

AK [m] length scale for heat transfer in air

a [1] water activity

b [0,1,...] bin number enumerator

CDNC [m=3] cloud droplet number concentration

c [0,1,...] chemical composition enumerator

=4218 Pkglk— specific heat capacity of liquid water

cp(qv) [Dkg 1K™ specific heat capacity of moist air

¢pd=1005 Pkglk— specific heat capacity of dry air

cpy=1850 [DkglK1] specific heat capacity of water vapour
D(p,rw) [m2s1] diffusivity of water vapour in air (transitionagime)
Do=2.21x10° [m?s7]] diffusivity of water vapour in air (continuumégime)
F(x,t) n/a ODE system right-hand side

f(x;) n/a the function used in Newton-Raphson iteration
£=9.8067 [ms?] gravitational acceleration

h [1,2,...] BDF formula order

i [0,1,...] solver time-step enumerator

j [0,1,...] root-finding iteration enumerator

K (hk,rw) [Im1s 1K1 thermal conductivity of air (transitioregime)
Ko=2.4x10"2 [Jm1s1K~1] thermal conductivity of air (continuunégime)

k [0,1,2,...] spectrum moment enumerator

LWC [kg m~3] liquid water content

I(T) [Jkg™ 1 latent heat of evaporation

lo=25x10° [Jkg™}] latent heat of evaporation at the triple point

M [ka] particle mass

m [0,1,...] log-normal mode enumerator

N=CDNC/p kg™4 cloud droplet specific concentration

Nlel [kg~1] total specific concentration in spectrum

NPl kg™1 specific concentration in bih of spectrune

Np, N,EC] [1] number of bins (in size spectrun)

N, [1] number of chemical components

Ny, N,Ef] [m—3 total concentration in a log-normal mode

nd, né"] [kg~im™1] dry aerosol specific concentration density

nlf) [kg~tm—4 wet aerosol specific concentration density

p [Pa] air-parcel pressure

po=611.73 [Pa] water vapour pressure at the triple point

Dv [Pa] partial pressure of water vapour
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Pvoo(T) [Pa] equilibrium vapour pressure (plane surface, pure water)
pvs(T,...) [Pa] equilibrium vapour pressure (solution droplet)
0 [J] particle heat content

qv [1] air-parcel specific humidity

R(qv) [JK~1kg™1] gas constant of moist air

Rq=287.1 [JK1kg~1] gas constant of dry air

Ry=461.4 [JK1kg™'] gas constant of water vapour

RH=py/ pvso [1] air-parcel relative humidity

r0, r1, Fa, I'b [m] helper symbols in Eqsl) and @5)

reff [m] cloud droplet effective radius

ra, riPL AP m] particle dry radius (at left/right bin boundary)
ri! [m] mode radius of a log-normal mode

Frmins Fmax [m] cloud droplet spectrum range (1 and 25 pm)
rws e Pl it m) particle wet radius (at left/right bin boundary)
S, Smax [1] supersaturation (maximum)

1t [s] time (at model time-step

T K] air-parcel temperature

T’ K] temperature

Tp=273.16 K] temperature of the triple point of water

Tw, TSP, T (K] particle temperature (at left/right bin boundary)
w [ms] air-parcel vertical velocity

X n/a vector of dependent variables in ODE system
Zk [mf kg1 helper symbol in Eqs.24) and @5)

Supplementary material related to this article is available
online at: http://www.geosci-model-dev.net/4/15/2011/
gmd-4-15-2011-supplement.zip
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