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Abstract. This study presents ISORROPIA II, a thermo- their interactions with electromagnetic radiation. By act-
dynamic equilibrium model for the K—Ca?*—MgZJF—NHI— ing as cloud condensation nuclei (CCN), they affect droplet
Na+—SO§‘—NOg—CI——H20 aerosol system. A comprehen- number concentration, effective radius, and reflectivity of
sive evaluation of its performance is conducted against wateglouds. Changes in aerosol concentrations also affect droplet
uptake measurements for laboratory aerosol and predictionsize distribution, precipitation frequency and cloud lifetime.
of the SCAPE2 thermodynamic module over a wide range ofAerosols can also be responsible for acid rain production,
atmospherically relevant conditions. The two models agregvhich can adversely affect soil and water quality, especially
well, to within 13% for aerosol water content and total PM in environments rich in Spand NQ.. It has been estab-
mass, 16% for aerosol nitrate and 6% for aerosol chloride andished that inhaled aerosol particles are detrimental to human
ammonium. Largest discrepancies were found under condihealth, as particles can contain toxic inorganic and organic
tions of low RH, primarily from differences in the treatment substances that are often correlated with asthma and chronic
of water uptake and solid state composition. In terms of com-obstructive pulmonary disease (Zanobetti et al., 2000; Ra-
putational speed, ISORROPIA Il was more than an order ofmachandran and Vincent, 1999; Brauer and Brook, 1997;
magnitude faster than SCAPE2, with robust and rapid conSchwartz, 1994). Recent studies (Kaiser, 2005) have sug-
vergence under all conditions. The addition of crustal speciegested that fine particles (RBg) are more effective in caus-
does not slow down the thermodynamic calculations (com-ing respiratory iliness and premature death than larger par-
pared to the older ISORROPIA code) because of optimizaticles due to their ability to penetrate deeper into the lung.
tions in the activity coefficient calculation algorithm. Based Dockery et al. (1993), who conducted a survey on six cities
on its computational rigor and performance, ISORROPIA || over 16 years, found that people living in areas with higher
appears to be a highly attractive alternative for use in largeaerosol concentrations had a lifespan two years less than

scale air quality and atmospheric transport models. those living in cleaner areas. The knowledge of the chem-
ical composition and physical state of atmospheric particles

may be a critical link between toxicity and particulate matter.

1 Introduction Atmospheric aerosols are composed of water, inorganic
salts, crustal material, organics and trace metals. A large
Airborne particulate matter (PM), or aerosol, play a cen-Part of the particle (dry) mass is inorganic (25-50%) with
tral role in atmospheric processes. They reflect a significanfMmmonium (NH), sodium (N&), sulfate (SG), bisulfate
amount of radiation back to space, thus enhancing the plandiSQ;), nitrate (NG;) and chloride (Ct) being the most
etary albedo. Atmospheric aerosols can cause visibility im-important contributors to the dry inorganic B¥(Heitzen-

pairment in highly polluted areas (Altsher, 1984) through  berg, 1989). Crustal species, such a$'C&™, Mg?" are
a major component of dust, hence an important constituent

Correspondence to: A. Nenes of ambient particles. These inorganic species may be in the
(nenes@eas.gatech.edu) form of aqueous ions, or in the form of precipitated solids,
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in thermodynamic equilibrium with atmospheric gases andcoefficients (Metzger et al., 1999). To express solution
humidity. non-idealities, Metzger and Lelieveld (2007) suggest an
To compute the composition and phase state of aerosolgpproximate formulation based on osmolality and solubility
every atmospheric gas/aerosol model requires knowledge aheasurements (instead of the activity coefficient model);
the thermodynamic equilibrium state because the drivingthis approach has been applied in the EQSAM3 model.
force for mass transfer of species between gas and aerosGICAPE2 divides composition space into several subdomains
phases is the departure from equilibrium. Performing ther-based on major species that impact equilibrium partitioning
modynamic equilibrium calculations for aerosol systems is aand water uptake. By always attempting to solve for a liquid
demanding computational task (e.g. Nenes et al., 1999) bephase, SCAPE2 predicts the presence of water even at very
cause it involves the optimization of a nonlinear (local) con- low ambient relative humidities{10%), and for this reason
vex problem, or the solution of numerous nonlinear equa-often does not predict the presence of a crystalline phase
tions. At low relative humidity, the aqueous phase is highly (solid precipitate).
concentrated (i.e. with a high ionic strength), hence strongly Similar to SCAPE2, ISORROPIA determines the subsys-
non-ideal and requires the use of an activity coefficienttem set of equilibrium equations and solves for the equilib-
model. Therefore, efficient and accurate solution algorithmsrium state using the chemical potential method. The code
are needed. solves analytically as many equations as possible through
Numerous aerosol inorganic equilibrium models havesuccessive substitutions; remaining equilibrium reactions are
been developed, differing in the chemical species that theysolved numerically with bisection for stability. ISORROPIA
can treat, the solution method used and the type of inputlso offers the choice of using precalculated tables of binary
they can accept. Recent examples include AIM2 (Cleggactivity coefficients and water activities of pure salt solu-
and Pitzer, 1992; Clegg et al., 1992, 1994, 1995, 1998a, btions, which speeds up calculations (5480%). Another
Wexler and Clegg, 2002), SCAPE2 (Kim et al., 1993a, b;important feature of the model is the use of mutual deli-
Kim and Seinfeld, 1995; Meng et al., 1995), EQUISOLV Il quescence of multicomponent salt particle solutions, which
(Jacobson et al., 1996; Jacobson, 1999a, b), ISORROPIAowers the deliquescence point of the aerosol phase. Be-
(Nenes et al., 1998; Nenes et al., 1999), GFEMN (Ansarisides the forward problem (in which gas + aerosol concen-
and Pandis, 1999a, b), EQSAM2 (Metzger et al., 2002a, bjrations of chemical species along with ambient temperature
Metzger et al., 2006), HETV (Makar et al., 2003), MESA and relative humidity are used as input), ISORROPIA also
(Zaveri et al., 2005a, b) and UHAERO (Amundson et al., offers the ability to solve for the “reverse problem”, in which
2006). AIM2 and GFEMN use the iterative Gibbs free known quantities are the concentrations of sodium, ammo-
energy minimization method to solve equilibrium problems nium, nitrate and sulfate in the aerosol phase together with
for NHj{/Nan/NOg/SOf/CI‘ systems. UHAERO uses the the ambient temperature and relative humidity. The output of
Gibbs free energy minimization method (using a primal- the reverse problem is (as in the forward problem) the con-
dual method, coupled to a Newton iteration method) andcentration of species in solid, liquid and gas phase. Being
offers a choice of the Pitzer, Simonson, Clegg (PSC) molecomputationally efficient, ISORROPIA has proved to be the
fraction-based model (Pitzer and Simonson, 1986; Cleggnodel of choice for many three-dimensional air quality mod-
and Pitzer, 1992; Clegg et al., 1992) or the EXUNIQUAC els (CMAQ, PMCAMX, etc.), chemical transport and gen-
model (Thomsen and Rasmussen, 1999) for the activityeral circulation models (Ansari and Pandis, 1999b; Yu et al.,
coefficient calculations. These models treat either the2005). HETV is based on the algorithms of ISORROPIA for
ammonium — nitrate — sulfate system or the ammoniumsulfate, nitrate and ammonium aerosol systems and is opti-
— sodium — nitrate — chloride — sulfate system. MESA mized for running on vectorized computational architectures.
simultaneously iterates for all solid-liquid equilibria using  An important limitation of the above codes (with the ex-
a pseudo-transient continuation method and solves for theeption of SCAPE2, EQUISOLV Il and EQSAM2,3) is lack
NHj{/NaﬂNOg/SOZZ/CI‘ system of species with the addi- of treatment of crustal species (Ca, K, Mg). It has been
tion of calcium cations. EQUISOLYV Il sequentially solves shown that the consideration of crustal material in predict-
for the root of each equation in the system of equilibrium ing the partitioning of nitrate and ammonium, especially in
reactions and then iterates over the entire domain untilareas where dust comprises a significant portion of total PM,
convergence. This method is ideal for the incorporation ofis of great importance and can considerably improve model
new reactions and species with minimal programming effort,predictions (Ansari and Pandis, 1999; Moya et al., 2002).
but optimal computational performance is obtained only onAn attempt to treat crustal species as “equivalent sodium”
vectorized computational platforms (Zhang et al., 2000).was met with modest success (Moya et al., 2001a), provided
EQSAM2 considers activity coefficients for (semi-) volatile that Ca was a relatively small fraction of aerosol dry mass.
compounds according to Metzger et al. (2002a) to solve théVioya et al. (2002) showed that including crustal species is
NH; /Na*/NOZ /SC;~/CI-/Ca&*/Mg?t/K*+/RCOO~ sys-  important in determining the aerosol size distribution, while
tem; earlier versions of the model did not consider mineralSan Martini et al. (2005) showed that treating crustal species
cations and organic acids, and used parameterizated activitgs “equivalent” sodium may affect the predicted response of
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inorganic PM to changes in precursor concentrations. OfwhereAc{, (T) is the change of molar heat capacity of prod-

ten, crustal species are linked with inorganic anions; organiaicts minus reactants. By substituting Eq. (4) into Eq. (3)

acids can be associated as well, especially with potassium iand integrating from a reference temperatfiyétypically at

biomass burning aerosol (Trebs et al., 2005; Metzger et al.298.15K) toT, we obtain:

2006). It has been shown that including both crustal species AHO (T (T

and organic acids can be important under some conditiong (7) = K, exp[—A <_0 — 1)

(Metzger et al., 2006). The concentration of organic acids RT, T

and their impact on global aerosol thermodynamics however Ac), T, T,

still remains highly uncertain. (1 +in (?) )} ®)
In the current study, we present a new model, “ISOR- ) o

ROPIA II”, in which the thermodynamics of the crustal el- Wherek, is the equilibrium constant df,.

ements of calcium, potassium and magnesium have been . i

added to the preexisting suite of components of the ISORZ-2 Activity of species

ROPIA model. The new model, combining the computa-

tional advantages of ISORROPIA with the explicit thermo-

T

The activity of species q;, if an ideal gas, is equal to its par-

dynamics of crustal species, is compared against the predictlal pressured;=p;) (Seinfeld and Pandis, 199,?'35&%”

. . . v
tions of SCAPE2, both in terms of speciation and computa-€lectrolyte species dissolved in watef;=m,'m v, ,
tional requirements. wherey;; is the mean activity coefficient of an electrolyte

speciesj in water,v; andv; are the moles of cations and
anions, respectively, released per mole of electrolyte and
2 Thermodynamic equilibrium calculations m;, m; are their molalities, respectively. The activity of each
solid phase species is assumed to be unity.
2.1 Equilibrium constants
2.3 Activity coefficients
In a closed (aerosol-gas phase) system composedhem-

ical species and reactions at constant temperatdteand In ISORROPIA I, the multicomponent activity coefficients,
pressureP, the Gibbs free energy of the syste®, is min- y 12, for each ionic pair 1-2 are computed using Bromley's
imum at chemical equilibrium. This condition is equivalent formula (Bromley, 1973),

to stating that the Gibbs free energy of the reactants is equal

, 2
to that of the products, and can be written as (Nenes et al'log o= —A zz21Y 2122 [ﬂ " Q} ©)
1998): Y1412 T itz 2
[[a" =k; (1)  whereys; is the mean activity coefficient of cation 1 and

i

anion 2 at 298.15K,A, is the Debye-Hckel constant

. o o L ~ (0.511kd"®> mol0% at 298.15K) and,
whereg; is the activity of species, v;; is the stoichiometric

coefficient of speciesparticipating in the reactiop, andk ; F1 = Yp1logyy, + Yailogyy, + Ye1logy{s + ...

is the equilibrium constant of thgth reaction at temperature AL L2
T, ~I—m [z1z2Y21 + z124Y41 + z1z6Y6e1 + ...] (7)
> vijui (T)
K;(T) =exp —IT (2)  Fo= X12logyy, + Xa2logyg, + Xsologyd, + ...
Ay]l/z
- . . +———5 [2122X12 + 2322X32 + 2522 X520+ ...] (8
whereR is the universal gas constant anfi(7) is the stan- 14 1Y/2 [ 3273 5e245 1)

dard chemical potential of speciésat 1 atm pressure and
temperaturd” (in K).
K j is afunction of temperature according to the Van't Hoff

where odd subscripts refer to cations and even subscripts re-

. 2 2 .
fer to anionsYo1= (252)° B2, X1p= (852)° 21, 7; is the

absolute charge of ionic speciiasandylfj’. is the mean ionic

equation: . LS - L .
activity coefficient of the binary pair—; (“binary” activity
dinK(T) AH’(T) 3 coefficient) computed at the ionic strength of the multicom-
dT  _  RT2 (3) " ponent solution/=1 3" m; z2.

L
whereAH?(T) is the enthalpy change of the reaction attem-  Following the recommendations of Kim et al. (1993), bi-
peraturel’ (Denbigh, 1981). For a small temperature range,nary activity coefficientsyy,, are calculated using the Kusik-
AH? (T) can be approximated by: Meissner relationship (Kusik and Meissner, 1978),

AH®(T) = AH® (T,) + Ac), (T —T,) 4) logyy, = z122log I’ 9)

www.atmos-chem-phys.net/7/4639/2007/ Atmos. Chem. Phys., 7, 4639-4659, 2007
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Table 1. Thermodynamic properties for all species in ISORROPIA Il

Species Ap? (298K), kImott AH9, kImort  ¢g, ImortKk—1

Ca(NOa)¥ ~1713.15 ~2132.33 315.65
caCldg ~2215.6 ~2607.9 322.01
CaSOy) ~1798.280 —2022.630 186.020
KHSO 45 ~1031.300 ~1160.600 87.160
K 2SOy ~1321.370 ~1437.790 131.460
KNO3) —394.860 —494.630 96.400
KCl (s ~409.140 —434.750 51.300
MgSOy(s) ~1170.600 —1284.900 96.480
Mg(NO2)% —2080.3 ~2613.28 391.34
MgCI‘Z"(S) —2114.64 —2499.02 315.06
ca, ~553.580 —542.830 -

K —283.270 —252.380 21.800
Mgy —454.800 —466.850 -

NaClg ~384.138 ~411.153 50.500
NaNOs( —367.000 —467.850 92.880
NapSOy(s) ~1270.160 —1387.080 128.200
NaHSQy ~992.800 ~1125.500 85.000
NH4Cl) —202.870 ~314.430 84.100
NH4NO3s) —183.870 —365.560 139.300
(NH4)2SOxs) ~901.670 ~1180.850 187.490
NH4HSOys) —823.000 ~1026.960 127.500
(NH4)3H(SOp)2(s) ~1730.000 ~2207.000 315.000
HNO3(g) ~74.720 ~135.060 53.350
HCl(g) ~95.299 ~92.307 29.126
NH3g) ~16.450 ~46.110 35.060
NH3(ag) —26.500 ~80.290 79.900
Hag 0.000 0.000 0.000
Nag —261.905 —240.120 46.400
NHZ a0 —79.310 —132.510 79.900
HSOj 5 ~755.910 —887.340 —84.000

SOhag ~744.530 ~909.270 —293.000

NO3 4 ~111.250 —207.360 —86.600

Cliag ~131.228 ~167.159 ~136.400

OHeg ~157.244 ~229.994 —148.500

* Compiled by: Kim and Seinfeld (1995) and Kim et al. (1993) unless otherwise indicated; Species in bold are new in ISORROPIA II.

* Compiled by: Kelly and Wexler (2005)
— Data not available

where
I’=[1+B1+01N7 - B|T*
B =0.75— 0.06%;

—0.51071Y/2

logl* = ————
g 1+CI1/2

C =1+ 0055 exp (—0.02313)

(10)
(11)

(12)

(13)

andgq is a parameter specific for each binary pair.

Atmos. Chem. Phys., 7, 4639-4659, 2007

The effect of temperature on multicomponent activity co-

efficients is described by Meissner and Peppas (1973),

Iog Vij (T) =[1.125— 0.00XT — 27315)] Iog Yij (To)

—[0.125— 0.005(T — 27315] A

(14)

where y;; (T) is the multicomponent activity coeffi-
cient of the pair of ionsi—; at temperature?, and,

_ 04195
A_ 1_;’_[0,5

+0.0397092,

www.atmos-chem-phys.net/7/4639/2007/
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Input: RH, T, Concentrations of NH;, H,SO,, Na, HCI, HNO,, Ca, K, Mg

Calculate R, R,, Ry

A

| Determine possible major species (Table 3) and RH subdomain |

A

| Calculate Equilibrium Reaction Constants (Tables 1,2) for “Forward” or “Reverse” problem|

Stable Metastable
Solution ? Solution ?
y v
Solid + Liquid Aerosol Liquid Aerosol (no solids present)

mass conservation, activity coefficient
and electroneutrality computations

A

| Major Species concentration |

!

| Calculate Minor Species concentration |

Output: Equilibrium Concentration of species in Gas, Solid and Liquid phase

Fig. 1. Generic solution procedure of ISORROPIA 1.

2.4 Aerosol water content andm,,; (ay) is the molality of an aqueous binary solution of
thei-th electrolyte with the same,, (i.e. relative humidity)

During the calculation of aerosol water content, itis assumedas in the multicomponent solution.

that aerosol curvature effects are unimportant and the ambi-

ent water vapor pressure is unaffected by the aerosol wat
uptake. Therefore, if ambient relative humidity is known,
phase equilibrium between gas and aerosol-phase (Seinfeld

and Pandis, 1998) gives that the water activity, is equalto ~ For each salt, there is a characteristic relative humidity,
the ambient fractional relative humidity, RH, (i.e. expressedknown as the deliquescence relative humidity (DRH), above

e . . .
5.5 Deliquescence relative humidity (DRH)

on a0.0to 1.0 scale): which a phase transition from solid to saturated aqueous so-
lution occurs. The DRH varies with temperature and for
ay =RH (15)  small changes thereof is given by (Wexler and Seinfeld,

Determining water content that satisfies the constraint of:L 991),

Eq. (15) from explicit calculations of water activity re-

quires an iterative hence computationally expensive proce- DRH (T) MymLg {1 1
dure (Ste!son and Semfe!d, 1982). Instead, water uptqke o DRH(T,) ~1000R (7 - 70)
aerosols is calculated using the ZSR correlation (Robinson

and Stokes, 1965),

(17)

whereM,, is the molar mass of water amng, is the molality
W= Z M; (16) of the saturated solution at temperatdie L; is the latent
Moi (Ay) heat of fusion for the salt from a saturated solution given by
Ly=AH.,—AHaq, AH., AHyq are the molar enthalpies of
whereW is the mass concentration of aerosol water (kRgm  formation of the crystalline phase and the species in aqueous
air), M; is the molar concentration of speciggnol m—2 air), solution, respectively.

i

www.atmos-chem-phys.net/7/4639/2007/ Atmos. Chem. Phys., 7, 4639-4659, 2007
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2.6 Mutual deliquescence relative humidity (MDRH) 3 ISORROPIA II: species considered and general solu-
tion procedure

In every multicomponent mixture there exists a characteristic

relative humidity, the mutual deliqguescence relative humid-The system modeled by ISORROPIA Il consists of the fol-

ity, MDRH (Wexler and Seinfeld, 1991), for which all salts lowing potential components (species in bold are new in

are simultaneously saturated with respect to all componentdSORROPIA 11):

The MDRH is a eutectic point so it is below the DRH of all ~ Gas phase: Ny, HNOgz(g), HClg), H20(g)

the pure solids composing the system and is the minimum  Liquid phase: NH g+, ngq), Hz;q), C'@@a

RH for which a stable aqueous phase exists (Wexler qnd 5650421@@, HNO3(ag, NHaag, HClag, HSOZ(aq)v

infeld, 1991). When MDRH<RH<RHet (Where RHyet is or L4 2

the DRH of the salt with the lowest DRH in the mixture un- H20g. Ca(at»’ K M9(a

. @9 "Yag
der consideration) the solution is said to be in the mutual NEiondH s phase: (N&)2S0xs), NH3HSOxs),
deliquescence region, MDR (Nenes et al., 1998). Computin 4)3H(SOzs),

NO?f(aq) ,

OHag

NH4NO3(5), NH4C|(5), NaCks),

the aerosol composition in the MDR is a computationally de—Caglos(sﬁ N}?HSSOQ“S)' Nfgﬁg‘g)’ Casﬁ‘;% : Ca(N%C)lZ(S)'
manding task (e.g. Potukuchi and Wexler, 1995a, b) that we~3+'2(): 2OMA(9) A4S 3(s)s CF
MgSOas), Mg(NO3)2(s), MgCliys)

seek to avoid. Given that the MDR corresponds usually to a :
narrow RH range, we use the simplified approach of Nenes Where the subscripts (g), (aqg), (s) denote gas, aqueous and

et al. (1998) to calculate composition in a MDR. This ap- solid, respectively. Table 1 shows thermodynamic proper-

proach involves computing the weighted average of a “dry,,ties for all species considered. Table 2 displays all the equi-
and “wet” solution: librium reactions used in ISORROPIA Il along with values

for their equilibrium constants. When the concentration of

W = (1 —c) Wyet (18) crustal species (Ca, K, Mg) is zero, routines of ISORROPIA
are used, which since its original release (Nenes et al., 1998)

G = cGary+ (1 — ¢) Guet (19) has been substantially improved for robustness, speed and
expanded to solve a wider range of problems (updates can be

S = cSdry + (1 — ¢) Swet (20) obtained from http://nenes.eas.gatech.edu/ISORROPIA).

D = (1— ¢) Dyet (21) 3.1 Solution procedure

The number of species and equilibrium reactions is deter-

mined by the relative abundance of each aerosol precursor
RH—RHyet (NHs, Na, Ca, K, Mg, HNQ@, HCI, H,SOy) and the ambient

€= MDRH—RHyet (22) relative humidity and temperature. The major species poten-

] ) tially present are determined from the value of the following
and G, S, D are the concentrations of gaseous, solid andyatjgs:

dissolved species, respectively. The subscripts “wet” and N ,
“dry” in Egs. (18-22) denote the two solutions which are , [NH ]+ [Catt] + [KT] + [Mg?"] + [Na']

The weighting factore, is given by (Nenes et al., 1998):

weighted. In the above equations, we assume that ga:;es1 N [SO*Z]
and solids are linearly weighted according to their proximity 4
to RHywet and MDRH (as expressed ly, while dissolved
species are scaled to the amount of water. MDRH pointsg, —

[Ca+] + [KH] + [Mg?H] + [Na']

for the new mixtures in ISORROPIA Il are shown in Ta- [sqz]

ble 5. Although Egs. (18-22) are an approximation of the

thermodynamic solution, they qualitatively follow the RH- [Ca2+] T [K*] n [Mg2+]
dependence of speciation and conserve aerosol dry masfsz =

An assessment of this approximation done by comparing [SOZZ]

predictions of ISORROPIA Il with measurements by Choi

and Chan (2002) for aerosol water content of an equimolawhere[ X] denotes the concentration of an aerosol precursor
NaNQs:Ca(NGs)» mixture in the mutual deliquescence re- X (molm~2 of air). R;, R, and Rz are termed “total sul-
gion. Table 6 shows the aerosol water mass fraction for RHfate ratio”, “crustal species and sodium ratio” and “crustal
ranging between 0.246 and 0.461, which is below 0.49, thespecies ratio” respectively; based on their values, 5 aerosol
minimum DRH of Ca(N@)2 and NaNQ (i.e. in the mutual ~ composition regimes are defined. The possible species for
deliquescence region). As shown in Table 6, ISORROPIA Il each regime are listed in Table 3.

predictions agree well with measured water mass fraction , The DRH at7,=298.15 K, the thermodynamic data for the
which suggests that Eq. (18) reasonably approximates thé.; (Eq. 17) as well as the Kussik-Meissner activity coeffi-

aerosol water content in this region. cient parameters (Eq. 13) are shown in Table 4. Table 7

Atmos. Chem. Phys., 7, 4639-4659, 2007 www.atmos-chem-phys.net/7/4639/2007/


http://nenes.eas.gatech.edu/ISORROPIA

C. Fountoukis and A. Nenes: ISORROPIA II: a new aerosol equilibrium model 4645

Table 2. Equilibrium relations and temperature dependence constants used in ISORROPIA Il

.0
Reaction Equilibrium K9 (298.15K) %T(OTO) % Units
Constant Expression
CalNOg)26 > Cy +2N05 5 [Ca?+] [Nog] 2year V2 6.067x10°  —11.20¢  — mo kg3
3
CaClys <Ceyfy +2CI g c@t| [c Preai g 79741010 _14.08*  — mol® kg3
Cas0,.2Hz0(g > Cefy +8C  +2H20 cat [soﬁ—] Yok Vs a2 43191075 - - moP kg2
K>SOy <>2KE  +SC2 K+12 [s02~] y2 _ 15691072  —9.589 45807  moPkg3
25049 <> 2K (3950 (ag [K*] [ % ] Yk+Vsck g
KHS 046K (3 +HS 0y (g [K*] [HSO; | e sy 24.016 -8423  17.964  molkg2
KNOg(s)eK(aq)—&-NOg(aq) [K+] [Nog} YK+ INog 0.872 14075  19.388  moPkg~?
KClg) <K +Cl g [K*] [C17] kv ver 8.680 ~6.167  19.953  moPkg~2
Mgso4(s)<_>1\/|g;1(aq>+sof1 . [Mg?*] [SG~ ] yge ysoz, 1079106 36.798 - mol2 kg2
Mg(NOg)29 <>MgZly +2NO3 4 [Mgz+] [NO3 ] Yuge+ yNo, 2507105 8754  — moRB kg3
MgCly <>MgZ, +2C1 [Mgz+] [C17] 2y v3- 0.557 10?1 —1.347% - moP kg3
HT]| SO | Yt Yso2-
HSO, 9 < Hiag+SThag [[iiof] Vis?z 1.015¢1072 885 2514 mol kg
4 HSOA
NH3(g)<>NHz(ag NHsag] MHaa 5.764< 10! 1379 539 molkg latm !
H3(ag
+ —1 YNHT YOH—
NH3(ag+H20(aq < NH(2q+OHag %% 1.805¢10°5 150  26.92 mol kgl
al w al
Hag Ja
HNO3(g)<—>H 29 ™NO3ag %m +¥NO; 2.511x 108 29.17 16.83 mdkg 2atm 1
HNOgg) <>HNO3(aq® [FN3 ] YHNO3ag 2.1x10° 2917  16.83 molkglatm !
PHNO,
ol
HClgy«H; (a9 TCag %yw Yo 1.971x10° 30.20 19.91 mdkg 2atm?!
HCl (g <>HCl(ag® ekaal ciag 2.5x10° 3020 1991  molkglatml
Phc] "
H20(ag <Hihg +OHag BoR  von 10101014 _2252  26.92 mdlkg—2
112 -1.2 1 -3
NapSOy(s) <>2Ng5q +5% g [Nat] 2[so§ } Kot Vot 479910~ 0.98 39.75 mdl kg
(NH4)2 SO >2NH] 1 52 [NHI] [sof;] o Yok~ 1.81710° _265 3857 mdlkg—3
7!
NHas) Cl<>NHg(g) +HCl(g) PNHsPHCI 1.086x10716  _71.00 2.40 atrf
NaNO3(S)<—>Na%qJ+NO3T(aq) [Na*] [Nog] YNa NO; 1.197 10t -822  16.01 mdlkg—2
NaClg<Nah, +Clq [Na*] [CI7] yar vor- 3.766x10! -156  16.90 mdikg—2
NaHSQys) <>Nay, +HSOj 5 [Nat] [Hso; ] YNa* YHso; 2.413«10* 0.79 14.75 mdlkg~2
NHNOs(g) <>NHz(g)+HNO3(g) PNHsPHNOS 4199107 74735  6.025 atfh
NH4HS Oy <>NHJ 1) +HS Oy 0 [NHG ] [HSO; | ruws sy 1.38%10°  —287 1583  mdlkg2
NHz)3 H (SO - NHF " [so~ | |HsO;
(NHa)s R ‘g,flﬁ HSOF . 45 [N ][50 | [Hsoy | = 2.972¢10 519  54.40 mdéikg~5
a0 +HS0sag +S0hag YNHE YSG YHSO;

* Compiled by: Kim and Seinfeld (1995) and Kim et al. (1993) unless otherwise indicated; Reactions with constants in bold are new in
ISORROPIA 1.
* Compiled by: Kelly and Wexler (2005)

#® The equilibrium constanty, of the reaction HNQ(aq) <—> H(aq)+NO3(aq) is calculated fromK; and K1, of the reactions
K _ K

HNOg(g) < H g +NO3aq and HNGyg) <23 HNO3z(ag), respectlverJ{U,:Kl/Kla

¢ The equmbrlum constantky, of the reaction HGhg <—> HJFQJ—kCI*OD is calculated fromKo and Ky, of the reactions

(ag @nd HClg) Pa: HCl(aq), respectively:K o,=K»/ K2,
~ Data not available
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Table 3. Potential species for the five aerosol types

Major species

R Ra R3 Aerosol type Solid phase Aqueous phase Gas phase Minor species
R1<1 anyvalue anyvalue Sulfate Rich NaHSQ,  NH4HSQs Naf, NHJ, HY, HSO;, Hp0 NHz(g).,
) 7 S 3
(free acid) KHSO4, CaSOy 50121 , NOz, CI, Ca?*, NO3 o)
KT, Hy0 Cliag:
NH3(ag),
HNO3(aq),
HCl(a@
1<R1<2 anyvalue anyvalue Sulfate Rich NaH§O NH4HSO4, Nat, NHI, HT, HSQ,, H0 NHz(g).,
NapSOs,  (NH92SOs,  sc?—, NO7, CI-, ca2t, NOZ ..,
4 3 3(ag)
(NH4)3H(SOy)2, K+, Mg2+, HyO cr-
Casoy, KHSO4, : : @
K 2S04, MgSOy NH3 (g,
HNO3(aq,
R1>2 Ry<2 any value  Sulfate Poor, NaoSQy4, (NH4)2SO4, Naf, NHI, Ht, sof(, HNO3, HCI, HSOyaq
Crustal & Sodium NH4NOg3, NH4Cl, NO3, Ccl-, ca?+, K+, NH3z HO
Poor CaS0Oy, K2SOy, MgSOy M92+’ H,0, NH3(aq)v
HNO3(aq), HC|(aq)
R1>2 Ry>2 R3<2 Sulfate Poor, NayS0O;, NaNG3, NacCl, Nat, NHI, HT, SOA%_, HNO3, HCI, HSO;(aG)
Crustal & Sodium NH4NOg3, NH4CI, NOz, CI~, ca?t, K+, NHgz, HxO

Rich, Crustal Poor CaSQy, K2SO4, MgSOy4 Mgz+ H20, NHaag
HNOgz(ag), HCl(ag
R1>2 Ry>2 R3>2 Sulfate Poor, NaNQOs, NaCl, NFyNO3, Nat, NHI, Ht, SOAZ(, HNO3, HCI, HSOyaq)
Crustal & Sodium NH4CI, CaSQy, K2S0y4, NO3, Cl-, ca?+, k+, NH3z HO
Rich, Crustal Rich MgSOQyg, Ca(NO3)2, Mgz+ H20, NHgag

CaCIz, Mg(N03)2, HNO HCI
MgClo, KNO 3, KCI S(ag T-(aa

& Species in bold are new in ISORROPIA I

displays the polynomial fit parameters for computing thethe wet aerosol may not crystallize below the MDRH but
molalities of binary solutions as a function of water activ- instead remain in a metastable state, where it is composed
ity (obtained from Kim and Seinfeld, 1995; Ha and Chan, of an aqueous supersaturated solution (e.g. Seinfeld and Pan-
1999; Kelly and Wexler, 2005, 2006) for Cag@a(NQGy)2, dis, 1998). ISORROPIA Il can address both states (termed
CaCb, KoSQy, KHSQ4, KNO3, KCI, MgSQy, Mg(NO3)2 “stable” where salts precipitate once the aqueous phase be-
and MgCh. For (NHz)2SOy, NH4HSOy, (NH4)3H(SOy)2, comes saturated with respect to them, and, “metastable”, if
NH4NO3, NH4CI, NaCl, NaNQ@, NaHSQ and NaS0Oy, the  the aerosol is composed only of an aqueous phase which can
water activity database was updated since the original rebe supersaturated with respect to dissolved salts).

lease of ISORROPIA, using the output from the AIM model  Depending on the three sulfate ratios, the relative humidity

(http://www.hpcl.uea.ac.uké770/aim.html). and the temperature, ISORROPIA |l solves the appropriate
As in ISORROPIA, ISORROPIA Il solves two classes of set of equilibrium equations, and, together with mass conser-
problems: vation, electroneutrality, water activity equations and activity

coefficient calculations, the final concentrations at thermody-

1. Forward (or “closed”) problems, in which known quan- ., i equilibrium are obtained. Figure 1 illustrates a general
tities areT, RH and the total (gas + aerosol) concen- description of the solution procedure

trations of NH;, H,SO4, Na, HCI, HNG;, Ca, K, and

Mg. 3.2 Important issues
2. Reverse (or “open”) problems, in which known quanti- ) ) )
ties arel’, RH and the precursor concentrations of 4y/H - When calcula_tmg species concentration, th(_a stable state
H,S04, Na, HCI, HNG;, Ca, K, and Mg in the aerosol solution algorithm of ISORROPIA Il starts with assum-
phase. ing a completely dry aerosol. As the ambient rela-
tive humidity increases (or decreases), ISORROPIA I
Below the MDRH of an aerosol mixture, the particle is a dissolves each of the salts present (depending on their
solid if the aerosol is following its deliquescence branch. DRH) and calculates solid and ion concentrations and

However, when the RH over a wet particle is decreasing, water uptake. The exact opposite methodology is

Atmos. Chem. Phys., 7, 4639-4659, 2007 www.atmos-chem-phys.net/7/4639/2007/
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adopted by SCAPEZ, which initially assumes that all Table 4. Deliqguescence relative humidity, temperature dependence

salts present are completely dissolved; based on the amyn g, parameter values for all the salts modeled in ISORROPYA Il
bient relative humidity and DRH of each salt calculates

solid concentration if a precipitate is assumed to form.

Differences in the “solution dynamics” may lead to dif- ggt DRH (298.15K) —%Lsms g
ferences in water content and speciation, especially at
low RH, and are further analyzed in Sect. 4. Ca(NOs3)2 0.4906 509.4 0.93
CaCl, 0.2830 551.% 2.40¢
ISORROPIA Il uses the principle of “compositional €aSOs 0.9700 - =2
invariance with RH cycling” to determine the aerosol KHSO4 0.8600* - =P
composition at low RH (i.e. when the aerosol is solid). K250% 0.9751 35.6 —0.25
This is done because aerosol cycles RH many times in [+ 0.9248 - —2.33
nature throughout its lifetime and the invariant solution ;C S0 gggi; l?ff 3 001';2
will better represent its composition in the atmosphere. Mg(Né‘ ) 0'540(? ;30 2# 2'32
Compositional invariance is applied when the aerosol MgCI 82 0.3284* 42 23# 2'9@
contains volatile anions, sulfate and non-volatile univa- NSCI*Z 0.7528 25’ 0 2 23
lent cations (N&, K*). In such cases, Ng) and Kaq NSO 0'9300 80'0 _o' 19
preferentially associate with Qg to form NaSOys N T\l (f 0'7379 30'4 0 0'39
and K;SQy before they are bound with N and a : : e
Cl(ag to form NaNGys, KNOgs), NaCls), and KCls). (NH4>23‘02 0.7997 80.0 —0.25
Other models may not adopt this approach and may lead NHaNO3 0.6183 852.0 —-1.15
to differences in predicted water uptake, especially at NHaCI* 0.7710 239.0 0.82
low RH. For example, in an aerosol with 2 moles of NH4HSOy 0.4000® 3ga.c® (+)'3
K(ag. 0.7 moles of S@ag. NO3ag and Clag, ISOR-  NaHSQ 0.5200% —45.0h (+).
ROPIA 1l predicts that Kaq will preferentially asso- LNg‘ng(SOMZ 8'838(’ 186.04 (+())’1
ciate with SQaq to form KoSOys). The remaining 2 é. ' a e
K(ag Will associate with N@ag and Clag to form H'HS‘4 0.000 - 8.00
KNO3 and KCI. This is because SQas HSOy) is HNO3 N/A - 2.60
less volatile than N@(as HNG) and Cl (as HCI) when HCI® N/A B 6.00
exposed to RH cycling, thus$0y) is more likely to
form. 1 Species in bold are new in ISORROPIA II

* Kim and Seinfeld (1995)

3.3 Simplifications and assumptions in ISORROPIA II

# Kelly and Wexler (2005)
* pilinis and Seinfeld (1989)

Numerous simplifying assumptions are taken to increase: Ha and Chan (1999)
computational speed and numerical stability without sub-° Kim etal. (1993)

stantially compromising rigor. These are:

— Data not available
ycasq=0

— Sulfuric acid, sodium and crustal species have a very .o <VHfHSO4'VKCI)1/2
low vapor pressure and are assumed to exclusively re- YH’iHHCS'O e\ 1/2
side in the aerosol phase. ¢ YNH4HSO= (7,,;‘0 4 )
. o . _d _ <w>” 2
The first dissociation of  sulfuric  acid YNaHSQ= PHCI
(H2SOyag—H™ + HSQOy) is assumed to be complete e

1/5
and not considered in the equilibrium calculations. )

3
Y(NH4)3H(SQy)2= (V(NH4)ZSO4'7’NH4HSO4

For a wide range of ionic strengths (0—30 M), typical of
ambient aerosols, the solubility product of magnesium

sulfate was found to be always less than its equilibrium

constant. Therefore, ISORROPIA |l assumes Mg§0

is always deliquesced when an aqueous phase is present,

avoiding any computations for precipitating Mg&&
out of solution.

— Calcium sulfate (CaSg) is assumed completely insol-

uble.

www.atmos-chem-phys.net/7/4639/2007/

— For sulfate rich cases (R2), NHgg, NOj,,

and C[,, are assumed minor species that
do not significantly perturb the equilibrium
through  the NI;T(Q)HZO(a@eNHI(aOD +OH g
HNO3(g) <H{5, + Nog(a(_il and HClg)<H ; + Cliyg
reactions, respectively. The code solves the appropriate
set of equilibrium reactions (for the major species)

and then the three gasgblHzg), HNO3g), HClg)

Atmos. Chem. Phys., 7, 4639-4659, 2007
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Table 5. Mutual deliquescence relative humidity, for the new salt mixtures modeled in ISORROPIA II

Salt Mixture MDRH*
Ca(NGg)p, CaCbh, KoSO4, KNO3, KCI, MgSOy, Mg(NO3)2, MgCly, NaNO3, NaCl, NH4NO3, NH4Cl - 0.200
(NH4)2$4, NH4N03, NH4C|, Na2804, K2504, MgSO4 0.460
Ca(NGg)2, KoSOy, KNO3, KCI, MgSOy, Mg(NO3)2, MgCly, NaNO3, NaCl, NH4NO3, NH4Cl 0.240
(NH4)2S04, NH4CI, Nax S04, KoSOy, MgSOy 0.691
Ca(NGg)2, KoSOy, KNO3, KCI, MgSOy, Mg(NO3)2, NaNO3, NaCl, NH4NO3, NH4Cl 0.240
(NH4) 2S04, NapS04, KoSCOy, MgSOy 0.697
K2SQy, MgSQy, KHSOy4, NH4HSO,4, NaHSOy4, (NH4)2S04, NapS0O4, (NH4)3H(S04)2 0.240
(NH4) 2S04, NH4NO3, NapS04, K2S0Oy, MgSOy 0.494
K2S0Qy, KNO3, KCI, MgSQy, Mg(NO3)2, NaNO3, NaCl, NH4NO3, NH4Cl 0.240
K2SQy, MgSQy, KHSO4, NaHSQ,, (NH4)2S04, NapS04, (NH4)3H(SO4)2 0.363
K2SQy, KNOg3, KCI, MgSQy, NaNO3, NaCl, NH4NO3, NH4Cl 0.596
K2S0Oy, MgSQy, KHSOy, (NH4)2S04, NapSO4, (NH4)3H(SO4)2 0.610
Ca(ND)2, KoSOy, KNO3, KCI, MgSOy, Mg(NO3)2, NaNO3, NaCl, NH4NO3, NH4Cl 0.240
K2SQy, KNOg3, KCI, MgSQy, Mg(NO3)2, NaNO3, NaCl, NH4NO3, NH4Cl 0.240

1 species iritalics determine the mixture for which the MDRH value has been taken.
* Obtained from Potukuchi and Wexler (1995a, b) for mixtures with closest composition (T=298.15 K)

Table 6. Observed and predicted mass fraction of water in the mu- NH4Cl(9-NapSOy(-K2SOy5)-MgSQys  mixture  is

tual deliquscence region, for an equimolar molar mixture of NgNO (not known and) assumed to be the same as for the
and Ca(N@), at 298.15K. Data obained from Choi and Chan (NH2)2S0y(5)-NH4NO3(5-NH4Cl(5)-NapSCQys)  mix-
(2002) ture. The absence of crustal species in the consideration
of the MDRH points of those mixtures is expected to
Water mass Water mass ay introduce small underprediction of water, since i) both
fraction (observed) fraction ISORROPIA II) potassium and magnesium have similar deliquescence
properties with sodium (Moya et al., 2001a), and, ii)
8:2% 8:322 g:jigi highly insoluble salts (i.e., CaSg)) do not signifi-
0.364 0.352 0.4258 cantly impact water activity, hence do not significantly
0.356 0.342 0.4087 contribute to DRH depression.
0.342 0.336 0.3952 _ . . .
0.336 0.320 0.3743 - OH(aq) is assumed a minor species.
0.319 0.309 0.3511 . .
0.299 0291 0.3203 — When crustal species are in excess compared to all the
0.281 0.271 0.2841 anions, ISORROPIA II assumes that the solution is
0.259 0.253 0.2457 close to neutral (pR¥7). This is consistent with a pres-

ence of excess carbonate in the aerosol phase, which has
a pK, of ~6.4 (Meng et al., 1995).

— Organic anions are not considered in the thermody-
namic calculations, hence their effect on water activity
and acidity is neglected. Non-volatile anions (crustal
species and sodium) that may be associated with or-
ganic acids are treated as “excess”, and not considered

are subsequently dissolved through the equilibria
described above. The same is assumed for the dissolved
undissociated ammonia, nitric and hydrochloric acid in
the aqueous phase (Nig, HNOg(ag, HClag)-

— For sulfate poor cases {R2) bisulfate ion (HSQ) in ISORROPIA II.
is considered a minor species from the reaction _
HSOZ(aq)eHE;q)"‘SOi@q) (see Table 3). - ;I'he DRH of NHiNOgz is strongly dependentlgn
emperature. Under low temperature conditions
— MDRH points for multicomponent mixtures containing (T<270K), this changes the order (starting from low
crustal species are not known; they are approximated to high RH) with which salts deliquesce (Fig. 2).
instead with data for known mixtures with as similar For these cases the DRH of YNOzs in ISOR-
as possible composition (Table 5). For example, ROPIA Il is assumed to not “cross over’ the DRH
the MDRH point for a (NH)2SOs)-NH4NO3g)- of the other salts present in the solution, especially

Atmos. Chem. Phys., 7, 4639-4659, 2007 www.atmos-chem-phys.net/7/4639/2007/
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Table 7. Coefficients ofn(ay) from the polynomial firm(aw)zk0+klaw+k2a,% +....
Species ko k1 ko k3 ka ks
Ca(NQ;); 36.356 —165.66 447.46 —673.55 510.91 —155.56
CaCE 20.847 —97.599 273.220 —422.120 331.160 —105.450
CasQ N/A N/A N/A N/A N/A N/A
KHSO} 1.061 —0.101 1.57%1072  -1.950x1073 9.515<107° —1.547x107°
KZSOZ‘ 1061.51 —4748.97 8096.16 —6166.16 1757.47 0
KNO# 1.2141x10%  —51173<10* 8.1252¢10% —5.752%10* 1.5305<10* 0
KCI% 179.721 —721.266 1161.03 —841.479 221.943 0
MgSO4<> —-0.778 177.740 —719.790 1174.600 —863.440 232.310
Mg(NOg)y  12.166 —16.154 0 10.886 0 —-6.815
MgCI;> 11.505 —26.518 34.937 —19.829 0 0
# source: Kelly and Wexler (2005)
* source: Kim and Seinfeld (1995)
* source: Kelly and Wexler (2006)
§ Same as NaHSPO
< source: Ha and Chan (1999)
since thermodynamic data for supercooled /N3 1 o
solutions are not known. The same is assumed for 09 NaCl
NH4Cls) and NaNQs, which exhibit similar behavior ' ::::fo
with NHaNOg(g) (Fig. 2). 08 1 —X—(NH,) 80,
0.7 —®—NH,CI
— You- andyy+ are assumed equal to unity, as the activity & - — DS
coefficient routines cannot explicitly calculate them. 067 T~ | et sy,
05f + : : ; —
— The temperature dependence of DRH for CagiNg), °\°\o\o\o
CaCb), Mg(NO3)2is and MgChs) has been calcu- 047
lated using thermodynamic data for the most hydrated 03 +——— o b0

forms of these salts (i.e. Ca(NR.4H,O, CaCh.6H,0,
Mg(NO3)2.6H,O and MgCh.6H,O, respectively) as

suggested by Kelly and Wexler (2005). DRH values and _. .
ig. 2. DRH as a function of temperature for all ISORROPIA salts.

equilibrium constants of these salts also correspond td
their most hydrated forms.

— Double salts (except for (NHzsH(SOs)2s)) and mul-
tiple hydration states are not considered in ISOR-
ROPIA 1l for computational efficiency. While the pres-
ence of these species may affect the partitioning of
species and the aerosol water content, it is likely that
for many atmospherically relevant conditions the effect
of these species on model predictions is small (San Mar-
tini, 2004; Wexler and Clegg, 2002).

3.4 ISORROPIA II: new features
The main improvements to the original ISORROPIA release
(Nenes et al., 1998) that are included in ISORROPIA 1l (and
in the latest release of ISORROPIA version 1.7, http://nenes.
eas.gatech.edu/ISORROPIA) are:

www.atmos-chem-phys.net/7/4639/2007/
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— Gasl/liquid/solid partitioning has been extended to in-
clude crustal elements that resulted in 10 more salts in
the solid phase and 3 more ions in the aqueous phase
(Table 3).

— In addition to a thermodynamically stable state the
aerosol can also be in a metastable state where no pre-
cipitate is formed (always an agueous solution).

— The water activity database has been updated, using the
output from the AIM model (http://www.hpcl.uea.ac.
uk/~e770/aim.html).

— Temperature dependency of the activity coefficients is
included. This has been done for both pre-calculated
tables and online calculations of activity coefficients.

Atmos. Chem. Phys., 7, 4639-4659, 2007
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of as a function of RH (ot,,) is obtained. Figure 3 shows

:::ﬁgM:g:;fNo , d comparison of mass fraction of solute as predicted by ISOR-
= XNaCIMGSO, e ROPIA Il and obtained by experimental data for a variety of
E 081 amgNo,),CaiNo,), d equimolar mixtures of salts. The experimental data used here
) © MgCl,:Mg(NO,,),:MgSO,, d have been taken from Ha and Chan (1999), Chan et al. (2000)
4 © MgCl,:MgSO,, " and Choi and Chan (2002). RH ranged between 0.20 and
8 0.61 =mgci,:MgNO,), ‘ 0.80, while measurements were made at room temperature
2 A Mg(NO,),:MgSO,, (21 to 23C). As seen in Fig. 3, ISORROPIA |l predictions
3 ou :::Zloca::g“)’s)z agree well with water activity measurements with an aver-
8 N age standard deviation (of the difference between predictions
g & and measurements) 6f0.018. A noticeable deviation from
R 021 &' the 1:1 line was found for NaCl:MgS©Qand NaCl:MgC
-E ) e mixtures under conditions of low RH (due to partial crystal-

e lization at low RH, Chan et al., 2000). Other mixtures were

04z . . . . found not to crystallize even at RH=30 or 20% (Ha and Chan,
0 0.2 0.4 0.6 0.8 1 1999; Chan et al., 2000; Choi and Chan, 2002).
mfs (measured) ISORROPIA Il is also evaluated against the predictions

of SCAPE?2 for a wide range of conditions characteristic of

Fig. 3. Comparison of mass fraction of solute as predicted by ISOR-urban, remote continental, non-urban continental and ma-
ROPIA Il (reverse mode, metastable state) and obtained from experrine aerosol (Heitzenberg, 1989; Fitzgerald, 1991; Ansari
imental measurements (Ha and Chan, 1999; Chan et al., 2000; Cheind Pandis, 1999a). For urban and non-urban continental
and Chan, 2002) for a variety of equimolar mixtures of salts. RH gerosol, sulfates, nitrates and ammonium are usually domi-
ranged between 0.2 and 0.8 for room temperature conditions (21 t¢,gt inorganic species. Sodium and chloride often compose
23°C). the majority of the marine particulate matter (usually with
some crustal species and sulfates present). This classifica-
tion is mainly qualitative, as mixing between aerosol types
often occurs in the atmosphere.

Table 8 lists the 16 different sets of precursor concentra-
tions that were used in the intercomparison study. Sulfuric

— The activity coefficient calculation algorithm has been acid concentrations range between 1.0+87n~3 for ma-

- < . : i : -3
optimized to increase computational speed and avoidin€ and non-urban continental and 10.0-}5g0n™ for ur-
numerical errors. ban and remote continental aerosol. For the 16 cases con-

sidered, conditions 3, 4, 15 and 16 are sulfate-rich<(R
— The tabulated Kusik-Meissner binary activity coeffi- or 1<R;<2), conditions 1, 2, 13 and 14 represent sulfate
cient data have been recomputed through the online calnear-neutral (R~2) aerosol and cases 5-12 are sulfate-poor
culations for the midpoint of each ionic strength inter- (R;>2, Table 8). For each set of precursor concentrations,
val. composition at thermodynamic equilibrium was calculated
. , for 11 values of RH ranging from 10-98%; temperature was
— A new subroutine has been added to provide the usefgy fixed at 298.15K. Both the thermodynamically stable

with the option to “force” ISORROPIA Il to conserve 4.4 metastable state solutions of ISORROPIA Il are com-
mass up to machine precision.

— The MDRH points for all the systems considered have
been calculated using the GFEMN model of Ansari and
Pandis (1999b).

puted.
For the intercomparison study we calculate the normal-
> =5l
4 Evaluation of ISORROPIA I ized mean error (NME), defined as NME—; , Where
2 Si

Salts of calcium, magnesium and sodium with chlorides, ni-7; represents predictions of ISORROPIA I for cass; pre-
trates and sulfates are very hygroscopic (Chan etal., 2000). Bictions of SCAPE2 and is the total number of cases con-
is useful to assess the capability of ISORROPIA Il to predict gjgered.

water activities of various aqueous mixtures of these salts. Finally, we compare the CPU time requirements between
Water activities ¢,,) for such mixtures have been measured SCAPE2 and ISORROPIA |1, stable and metastable solution
with an electrodynamic balance (EDB) from dilute concen- of ISORROPIA |1, as well as between ISORROPIA Il and

trations to high supersaturations (Ha and Chan, 1999; ChagrsORROPIA for all the simulation conditions of Table 8.
et al., 2000; Choi and Chan, 2002). EDB involves evaporat-

ing a levitated droplet through a step decrease of the RH of
the surrounding environment. In this way, the mass fraction
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Fig. 4. Concentration of aerosol watéa), nitrate(b), chloride(c), ammonium(d), total PM(e), and hydrogerff), as predicted by ISOR-
ROPIA Il (thermodynamically stable solution) and SCAPE2 for all the conditions described in Table 8. Temperature is set to 298.15K. All
units are inug m=3.

4.1 Overall assessment of ISORROPIA Il vs. SCAPE2  where SCAPE2 predicts higher water concentration com-
pared to ISORROPIA Il. This discrepancy is attributed to
For all the simulations performed in this work, the water ac-a) non-convergence of SCAPE2, which is corroborated by
tivity database of SCAPE2 was replaced with the one usedhe large CPU time required for obtaining a solution (see Ta-
in ISORROPIA Il (reflecting current knowledge on water ble 10), and, b) inaccuracies in the activity coefficient model
uptake). Activities of aqueous species in SCAPE2 were(both binary and multicomponent). At low RH the aque-
computed using Bromley’s formula for multicomponent ac- ous phase is highly non-ideal (i.e., low liquid water content,
tivity coefficients and the Kussik-Meissner method for binary hence high ionic strength), consequently small changes in ac-
coefficients. tivity coefficients may result in large changes in the dissolved
In Fig. 4 we compare predictions of aerosol water, nitrate, SPECi€s concentrations and predicted water uptake. On aver-
chloride, ammonium, total PM and hydrogen concentrations?de, at RH60% ISORROPIA Il predicts >40. A few cases
between ISORROPIA Il (stable solution, forward problem eXist (for RH>65%) for which ISORROPIA I predicts less
solved), and SCAPE2 for the conditions specified in Table 8 2erosol water than SCAPE2 (Fig. 4a); this originates from
Both models predict similar amount of aerosol water contentdifferences in aerosol nitrate which then affects water up-
(Fig. 4a) with a normalized mean error of 13.5%. Most of take. For a few marine cases, SCAPEZ predicts negligible

this discrepancy is found in the low RH regimes (R6D%)  Water due to non-convergence (Fig. 4a).
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Fig. 5. Same as Fig. 4 but using the metastable solution of ISORROPIA II. All units arg in—3.

In Fig. 4b, total aerosol nitrate concentrations are com-Sect. 4.2.

pared for all the input conditions of Table 8.

Even though a few differences exist in the

Overall, predicted concentrations of semi-volatile species, the to-

the agreement is very good with a mean error of 16.5%.tal PM composition (Fig. 4e) shows very good agreement
ISORROPIA 1l predicts non-negligible amount of nitrate (NME=13.0%). The worst agreement between the two mod-
for some urban cases while SCAPE2 does not. For a fevels was seen for Hpredictions (Fig. 4f) with the normalized
non-urban continental cases, ISORROPIA |l underpredictanean error significantly higher than for any other component
aerosol nitrate compared to SCAPE2. The sources of thestNME=64%). The discrepancy occurs at low RH (as it scales
discrepancies are further investigated through specific examwith water content).
ples in Sect. 4.2. SCAPE2 predictions are also compared against the
Aerosol chloride concentration predictions are shownmetastable state solution of ISORROPIA Il (Fig. 5). Ta-
in Fig. 4c where both models show similar results ble 9 shows normalized mean errors between ISORROPIA I
(NME=6.5%); small discrepancies are seen for a few ma-(both stable and metastable solutions) and SCAPE2 for the
rine cases (due to non-convergence of SCAPE2 solution) irsimulations of Table 8. As can be seen in Figs. 4, 5 and
which chloride exists in significant amount. Table 9, the stable state predictions of ISORROPIA Il are
For aerosol ammonium predictions (Fig. 4d), no sub-closer to SCAPE2 predictions. This is expected since only
stantial differences between the two models were foundfor low RHs (<40%) SCAPE?2 solution, by always attempt-
(NME=2.1%). Discrepancies were primarily found in some ing to solve for a liquid phase, deviates from the stable state
non-urban continental cases that represent a sulfate-poobehavior, moving towards the metastable state (see Sect. 3.2).
ammonium-rich environment and are further analyzed in
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Table 8. List of input conditions for model simulatiofis

Case Aerosol Type Na 4804 NHz  HNOgz HCl c&t K+t MgZt  Ri, Ry, R3
1 Urban (1) 0.000 10.000 3.400 2.000 0.000 0.400 0.330 0.000 2.14,0.18,0.18
2 Urban (2) 0.023 10.000 3.400 2.000 0.037 0.900 1.000 0.000 2.44,0.48,0.47
3 Urban (3) 0.000 15.000 2.000 10.000 0.000 0.900 1.000 0.000 1.27,0.31,0.32
4 Urban (4) 0.000 15.000 2.000 10.000 0.000 0.400 0.330 0.000 0.89,0.12,0.12
5 N-u Cont? Q) 0.200 2.000 8.000 12.000 0.200 0.120 0.180 0.000 23.9,0.80,0.37
6 N-u Cont. (2) 0.100 4.000 10.000 7.000 0.100 0.120 0.180 0.050 14.8,0.34,0.24
7 N-u Cont. (3) 0.023 5.664 12.000 2.000 0.037 0.120 0.180 0.050 12.4,0.18,0.17
8 N-u Cont. (4) 0.023 5.664 20.400 0.611 0.037 0.120 0.180 0.000 20.9,0.15,0.13
9 Marine (1) 2.000 1.000 0.010 0.300 3.121 0.100 0.100 0.070 9.36,9.30,0.80
10 Marine (2) 1.500 1.000 0.010 1.500 2500 0.360 0.450 0.050 8.66,8.60,2.21
11 Marine (3) 2.500 3.000 0.001 3.000 2500 0500 1.000 0.050 4.86,4.86,1.31
12 Marine (4) 3.000 3.000 0.020 2.000 3.121 0.360 0.450 0.130 5.14,5.10,0.84
13 Rem. ConP (1) 0.000 10.000 4.250 0.145 0.000 0.080 0.090 0.000 2.49,0.04,0.04
14 Rem. Cont. (2) 0.023 10.000 3.000 1.000 0.037 0.080 0.090 0.000 1.78,0.05,0.04
15 Rem. Cont. (3) 0.100 15.000 3.000 4.000 0.100 0.080 0.090 0.000 1.21,0.06,0.03
16 Rem. Cont. (4) 0.200 15.000 3.000 8.000 0.200 0.080 0.090 0.040 1.25,0.10,0.04

& Simulations for each case were conducted for 10, 25, 40, 55, 65, 70, 75, 80, 85, 90 and 98% relative humidity. Temperature was set to
298.15 K. Concentration given jig m—3.
b N-u Cont., non-urban continental; Rem. Cont., remote continental.

—- ISORROPIA I
—4+- SCAPE2

-~ |SORROPIA Il
—+- SCAPE2

30 40 50 60 70
Relative Humidity, %

a g

10

20 80

Relative Humidity, %

3.0T 0.25
-~ |[SORROPIA I - o —o -o- |[SORROPIA Il
@ 2-5-5 -4~ SCAPE2 ®©  0.27 -+~ SCAPE2
E E
o 201
= 2 0.15-
g/ 1.5 ’&?
F & 0.1+
I 4
T 1o =}
ot 0.05-
b (c) E (d)
0.0 ® o * - ¢

30 40 50 60 70 80 100

Relative Humidity, %

30 40 50 60 70 80 90 10 20

Relative Humidity, %

10 20

Fig. 6. Concentration of aerosol watéa), aqueous potassiuth), agueous ammoniuife), and aqueous nitrafgl) as predicted by ISOR-
ROPIA 1l (thermodynamically stable solution) and SCAPE2 for the urban (1) case (Table 8) corresponding to a sulfate rich aerosol behavior
(1<R1<2). Temperature is set to 298.15K.
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Fig. 7. Concentration of aerosol watéa), aqueous potassiufb), solid sodium chloridéc), and agueous magnesiuut) as predicted by
ISORROPIA Il (thermodynamically stable solution) and SCAPE2 for the marine (4) case (Table 8) corresponding to a sulfate poor, crustal
and sodium rich aerosol behavidt{(>2, R>>2). Temperature is set to 298.15K.

Table 9. Normalized mean errors between ISORROPIA Il and SCAPE?2 for the simulations in Table 8.

NME (%) HoO(p) NOg() Cliyy  NHg) Total PM - HY
ISORROPIA Il (Stable) 13.5 16.5 65 21 13.0 64.9
ISORROPIA Il (Metastable) ~ 14.7 23.7 66 6.7 14.3 68.0

4.2 Understanding the discrepancies between ISORjow relative humidities, while ISORROPIA Il predicts grad-
ROPIA Il and SCAPE2 ual deliquescence of 4804 from 65% to 85% RH. How-
ever, SCAPE2 predicts complete deliquescence £5®
The previous discussion provides an overall intercompari-at RH=55% which may be due to non-convergence of its
son of the two models for a broad RH and composition do-numerical solution. Particulate phase ammonium is mainly
main; some cases are further examined to understand theresent as ammonium bisulfate (MHSOy(s)) and letovicite
causes of discrepancies. In Fig. 6 we compare aerosol Wa{NH4)3H(SOs)2(s)) in ISORROPIA 1. However, SCAPE2
ter content, aqueous phase potassium, agueous phase ammedicts the formation of (NiJ3H(SQO4)2 only, throughout
nium and aqueous phase nitrate concentration predictions fahe whole RH regime. This can also be seen in Fig. 6¢
case 3 (see Table 8) which produced the largest discrepanayhere ISORROPIA Il predicts a two-step dissolution of
in aerosol water and total PM concentrations. This case repammonium; one at RH=40% from the deliquescence of
resents an urban type aerosol with the solution being highlyNH,)3H(SOs)2 and one at RH=70% from the deliques-
acidic (R1=1.27). Under such conditions, the water contentcence of NHHSOy. Water uptake with SCAPE2 ex-
discrepancy between the models is largest for low RHs fomibits deliquescence only of (NbsH(SOs)2(s) at RH=40%.
the reasons outlined in Sect. 3.2 (i.e., differences in soluBoth models predict similar amounts of aqueous phase ni-
tion dynamics). This is clearly shown in Fig. 5a where only trate for all RHs (Fig. 6d) which justifies the assumption of
for RH>70% SCAPE2 and ISORROPIA Il closely follow [ISORROPIA Il for considering NQau) a minor species for
each other. SCAPE2 predicts significant amount of aquesulfate-rich cases.
ous phase potassium (Fig. 6b) and ammonium (Fig. 6¢) at

Atmos. Chem. Phys., 7, 4639-4659, 2007 www.atmos-chem-phys.net/7/4639/2007/



C. Fountoukis and A. Nenes: ISORROPIA II: a new aerosol equilibrium model 4655

Table 10.CPU time required for the simulations in Table 8.

Aerosol case Convergence ISORROPIA II SCAPE2 CgLF;SLsFCngEIZAII Cg&gjssggz:f:;‘:::w CCF;%SS%RRF;%PF',’IX !
criterion (stable) CPU time (ms)
CPU time (ms)

Marine 30 50 16.7 1.16 1.0
Urban 3 20 210 10.5 1.09 1.0
Remote continental 10 20 440 22.0 1.05 1.0
Non-urban continental 20 110 55 1.00 1.0
Marine 30 >1000 >1000 1.16 1.0
Urban - 20 280 14.0 1.09 1.0
Remote continental 10 20 >1000 >1000 1.05 1.0
Non-urban continental 20 420 21.0 1.00 1.0
Marine 30 >1000 >1000 1.16 1.0
Urban 5 20 >1000 >1000 1.09 1.0
Remote continental 10 20 >1000 >1000 1.05 1.0
Non-urban continental 20 1250 62.50 1.00 1.0

Figure 7 shows comparison of aerosol water, Ng@nd 4.3 Metastable vs. stable solutions
K(ag and Mgaq predictions for case 12 (see Table 8), which
is a sulfate poor, sodium and crustal species rich aerosorhe differences between metastable and stable thermody-
(R1=5.1). The two models agree well (mean error of 5.1%) namic solutions of ISORROPIA Il are illustrated in Fig. 9,
in aerosol water content predictions (Fig. 6a). SCAPE2,which shows aerosol water and aqueous potassium concen-
however, predicts significantly higher aqueous potassium fotration as a function of relative humidity for a sulfate near-
RH<40% (Fig. 6b). This is mainly due to different ap- neutral aerosol (case 13 of Table 8). SCAPE2 is also included
proaches used to associatgd with NO3ag and SQ@ag at  for comparison. The thermodynamically stable solution of
low RH. ISORROPIA 1l uses the principle of “compositional ISORROPIA Il predicts deliquescence of the aerosol mixture
invariance” (Sect. 3.2), hence it preferentially associatesat 60% RH (DRH of ammonium nitrate). The MDRH for this
K (ag With SOyaqg to form KoSQOys), and then KNQ(s) and specific aerosol mixture is 0.46, which explains the presence
KCli). SCAPE2 tends to associatgalfy with NO3ag as  of aqueous potassium (and aerosol water) in the deliques-
KNO3g), then with Claqg as KClg) and then with SQaq as  cence solution of ISORROPIA Il for RH below 60%. As ex-
K2SQOy. Since the DRH of KG is lower than KSOy), pected, the metastable solution predicts significant amounts
SCAPE?2 deliquesces aerosol potassium at a lower RH thaof water below the MDRH (and by definition particulate
ISORROPIA 1. Unlike potassium, both models predict the potassium is deliquesced at all RHs). The ionic strength are
association of sodium between nitrate (Nad¥) and chlo-  similar in both metastable and stable solutions (which for RH
ride (NaCls)) in a similar way. This is shown in Fig. 6¢ between 55 and 75% ranges between 40 and 20), suggesting
where the dissociation of Nagl as a function of RH is sim-  that the variations in Fig. 9 are from differences in water up-
ilar between both models (NME=12.1%). Aqueous magne-take. SCAPE?2 yields a solution that is between the stable and
sium is the same in both models (Fig. 7d), which verifies themetastable ISORROPIA 1l. Below 40% RH, the predicted
ISORROPIA Il assumption that MgSg3), never precipitates  concentration of aerosol water by SCAPE?2 is slightly larger
out of solution (Sect. 3.3). than the stable solution of ISORROPIA 1l (Fig. 9a). This re-
In Fig. 8 we compare aerosol water, Bl and NHag sults in partial dissolution of aerosol potassium &40%)
as a function of RH for case 5 (a sulfate poor, ammo-predicted by SCAPE2 as opposed to the stable solution of
nium rich aerosol, R=23.9, R=0.80, R=0.37). Compared ISORROPIA Il which does not predict deliqguescence of
to SCAPE2, ISORROPIA II slightly underpredicts aerosol aerosol potassium for this RH regime (Fig. 8b). A signifi-
water, aqueous nitrate and ammonium. This difference iscant difference in predictefl is also found between ISOR-
seen between 25 and 65% RH, because SCAPE2 predicROPIA Il and SCAPE (e.g., at RH=40% SCAPE2 predicts
total deliquescence of sulfates at RH=40% while ISOR-7=85 while ISORROPIA Il (metastable) predidts64).
ROPIA Il does at RH=70%. The increase of water content

shifts the equilibrium of HN@Qg <~— HE;®+NO3<aq) and 4.4 “Forward” vs. “Reverse” problem solution

NHs(g+H20(ag <—>Nij(aq) + OH,, to the right predicting _ _

more aqueous nitrate (Fig. 7b) and ammonium (Fig. 6c) for'SORROPIA Il is designed to solve both forward and re-

the same RH regime. verse problems. It is useful to assess whether the two so-
lution modes predict identical outputs for the same input.
For this assessment, the output from the forward problem
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The timing tests were performed on a Dell 8300 Intel Pen-

tium 4 CPU 3.20 GHz, 512 MB of RAM workstation running
Fig. 8. Concentration of aerosol wat¢a), aqueous nitratéb), Windows XP operating system. Both codes were compiled
and aqueous ammoniu(g) as a function of relative humidity as  with Watcom FORTRAN compiler version 2.0 with full op-
predicted by ISORROPIA Il (thermodynamically stable solution) timization options on. Table 10 shows the CPU time needed
and SCAPE?2 for the non-urban continental (1) case (Table 8) correhy the two models for the aerosol types described in Table 8.
sponding to a sulfate poor, ammonium rich aerosol behakipr@,  |SORROPIA Il consumes much less CPU time compared to
Rz<2). Temperature is set to 298.15K. SCAPE2 with the difference being at least an order of mag-
nitude for all aerosol cases. The amount of time required by
ISORROPIA 1l for each aerosol case was found to be ap-
proximately the same even if the convergence criterion for
(particulate phase concentrations of NISQy, Na, Cl, NG, solids and water was decreased down tof16r 10-7 which
Ca, K, and Mg) has been used as input to the reverse prolis a proof of the rapid and robust convergence of the code.
lem. The two solution modes are assessed by comparingiowever, larger convergence criterion was used for the in-
predictions of aqueous nitrate and sulfate. Since sulfate isercomparison study (see Table 10), to assure a quick and
only found in the aerosol phase, aqueous phase sulfate calcaonvergent solution from SCAPE2. For completeness we
lations are used to evaluate the solid/liquid partitioning be-also compare the CPU time required by ISORROPIA (ver-
havior between the two solution algorithms, while aqueoussion 1.7, 15 March 2006) for all the simulation conditions
nitrate is used as a proxy for gas-aerosol partitioning (for allof Table 8, but with crustal species set to zero). Although
the conditions specified in Table 8). The agreement betweehSORROPIA 1l solves for more species than ISORROPIA,
the two solutions was found to be excellent with the NME it is not slower because of optimizations in the activity co-
being 3.4:1.1% for aqueous sulfate and 2.5.3% for aque-  efficient calculation algorithm in ISORROPIA II. Finally, in
ous nitrate concentration. Table 10 we compare the CPU time required by the stable
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and metastable solutions of ISORROPIA II. As expected, the

metastable solution is slightly faster than the stable solutiorEdited by: J.-L. Jimenez
since the absence of solid species requires the solution of

fewer equations.
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