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Abstract. The partitioning of reactive nitrogen compounds 1 Introduction

between the gas and the aerosol phase, as observed dur-

ing the MINOS (Mediterranean INtensive Oxidant Study) The MINOS (Mediterranean INtensive Oxidant Study) cam-
campaign in Crete, Greece, in July and August 2001, hagaign (Lelieveld et al., 2002; Salisbury et al., 2003) took
been studied with three thermodynamic gas-aerosol equiplace in summer 2001 (28 July till 21 August) with the ob-
librium models (EQMs) of different chemical complexity: jective to study the chemical and transport processes that
ISORROPIA, which is limited to the ammonium-sulfate- cause the relatively high pollution concentrations often en-
nitrate-sodium-chloride-water-system; SCAPE2, which alsocountered in the Eastern Mediterranean lower atmosphere
includes mineral elements (calcium, magnesium and potastFig. 1).

sium); and EQSAM2, which additionally accounts for or- The measurements provided evidence of a remarkably
ganic acids. The different EQMs are constrained by mea-high level of air pollution from the surface to the top of the
sured gas (g) and aerosol (a) concentrations: Total ammonigoposphere up to 15km altitude. Most pollution was ob-
(NH3(,) and Nl-g(a)), total nitrate (HNQ,) and Nq;(a)), to- served in the lower 4 km, originating from both western and

tal sulfate (HSQy, and Scﬁ(—a)), total chloride (HC/,, and eastern Europe (Lelieveld et al., 2002; Traub et al., 2003).

_ . . . During MINOS the observations at Finokalia were strongly
+ +
Cl(a))' sodium (N%Z)), calcium (C ) magnesium (Mé))’ influenced by the transport of air pollution from SE-Europe.

potassium (K ) and organic acids (a). Although the three The sources include industrial activity, traffic, forest fires,
EQMs differ considerably in particular aspects, their appli- agricultural and domestic burning. Since the Mediterranean
cation at the same level of complexity yields comparable re-ggion is nearly cloud-free in summer, the solar radiation lev-
sults for the equilibrium composition and phase partitioning |5 gre high so that noxious reaction products are formed in
of ammonia and nitric acid, i.e. within the range of measure-photochemical smog. The consequent air pollution includes
ment uncertainties~10%). Their application at different z0ne, various aerosol precursor gases and acidic or hygro-
levels of complexity, however, gives rise to substantial dif- scopic aerosol particles with distinct chemical composition.
ferences for the gas-aerosol partitioning of reactive nitrogen The most abundant aerosol precursor gases are ammonia
compounds. Our results show th{_;lt on!y if (soluble) mineraI(NHs)’ sulfuric acid (HSQy) and nitric acid (HNQ). While
components and (lumped) organic acids are accounted foyH. is an end product of biogenic activity, being emitted by
the observed gas-aerosol partitioning of ammonia and ”'tr'crarming and fertilization, SO, and HNG; are acids and
acid can be accurately reproduced for air pollution episodeg,yiqation products from gas-phase photochemistryS®
characterized by a complex chemical mixture, typical for the yerives from sulfur dioxide (S® and HNG from NOy
Mediterranean lower atmosphere. (NO.+NO), i.e. trace gases released from combustion pro-
cesses, e.g. in fossil energy production and traffic. Additional
aerosol precursor gases include hydrochloric acid (HCI) and
various condensable organic acids (R-COOH). While sulfu-
ric and nitric acid in the Mediterranean region mainly origi-
Correspondence tdS. Metzger nate from anthropogenic activities, the origin of organic acids
(metzger@mpch-mainz.mpg.de) is manifold and less clear; a certain fraction originates from
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Fig. 1. Map of the eastern Mediterranean region, Crete and Finokalia station where the MINOS campaign was performed.

anthropogenic activity and, depending on the season, from The anions are neutralized by cations through various re-
natural sources such as forests and coastal ecosystems. action pathways, being important for several reasons. Firstly,
The corresponding ions are ammonium Q\DH sulfate  trace gases with a short lifetime of a day or less can parti-
(30421_)! bisulfate (HSQ), nitrate (NG;), chloride (CI), tion into aerosols, which subsequently have a much longer
and organics (R-COO). Except for NH these are anions lifetime of about a week depending on size, composition
associated with gas-aerosol partitioning and the formatiorA?d meteorological conditions. ~For instance, Jigacts
and growth of secondary aerosols (i.e. formed within the at-With H2SCs to form stable ammonium sulphate salts that
mosphere), while the major cations are mainly of natural ori-areé mostly confined to the aerosol fine mode. Secondly, the
gin (primary aerosols), present in the coarse mode particle§alts are more-or-less hygroscopic, so that the aerosols inter-
and not undergoing gas-aerosol partitioning (but liquid-solid@ct with natural and anthropogenic gases by heterogeneous
partitioning). Most important are sodium (Nporiginat- ~ "éactions on aqueous or dry aerosol surfaces.
ing mainly from bubble bursting sea spray, calcium3Oa The present study addresses the influence of mineral
magnesium (Mg+) and a minor fraction of potassium K cations and organic acids on the gas-aerosol partitioning of
which originate from mineral dust, e.g. Saharan dust. Thereactive nitrogen compounds in the Mediterranean lower at-
major mineral cations present in the fine mode largely origi-mosphere. We focus on nitrate and ammonium as they are
nate from anthropogenic activity, including ljkithe cation  the two dominant nitrogen-containing compounds in aerosol

of NHz, and “pyrogenic” potassium (K) from biomass particles, mainly of anthropogenic origin.

burning. While it has been demonstrated that nitrate is mainly

present in the form of ammonium nitrate e.g. in northwestern
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and central Europe (e.g. Schaap et al., 2002), previous siz2 Measurements

fractionated aerosol measurements conducted in the Mediter-

ranean have indicated the near-absence of submicron n2.1 HNGO; and NH;

trate (Bardouki et al., 2003). The high hydroxyl (OH)

levels occurring in the area during summer (up to aboutThe technique used for the sampling of atmospheric HNO
2.10” molecules/crd), in conjunction with the relatively high ~and NH is based on the nebulization/reflux principle (Cofer
NOX (NO+NOZ) concentrations and the lack of precipita_ et al., 1985, Sciare and Mihalopoulos, 2000) The Cofer sam-
tion, promote the build-up of HN§from gas phase reactions Pler was running with an average flow rate of 16 L min
(Berresheim et al., 2003). Once HN@ formed, it is most ~ and the sampling step was 2-3 h. After sampling the aliquots
likely captured by coarse mode f1.2,um) sea-saltand dust for HNO3 and NH; analysis were kept refrigerated &tCGl
particles, leading to a depletion of aerosol nitrate in the finein the dark and analyzed within a month period using lon
mode (D<12Mm) On the other hand, when ammonia is Chromatography (See details bE|OW). The detection limit
present in excess ammonium nitrate can be formed duringor @ mean sampling volume of 3*mwas found to be
night; however, since this salt is thermodynamically not sta-20 pmol mol* and the precision was estimated to be 15%.
ble, it can evaporate during the day whereby the aerosol pre- . ,

cursor gases Niand HNG; are likely to condense on pre- 2-2 Aerosol sampling and analysis

existing and larger aerosol particles (e.g. Wexler and Sein- .
feld, 1990). As a consequence, some anthropogenic air pole’u'k aerosol samples were collected on @rb PTFE fil-

lutants may not (or only during night) be confined to the fine ters rurlmmg |r: parallel W'IIT thtengfe_r sartrr:pler. In ':_otal, 22'6d
aerosol mode but rather interact with larger particles which3€roso! samples were collected during the sampling perio

might be of natural origin such as sea salt and mineral dusgnd subsequently analyzed for the main anions and cations
aerosol y lon Chromatography. To obtain an impression of the dis-

tribution of aerosols over the fine and coarse mode, we also
o collected aerosol samples in parallel on Stack Filter Units
To study the gas-aerosol partitioning of these compound?SFUS)_ The 50% cut-point diameter (D50) of thei® pore
by considering inorganic and organic acids together with the ize filter was estimated to be of the order of @1 um
major mineral cations that originate from sea salt and minera AD. More details can be found in Sciare et al (2085)

. + 24 + . AU . .
dust (|._e. Ng, Ca#*, Mg=", K™), we employ the ava|I.e}bI(_e For the analysis of anions (chloride: Cl bromide:
and widely used thermodynamic gas-aerosol eqU|I|br|umBr__ nitrate: NGj; sulfate: S@*' oxalate: GOZ-) a

. y . ’ - ’ . 4
models ISORROPIA (Nenes et al., 1998), SCAPE2 (Kim Dionex AS4A-SC column with ASRS-I suppressor in auto-

et al., 1995; Meng et al., 1995) together with EQSAM2, suppression mode of operation was used and isocratic elution
which derives from EQSAM (Metzger, 2000; Metzger et at 2.0ml mim! of NapCOs/NaHCQ; eluent. Organic anions

al. 2002a,b). In contrast to ISORROPIA and SCAPEZ2, vzed usi . h h
EQSAM2 includes both lumped organic acids and mineraIWfare analyzed using a Dionex DX-500 lon Chromatograp
with an AS11 analytical column and NaOH (0.1-3.5 mM) as

cations; ISORROPIA is limited to the ammonium-sulfate- . ; : L
) : . : . eluent in the gradient mode. For the cations (sodium?;Na
nitrate-sodium-chloride-water-system, while SCAPE2 addi- . i o .
ammonium: NI{, potassium: K; magnesium: M§" and

tionally includes major mineral cations (&g Mg+, K*). o :
Compared to EQSAM, EQSAM2 also includes an extendedcalc'um' C&") a CS%Z'SC CO'U”?” was used .W'th C.SRS'I .
suppressor. Separation was achieved under isocratic condi-

description of gas-liquid-solid partitioning by accounting for > ; -
the various mineral salt compounds based on theoreticall fons with 20 mM MSA eluent and flow rate of 1.0 mi/min:

- 0
derived activity coefficients and single solute molalities. A he reproducibility of the measurements was better than 2%

brief summary of the main new features of EQSAM2 is given and the detection limit ranged from around 5 ppb for the main

in the Appendix. A detailed description, including theoreti- anions and cations to below 0.2 ppb for the major organic an-

cal aerosol thermodynamics considerations, is in preparatioﬁons' More Qetalls on the analytical technique can be found
for a separate publication. in Kouvarakis and Mihalopoulos (2002).

To support our modeling study, major low molecular
. eight (LMW) organic anions, being weak acids, were
Note that all models are <.:onstr.a|ned by meas“fed gas (gl\ﬁmped together according their protonation constant, as they
and aerosol (a) concentrations, i.e. total ammoniagNH iaht be d dinth f R ion R1
and NH;, ), total nitrate (HNG,, and NOj), total Sul- might be deprotonated in the presence o wate_r( eaction F )
@7 - (&) < (@)™ and neutralized in case of excess cations, for instance sodium
fate (H,SQu(y) and SG,), total chloride (HCl) and C[,)),  (Reaction R2), potassium (Reaction R3) or ammonium (Re-
sodium (Nd,)), calcium (C4), magnesium (M), potas-  action R4).
sium (K(+)) and organic acids (a), from which the phase par- , _ "
titioningabetween the gas/liquid, gas/solid and liquid/solid R-COOH+ Hg(f & R-CO0" +H30 (R1)
aerosol phase and the equilibrium composition is calculatedR—COO™ +Na" <= R—-COONa (R2)
by the models. R-COO +K' <= R-COOK (R3)

www.atmos-chem-phys.net/6/2549/2006/ Atmos. Chem. Phys., 6, 256%-2006
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Fig. 2. Schematic description of the compounds and gas-aerosol partitioning processes included in EQSAM2.

R-COO + NHjlr <= R—COONH; (R4) (A. Roemp et al., personal communication) confirm this con-
clusion. Note, however, that the total particulate organic mat-

Similar to the study by Trebs et al. (2005) equivalent molester (POM) was not measured and that the identified organic

were calculated as a first approximation assuming that monoacids might only account for a small fraction of POM (ap-

, di-, and tricarboxylic acids form e.g. the respective mono-,proximately 10% according to Sect. 4.2.3).

di-, and tri-ammonium salts. By this we simply assume that

the acids donate all Hto be neutralized by bases such as am-

monia (NH), which forms the cation ammonium (l\lH. In 3 Model description

addition we assume that the organic acids might be neutral-

ized by the other cations (NaCa*, Mg?", KT). Although  The gas-aerosol partitioning of inorganic and organic aerosol

it is difficult to estimate the degree of acid dissociation (the compounds is modeled assuming thermodynamic and chem-

pH of the sampled aerosol is not known), we assume thatcal equilibrium. To study the gas-aerosol partitioning

e.g. full acid dissociation of ammonium salts occurred, sincewe use the thermodynamic equilibrium models (EQMs)

excess of NH was available at the site. Organic acids are ISORROPIA (Nenes et al., 1998), SCAPE2 (Meng et al.,

therefore added to the ionic charge balance accounting fo1995), which derives from SCAPE (Kim et al., 1995), and

the total of carboxylic groups. EQSAM2, an update of EQSAM (Metzger, 2000; Met-
During MINOS the following classes of organic acids zger et al., 2002a; see Appendix). The gas-aerosol equi-

were measured: monocarboxylic (formate, acetate and prolibrium models are driven by observations and partition the

pionate), dicarboxylic (oxalate, succinate and glutarate) andnajor aerosol precursor gases and aerosol compounds be-

ketocarboxylic (pyruvate). The above measured organidween the gas-, liquid-, or solid aerosol phase based on

species account for the majority (more than 80%) of thethe total of aerosol precursor gases and aerosol compounds.

organic acids existing in the aerosol phase (Kawamura efThe gas-aerosol partitioning represented by EQSAM2 is

al., 1996; Kawamura and Sakaguchi, 1999; Krivacsy et al.,schematically described in Fig. 2. The aerosol precursor

2001) and concurrent measurements during the campaiggases are ammonia (N sulfuric acid (HSQy), nitric acid

Atmos. Chem. Phys., 6, 2548567, 2006 www.atmos-chem-phys.net/6/2549/2006/
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(HNO3), hydrochloric acid (HCI), and condensable organic dominant. For instance, sea salt particles are very hygro-
acids (R-COOH), the latter being lumped together accord-scopic (mainly due to the presence of Mgglso that the

ing to the total number of carboxylic groups. The corre- salt compounds deliquesce as soon as the relative humidity
sponding ions are ammonium (Ijht sulfate (S@*), bisul- (RH) exceeds the relative humidity of deliquescerigelD);

fate (HSQ)), nitrate (NQ}), chloride (CI), and lumped or-  €.9. for MgCp the RHD is very low, i.e. 32% (at 298 K).
ganics (R-COO), respectively. For each aerosol speciesAt RHD, the aerosol particle is then assumed to be a satu-
the aerosol precursor gases and anions are added (i.eated solution of the inorganic salt compound(s) with the salts
NHz+NH}, H2SO4+SO§1_+HSOZ’ HNOs+NO;, HCI+CI~ completely dissociated into the anion-cation pairs. By in-
, R-COOH+R-COO0) and the total is used as input in the cluding theRHDs of various mineral salt compounds includ-
gas-aerosol models together with the total of the corresponding MgClp, we can account for the fact that the air over sea
ing (major) cations, i.e. sodium (Na, calcium (C&"), mag-  is often foggy, even at a loRH, simply due to the presence
nesium (M@+) and potassium (K). of MgCls in sea salt aerosol particles. As a consequence, we

The gas-aerosol equilibrium models (re-)partition the an-C2" clearly distinguish maritime from continental, polluted

ions based on stochiometric neutralization reactions Withan_lq unpqllutelid ar. W th . dels within 3-D
the cations, assuming chemical equilibrium, so that stronger o opthna Y apply the comp_osmon moaels W'.t n o
acids drive the weaker acids out of the aerosol phase. Forr_eg'(_)nal ar po_IIutlon or global climate mOd?'S' a S|m_pI|f|ca-
instance, chloride and nitrate anions are replaced by sulfatlalon('jS mage W'}h rgsgect tg the shet of C“e”?'ca' .reactlr? ns thatf
anions, since sulfuric acid is stronger than hydrochloric orN€eds to be solved. To reduce the computing time, the set o

nitric acid with respect to neutralization reactions. Chlorine che'rmcal rea'ct'lo_ns IS m|n|m|zed for a ce.rtaln aerqsol com-
release from the aerosol particles will follow the formation position by dividing the entire concentration range into cer-

of nitrate. Organic acids are assumed to be weaker than thf3in conce_ntration d_omains (aerosol types) and sub-domai_ns
considered inorganic acids and are therefore driven out of th _RHD regimes), which match th? actual ae_rosol compost-
aerosol phase in case of insufficient cations. Similarly, am_t|on (e.g. sulfate .neutral, sulfate rich or very rich cases, etc.).
monium is driven out of the aerosol phase (in the form ofTh'SI frg(;r:)ezwork '3 ckc])mmfon to all EhQM§ ufseczj, Se_? Metzger
ammonia) in the presence of excess mineral cations. Sincgts' (h a), an ,t ere erenceslf Eerel\l/ln or stal S: lcul
mineral cations originate mainly from primary production urt ermore_i_, It |s;|3r2mon ;o all EQ I'S u_je |t?j caicu atle
(e.g. wind blown dust or sea spray) they are therefore mainl;emp_era_ture ( )_ an ependent gas-liquid-solid aeroso
present in the coarse rather than the fine aerosol particle&aft't'on'ng' This includes crystallization (or the deliques-

Thus cations strongly determine the particle size distribution,;eﬁge and dISSOCIatc;Ol’l Iyrigngm?)hOf sallt compounéjs, i fthe
which in turn affects the gas-aerosol partitioning related to rops (or exceeds) t of the salt compound or 0
the ionic composition. the mixture of salts (then called MRHD — mutual relative

) o ) humidity of deliquescence). The EQMs finally compute the
_To take size distribution effects into account, we €on- 4eros0l composition for a certain RH and the total of the
sider in this study simply a bi-modal aerosol size-spectrumgag and aerosol concentrations, based on the gas-liquid-solid,
with two major aerosol modes, i.e. the fine<D.2um) and 4 gas-Jiquid, or gas-solid partitioning (either of one depend-
coarse (D-1.2um) mode. For each mode, we calculate j,q"on T, RH and the input concentrations), including the
the equilibrium composition from the total gas and aerosol¢qrresponding solid and/or ionic compositions, the aerosol
concentrations. The gas-aerosol equilibrium partitioning iSassociated water mass and other derived aerosol properties

hereby based on size-segregated aerosol compounds that dg-q nH; or ionic strength of the solution) which are difficult
rive from the measured ion concentrations in the two modest0 measure.

The EQMs used calculate the gas-aerosol equilibrium par-
titioning based on the following assumptions. First of all,
aerosol particles are assumed to be in thermodynamic and Results
chemical equilibrium and internally mixed. While the latter The MINOS measurements taken at Finokalia, Crete, in the

gssumptlon might be qugstlonablg “”d.ef certain COm.j'tlor]SSOUthern Aegean Sea (Fig. 1) were analyzed with the gas-
i.e. for coarse mode particles which originate from mineral

.aerosol partitioning models for the MINOS core period, i.e.

dust (see discussion section), the equilibrium assumption 15 18 August 2001, This core period can be subdivided into

justified ESP?C'?‘”V f(_)r fine particles. Smaller pgrtlcles havethree different periods, i.e. two humid periods interrupted by
shorter equilibrium time-scales than larger particles due to a

larger surface to volume ratio. The equilibrium timescaleadry period:

is within the range of minutes to one hour for the condi- — Period | (1 August-6 August 2001) was dominated
tions considered (Meng and Seinfeld, 1996), which is much by moderate winds from north-northwesterly direction,
shorter than the measurement intervals of about 2-3h. How-  bringing humid air enriched with high levels of sea salt
ever, also the coarse particles can be regarded as internally from central and western Europe over the lonian Sea to
mixed (and hence in equilibrium), if salt compounds are pre- Crete.

www.atmos-chem-phys.net/6/2549/2006/ Atmos. Chem. Phys., 6, 256%-2006
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I. Period (1.8.-6.8.) I1. Period (6.8.-12.8.) I1l. Period (12.8.-18.8.)
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Fig. 3. Temperature (T), relative humidityrH) and potassium (K) time evolution during the MINOS campaign for three different air
pollution periods: Period | (1 August—-6 August 2001) dominated by sea salt, period Il (6 August—12 August 2001) dominated by mineral
dust and biomass-burning air pollution, period Ill (12 August-18 August 2001) dominated by sea salt and biomass-burning air pollution.
Note that potassium concentrations [nmaiJnused as indicator for biomass burning, are scaled by a factor of two.

— Period 1l (6 August—-12 August 2001) was dominated characteristic. Time averages for the three different periods,
by subsidence, depositing pre-dominantly mineral dustincluding the time averages over all periods of the observed
from Saharan outbreaks, which was mixed or partly aerosol and aerosol precursor gas concentrations in units of
coated with biomass burning air pollution. nanomole per cubic meter of air (nmofyrare shown for

the fine and coarse mode in Fig. 4 (note the different scal-

— Period 11l (12 August-18 August 2001) was dominated ing). The major mineral cations (N&from sea salt aerosols,
by moderate winds from north-northeasterly direction C&+, Mg?*) are present in the coarse mode (more than 95%
bringing again humid air with high levels of sea salt par- of the total concentration) which indicates their natural ori-
ticles though in this case from eastern Europe over thegin. The major mineral cation present in the fine mode is,
Aegean Sea to Crete. Similarly to period II, the air was besides NH, pyrogenic potassium K (more than 70% of
mixed with pollution from biomass burning. the total concentration; Sciare et al., 2005).

4.1 Observations

For the three different periods that characterize the MINOS The measurements further indicate that the major anthro-
campaign, time evolutions of the air temperature (T) and thepogenic air pollutants are distributed over both the aerosol
relative humidity RH) are shown in Fig. 3, together with fine and coarse mode. For instance nsﬁFS@ mainly
fine mode (D<1.2,.m) non-sea-salt potassium (ns$-Kthe present in the aerosol fine mode in contrast to aerosol ni-
latter is conceived to be an indicator for biomass burning airtrate, which is confined to coarse mode particles. For a fur-
pollution. ther discussion of the measurements, we refer to Salisbury et
The three different periods can also be characterized by thal. (2003), and Sciare et al. (2005). In the following we focus
pollution levels of atmospheric aerosols and their ionic com-on the gas-aerosol partitioning modeling of reactive nitrogen
position. In particular, the concentration levels of cations arecompounds.

Atmos. Chem. Phys., 6, 2548567, 2006 www.atmos-chem-phys.net/6/2549/2006/
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Observation: Fine Mode [nmol/m?]
140Wﬁ—\‘—\\________
120
1004——F—F—1 A
so+——"1—1 | | | || I —
—
o0o+—T1 | |
-
|
a0-+——1 |
I
_—
[
20— |
07
S
GO 2 x
T Yy o e,
o R, oy e
T 2 oy 2y
N ) (S0
S L o
NH3 HNO3 HCI NH4+ NO3- S04-- Cl- Na+ K+ Ca++ Mg++ |R-COOH
[OAverage 40.50 19.45 69.73 | 101.24 1.58 42.75 2.07 4.09 12.83 0.71 0.57 14.14
[JPeriod I11| 31.48 16.00 61.52 | 112.82 1.81 42.76 2.61 4.62 11.48 0.68 0.64 13.49
M Period 11 53.78 31.77 81.93 | 128.87 1.10 47.03 0.40 2.37 18.39 0.78 0.33 14.92
[ Period I 37.11 10.92 66.55 60.91 1.80 38.45 3.14 5.22 8.74 0.67 0.73 14.08
b)
Observation: Coarse Mode [nmol/m?]
1007\{\+ __r——
so4—1 i
80
70—t — S
60— | L
50— | L] —
a0+—1 |
so+—1 | -
20—
10-
07
Ooo\;xxxx x
X ’
IYVE T & A, 4V5’/~
> o 5% R
@O Q7 » & S Oy e
T E o "o Z,
N o Ay lod 7
D > Sy,
SR &
NH3 HNO3 HCI NH4+ NO3- S04-- Cl- Na+ K+ Ca++ Mg++ |R-COOH
[0 Average 40.50 19.45 69.73 5.33 29.96 9.38 39.28 77.64 5.05 13.46 10.86 9.55
[JPeriod III| 31.48 16.00 61.52 5.94 34.34 9.39 49.56 87.82 5.85 12.91 12.24 9.98
M Period II 53.78 31.77 81.93 6.78 20.84 10.32 7.62 44.96 3.80 14.80 6.29 9.13
[ Period 1 37.11 10.92 66.55 3.21 34.27 8.44 59.67 99.15 5.43 12.73 13.90 9.49

2555

Fig. 4. Time averages of observed aerosol precursor gas and aerosol concentrations $hfookine three different periods as defined in
Fig. 3. Pane(a) shows the aerosol fine mode, and pab¢lthe coarse mode aerosol.
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Table 1. Aerosol chemical systems considered in the different equilibrium models.

Fine Coarse  Model”  Aerosol system

F1 Cl1 1,2,3  H,SO4/HSO, /SO,* —HNO3/NO; —NH3/NH, —H,0
F2 Cc2 1,2,3 F1/Cl + HCI/CI —Na"

F3 C3 1,2,3  F2/C2+ (Ca*" + Mg” + K") as equivalent Na"

F4 C4 1,2 F2/C2+Ca* +Mg* K'

F5 C5 1 F4/C4+ organic acids

*1=EQSAM2, 2 = SCAPE2, 3 = ISORROPIA

4.2 Modeling however as an approximation only, because of inconsisten-
cies in theRHDs (see discussion section).

To study the T andRH dependent equilibrium par-  Note that all EQMs use as input for all cases the total of

titioning of reactive nitrogen compounds of the observedthe measured gas and size-segregated aerosol phase concen-

HaSQuHSO, /SO, —HNO3/NO; —NH3/NH} —HCIICI=—  trations of the considered species. The selection of species

Na—Ca#* —Mg?t —K+—H,0-system, including lumped included in the calculations depends on the defined cases and
organic acids (R-COOH), we separate this complex aerososize fractions, e.g. F1 or C1, F2 or C2, etc. For each case
system into five chemical systems for the fine (F1-F5) and(and size fraction) gas/liquid/solid phase partitioning and the
the coarse (C1-C5) aerosol mode, according to Table lcomposition of the size-segregated aerosols is calculated de-
Chemical system F1/C1l excludes all mineral cations,pending on observational data, which include temperature
F2/C2 accounts for sodium, F3/C3 for £a Mg, K+ and relative humidity. The predicted size-segregated chemi-
as equivalent sodium, F4/C4 accounts explicitly for all cal composition is then compared with observations. Ideally,
mineral cations (SCAPE2 and EQSAM2 only) and F5/C5 the models should be able to predict the observations if all
also accounts for additional anions from lumped organicmajor aerosol species have been measured and used for the
acids (EQSAM2 only). calculations. But even if a model fails, for instance, due to
This distinction allows investigating the gas-aerosol par-the limited chemical complexity (e.g. of organic acids), the
titioning of nitrogen compounds and the sensitivity to the results are of interest as the failure might point to a potential
choice of the aerosol chemical subsystem. This is achievedelevance of the missing aerosol species.
by different constraints on the ionic composition, i.e. by
subsequently including more and more cations and anions4.2.1 Gas-liquid-solid partitioning
This separation further allows comparing the results of differ-
ently complex equilibrium models (ISORROPIA, SCAPE2, To study the gas-aerosol partitioning of size-fractionated ni-
EQSAM2) at different levels of complexity. While the trogen compounds, we first investigate in this section the rel-
models are only comparable if applied at the same leveltive importance of the choice of the chemical system and
of complexity, i.e. for the aerosol chemical systems F1/Clof the modeling approach (application of different EQMs).
and F2/C2, and with some restrictions also for F3/C3, theSince ammonia is the relatively weakest base, its cation am-
model comparison at different levels of complexity (F4/C4 monium is driven out of the aerosol phase in the presence
and F5/C5) focuses on the relative importance of individualof sufficient mineral cations. Ammonium is hence an ideal
aerosol components for the gas-aerosol partitioning of nitro-indicator for a sensitivity study of the gas-aerosol partition-
gen compounds. ing of size-fractionated nitrogen compounds. We therefore
The most complex chemical system (F5/C5) is given by in-first address the ammonium partitioning, defined as the con-
cluding all measurements. However, only EQSAM2 matchescentration ratio of ammonium to the total of ammonia and
the chemical system F5/C5, while SCAPE?2 is restricted toammonium (Fig. 5). It is calculated from time averages
chemical system F4/C4 and ISORROPIA to F2/C2. Never-(over all periods) of observed and predicted ammonia and
theless, mineral cations can be considered by all three modammonium concentration for fine and coarse mode particles
els, if mineral cations are added as “Naquivalent” to the  and for all chemical systems (Table 1). Note that the par-
sodium (e.g. 1 mole of Mg as 2 mole N&). This so-called titioning is expressed in percent, which can result in large
equivalent sodium approach (Moya et al., 2001) yields chem-values pertaining to small concentrations, thus highlighting
ical system F3/C3 (Table 1), which should be consideredsmall differences, which underscores discrepancies between
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Ammonium Partitioning
Different Aerosol Compositions
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Fig. 5. Time averages (entire measurement time period) of observed and model calculated ammonium partitioning (ratio of aerosol ammo-
nium and ammonium plus ammonia) [%] for the fine (F) and coarse (C) aerosol mode and for all aerosol systems (F1-F5 and C1-C5) given
in Table 1. For each system, all three model predictions are shown: from top to bottom EQSAM2 (red), ISORROPIA (blue) and SCAPE2
(green), whereas the observations (CF) are shown in the middle between the two aerosol modes starting from top to bottom with the coarse
(C, red) and fine (F, green) modes.

models and observations. Note further that Fig. 5 also allowsiium in the coarse fraction (C1) is only a result of the model-
a comparison of the different model predictions of the threeing constraint. Because no coarse mode mineral cations were
EQMs (ISORROPIA, SCAPE2, EQSAM2) with each other allowed to be present in this C1 case, ammonium was the
and with the observations for both the coarse and fine modesnly cation to neutralize the anions. This results in unrealisti-
The observations (marked as CF in Fig. 5) show that on av<ally high concentrations of coarse ammonium calculated by
erage 73% of the ammonium partitioned into the fine modeall models as compared to observations. And since all three
(F), while only about 13% partitioned into the coarse modemodels agree for this artificial case within 1%, we do have
(C). The EQMs underestimate the fraction of fine mode am-a clear indication that mineral cations (which preferentially
monium for all chemical systems except F5 (EQSAM2) andneutralize the anions) must have been present in reality, re-
C1 (all EQMs). This underestimation increases as more minsulting in the observed ammonia gas and ammonium aerosol
eral cations (N&, C&t, Mg?", K*) are considered (F1- phase concentrations.
F4 and C1-C4). The increasing underestimation of the am- Interestingly, this is not the case for the same chemical sys-
monium partitioning is most pronounced for SCAPE2 andtem if it is applied to the fine mode (F1). Obviously, insuf-
EQSAM?2 (except F5/C5) as both explicitly include all min- ficient anions of the ammonium-sulfate-nitrate-water-system
eral cations; for ISORROPIA the values are approximatelyare available for neutralization by ammonia to get a suffi-
constant for F2—-F5 and C2-C5, since mineral cations exceptient amount of ammonium into the fine aerosol phase (F1).
sodium (N&) are not explicitly accounted for in the model Only if the additional anions from (lumped) organic acids
framework in contrast to SCAPE2 and EQSAM?2 (see note atare taken into account in the EQSAM2 model, ammonium
end of this section). realistically partitions into the aerosol phase. As a result, the
On the other hand, if all mineral cations (NaCa, predicted average ammonium partitioning is comparable to
Mg?t, K*) are omitted, i.e. chemical system C1, all EQMs the observations within 1-2% for both the aerosol fine and
largely overestimate the amount of ammonium partitionedcoarse mode (F5/C5).
into the coarse mode. In this case, the large amount of ammo-
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Fig. 6. Time series of measured (black solid line) fine mode aerosol ammonium (@aaetih) [nmol/m3] and coarse (paneksandd)

mode ammonium [nmol/Aj for two different aerosol systems: The reduced chemical system (panels a and c) neglecting all cations except
ammonium (F1/C1) and the most complete chemical system (F5/C5) (panels b and d) including mineral catiphs (\ee¢™, Mg2+).

For each model the correlation coefficient (R) is given. The model results are obtained with ISORROPIA (purple, dashed line with closed
squares), SCAPE2 (blue, long dashed line with closed diamonds), EQSAM2 (gold, short-long dashed line with closed circles).

It should be noted that all three EQMs give, within the 4.2.2 Aerosol system F1/C1 compared to F5/C5
measurement uncertainty of approximately 10%, compara-
ble results for the ammonium partitioning if applied at the In this section we investigate the time evolution of the gas-
same level of complexity, i.e. for the chemical systems F1/Claerosol partitioning of size-fractionated ammonium com-
and F2/C2, and with the above-mentioned restrictions alsgounds over the three different periods (Period I-ll1). Sim-
for F3/C3. However, the model comparison at higher levelsilar to the previous section, we focus on the ammonium par-
of complexity (F4/C4 and F5/C5) indicates that it is impor- titioning. Figure 6 shows the time series of the observed
tant for the gas-aerosol partitioning of nitrogen compounds tcammonium concentrations (in nmoffnair) for the aerosol
consistently include mineral cations and organic acids, sincdine and coarse mode, together with the model predictions by
the model predictions are only comparable to the observatSORROPIA, SCAPE2 and EQSAM?2 for the chemical sys-
tions if both, mineral cations and organic acids are considtems F1/C1 and F5/C5 (Table 1), which exclude and include
ered (F5/C5). mineral cations (Na, C&*, Mg?+, K*) and organic acids,

Note further that for ISORROPIA the results are the samerespectively.
for the cases F4/C4 and F2/C2 as the model complexity is the Firstly, Figs. 6a and ¢ confirms that all three EQMs are in
same. However, F3/C3 differs due to the equivalent sodiuman excellent agreement if applied at the same level of com-
approach, while the results differ for F5/C5 due to differ- plexity (F1/C1). However, they fail to predict the observed
ences in the concentrations of mineral cations as discussefihe and coarse mode concentrations of ammonium for all
below (missing insoluble fraction). For the same reason, thehree periods. The only exception is the relatively realis-
results of SCAPE?2 differ (from F4/C4 to F5/C5) although the tic partitioning of fine mode ammonium for period I. Since
level of model complexity is the same. all three EQMs also give similar results for system F5 and
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period 1, it indicates that mineral cations and organic acidsthe ammonium concentrations, for which we discuss only the
are unimportant for the ammonium partitioning for period | fine mode. Ammonium is predominantly present in the fine
(fine aerosol mode). Obviously, for this period the fine modemode and in competition with pyrogenic potassium, which
is well represented by chemical system F1 since sulfate iss the predominant mineral cation in the fine mode as shown
the predominant anion, being predominantly neutralized byabove (Fig. 4a).
ammonium as a result of the limited availability of mineral To account for a potential disequilibrium for coarse
cations (Fig. 4a). mode particles due to the longer equilibration timescales
For periods Il and Il the situation considerably differs as of larger particles (smaller surface to volume ratio) or the
both are affected by biomass burning, as indicated by enunknown amount of insoluble matter (especially of mineral
hanced concentrations of potassium in the aerosol fine modelust particles), we also study the sensitivity of coarse mode
As a result, ammonium is driven out of the aerosol phase bynitrate to the insoluble fraction of mineral cations from
the additional potassium cations, which preferentially neu-coarse mode sea salt and mineral dust.
tralize the inorganic anions. Only if additionally organic an-
ions are considered in EQSAMZ2, the model reproduces mea©rganic acids (F5)
sured ammonium concentrations in the fine mode. This is
only accomplished by the model predictions of EQSAM2 Figure 7a shows similar to Fig. 6b time series of the mea-
(chemical system F5, Fig. 6b). Since both minerals and orsured ammonium concentrations (in nmol/mir) for the
ganic acids (together) are not accounted for in the other twaaerosol fine mode (chemical system F5), together with the
EQMs, the results do not improve. Instead, the results bemodel results with ISORROPIA, SCAPE2 and EQSAM2,
come worse for SCAPE2 as this model only considers addiwhile Fig. 7b shows the associated scatter plots (model
tional cations (C&", Mg?t, K*) but no organic acids, with  versus observations). In addition, the results of EQSAM2*
the result that even more ammonium is driven out of theare shown. The asterisk (*) denotes that EQSAM2 was
aerosol phase. In contrast, the results of ISORROPIA do notonstrained with different input concentrations (see below).
change, as these additional cations are not considered. In contrast to EQSAM2 (see discussion of Fig. 6b),
In strong contrast to the fine mode (Fig. 6a), all EQMs the predicted concentrations of fine mode ammonium by
largely overestimate the ammonium concentrations for theEQSAM2* are, according to Figs. 7a and b, much closer
coarse mode (Figs. 6¢ and d), if the calculations do not takdo the results of ISORROPIA and SCAPE2 for period I
into account mineral cations (chemical system C1, Fig. 6¢).and Ill, only due to differences in the input concentrations
Mineral cations are predominant in the coarse mode for allof lumped organic acids, which were lower during all pe-
periods (Fig. 4b). A further consequence of this is thatriods for EQSAM2* (discussion follows). In particular the
SCAPE2 and ISORROPIA hardly predict any coarse modehigh ammonium concentrations, which are confined to the
ammonium for period Il (Fig. 6d). The reason is that the biomass burning periods (lI-lll), are only reproduced by
sea salt concentrations are relatively low and the concentraEQSAM2. Note that the correlation coefficients (R) given
tions of cations from mineral (Saharan) dust high. While thein the legends need not necessarily to be in agreement with
predictions of SCAPE?2 fail more-or-less for all periods as athe scatter shown in Fig. 7b. The reason is that the correla-
result of the fact that mineral cations have been consideredion coefficient is mainly phase sensitive (i.e. R=1 means that
the predictions of ISORROPIA particularly fail for the rel- the values occur at the same time), while the scatter (slope)
atively dry period Il as a consequence of the overall lowershows the error in amplitude (i.e. a zero error or one-by-one
total anion (and in particular chloride) concentrations (seeslope if the predicted values are identical to the observed val-
table below Fig. 4b). However, for the two humid periods ues at a certain time).
with high sea salt concentrations (period | and Ill) the coarse Obviously, there is a threshold value for the input concen-
mode simulations with ISORROPIA compare relatively well tration of lumped organic acids at which the ammonium is
for the wrong reason, i.e. only because both mineral cationgredicted in the aerosol phase in amounts as observed. This
and lumped organic acids are neglected in the modeling apthreshold value can be determined by the difference between
proach. As demonstrated with the EQSAM2 calculations,total anions and cations, by accounting for the observed am-
both seem to be important for the gas-aerosol partitioning ofmonium concentrations. For instance, for this study the re-

reactive nitrogen compounds for certain Mediterranean conguired input concentration (threshold value) of the lumped
ditions (period Il and 111). organic acids — needed to balance the aerosol ammonium

with respect to the observed concentration — has been esti-
4.2.3 Sensitivity to organic acids and mineral cationsmated to best match the observed ammonium concentration
(F5/C5) for each period, by running EQSAM2 twice. In the first run
the model is constrained by observed ammonia and ammo-
In this section we focus on the sensitivity of the gas-aerosohium concentrations to predict the amount of (lumped) or-
partitioning of reactive nitrogen compounds to the concentra-ganic acids that are required to balance the model predic-
tions of organic acids and mineral cations. We first focus ontions for aerosol ammonium with the observations (inverse
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Fig. 7. Time series of measured (black solid line) and calculated fine mode aerosol ammoniurramanmﬂlm?’] with the corresponding

scatter plot (pandb) (model predictions versus observations) for the most comprehensive chemical system (F5/C5). The correlation coef-
ficients (R) are given in the legends and the colors and symbols of the three models (ISORROPIA, SCAPE2, EQSAM2) are the same as in
Fig. 6. The additional model EQSAM2* (turquoise, short-long-dotted dashed with closed triangles) is the same as EQSAM2 except for the
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indicate each period, i.e. large closed symbols are used for period I, small open symbols for period Il and small closed symbols for period IIl.
The symbols are the same as in panel (a). The correlation coefficients (R) are given in the legend of panel (b) for each period and model,
while panel (a) shows the entire period (and each model).
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approach). In the subsequent application (forward approach) The time series for aerosol nitrate (Fig. 8a) show that the
we account for the estimated amount of (lumped) organicobserved nitrate partitioning follows theH relatively well
acids that is needed to balance aerosol ammonium. (compare with Fig. 3) for the coarse mode, in contrast to
From this sensitivity study the following values of aerosol ammonium (Fig. 7a). Nitric acid partitions largely
Lumped Organic Acids (LOA) in percentage of the total into the aerosol phase under humid conditions, which is less
(estimated since unknown) particulate organic matter (POM)well captured by the models that include all additional min-
have been deduced for EQSAM2, while for EQSAM2* we eral aerosol compounds (SCAPE2 and EQSAM2*). They
used all of the measured LOA values, assuming that theyargely overestimate coarse mode nitrate, especially for the
explain for all three periods approximately 10% of POM:  dry period (ll). In particular Figs. 8a and b show that — from
all models that have been applied to the same input concen-
I. Period (1 August 2001, 10:00 h—6 August 2001, 16:00 h): trations, i.e. ISORROPIA, SCAPE2, EQSAM2* — the model
predictions of ISORROPIA are in best agreement with the
observations for coarse mode nitrate, since mineral cations
Il. Period (6 August 2001, 16:00 h—12 August 2001, 19:00 h):€xcept (N&) are neglected. And for the same reason, the
model predictions of ISORROPIA differ most compared to
— fine mode: 70% of POM as LOA the other model predictions for the dry period (1), which
i was influenced by Saharan dust. Only EQSAM2 yields a
lll. Period (12 August 2001, 19:00h-18 August 2001, comparaple close agreement with the observations (Fig. 8b)
10:00h): by considering all cations from sea salt and mineral dust. In
_ fine mode: 70% of POM as LOA contrast to EQSAM2, the predicted concentrations of coarse
mode nitrate by EQSAM2* are closer to the predictions of
Note that for this modeling study we have assumed thatSCAPE?2 for the entire period and in particular for period Il
the measured LOA (Fig. 4a), with values derived by Sciareand Il (Fig. 8).
et al. (2005), account for approximately 10% of the total Similar to the sensitivity of aerosol ammonium to the con-
though not measured particulate organic matter (POM), sinceentration of organic acids, aerosol nitrate appears to be quite
POM might also include water soluble humic-like substancessensitive to the overall concentration of mineral cations. In
(HULIS). Thus, the total water soluble organic carbon frac- particular for the dry period (Il), the additional cations from
tion (WSOC) that was used as LOA input for EQSAM2 has mineral dust leads to an overestimation of coarse mode ni-
been 70% of POM for period Il and Il instead of 10% that trate compared to the observation.
were used for EQSAM2* for all periods (accounting for all ~ This result indicates that not all of the measured mineral
of the identified organic acids only). cations are required to neutralize the nitric acid to form ni-
The considerably larger amount of lumped organic acidstrate. Similar to the required input concentration (threshold
required to balance the observed fine mode ammoniunvalue) of the lumped organic acids, needed to balance the
during the two periods affected by biomass burning (i.e.aerosol ammonium with respect to the observed concentra-
period Il and Il), thus provides an indication of the fraction tion, the critical concentration of mineral cations has been
of additional organic matter, e.g. HULIS, which may be im- determined to best match the observed nitrate concentration
portant in addition to the lumped organic acids consideredfor each period by running EQSAM2 twice. In the first run
Assuming that the extracted organic acids are water solubl¢he model is constrained by observed nitrate and nitric acid
that roughly account for 10% of the total organic matter concentrations to predict the amount of mineral cations that
(as mentioned above), additionally 60% of the POM would are required to balance the model predictions for aerosol ni-
be subject to neutralization by ammonium, which might betrate with the observations (reverse approach, first applica-
HULIS. This fraction would therefore behave as the WSOCtion). In the second application (forward approach) we then
fraction that consist of the low molecular weight (LMW) only account for the fraction of mineral cations that is needed

— fine mode: 10% of POM as LOA

organic acids given in Sect. 2. to balance the anions. In this way we implicitly account
for the unknown insoluble matter (cations), or the amount
Mineral cations (C5) of cations not available to neutralize nitric acid due to long

equilibration time-scales, or due to the possibility that ni-
Similarly to Fig. 7a, Fig. 8a shows the time series of tric acid might just have been absorbed on the surface of
measured nitrate concentrations (in nmdlrior the aerosol  mineral dust particles, still not being neutralized. From this
coarse mode (chemical system C5), together with the modesensitivity study the following values have been deduced for
predictions by ISORROPIA, SCAPE2, EQSAM2, while EQSAM2, while we used for EQSAM2*, consistently with
Fig. 8b shows the associated scatter plots (model versuall other EQMs and for all periods, the total concentration of
observations). In addition the results of EQSAM2* are measured cations according to Fig. 4b:
shown. The asterisk (*) again denotes that EQSAM2 was
constrained with different input concentrations (see below).
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I. Period (1 August 2001, 10:00 h—6 August 2001, 16:00h): 5 Discussion

— coarse mode: 4% of POM as LOA, 60% of N&20%  To study the temperature (T) and relative humidity
of C&* and Mf* (RH) dependent gas/aerosol equilibrium partition-
: ) ) .ing of reactive nitrogen compounds of the observed
II. Period (6 August 2001, 16:00 h—12 August 2001, 19:00 h)'sto4/Hso;/SO§——HNos/Nog—NHg/NHI—Hcvc:l——
— coarse mode: 8% of POM as LOA, 60% of Na&20%  Nat—Ca&™—Mg?" —K+—H,0-system, including lumped
of C&t and Mgt organic acids (R-COOH) (Fig. 2), we have divided this
i complex aerosol system into five chemical systems for the
lll. Period (12 August 2001, 19:00h-18 August 2001, fine (F1-F5) and coarse (C1-C5) aerosol mode, according

10:00h): to Table 1. This has been achieved by different constraints
— coarse mode: 8% of POM as LOA, 60% of Na20% on the ionic composition, i.e. by subsequently including
of C&+ and M+ additional cations and anions. This distinction allowed

a comparison of rather different EQMs (ISORROPIA,

According to Fig. 4, aerosol nitrate is largely confined to SCAPE2, EQSAM?2) at the same and different levels of
the coarse mode, in contrast to ammonium that is mainlycomplexity.
present in the fine mode. In particular the model results While first of all our results show that all three EQMs yield
(Fig. 8b) are much closer to the observations for coarse modeomparable results (on average with#10% that approxi-
nitrate for period I, with fewer discrepancies between themately is the measurement uncertainty) if they are applied
models compared to the results for period Il and Ill, indi- at the same level of complexity (involving chemical systems
cating that aerosol nitrate is mostly neutralized by sodiumF1/C1-F3/C3 of Figs. 5 and 6a, c), the application of the
and less by other cations. The differences in the models preEQMs at different levels of complexity (and the compari-
dictions of EQSAM2 and EQSAM2* and the fact that the re- son with measurements) first of all indicates the importance
sults of EQSAM2 are closer to the observations for period Il of the consistent inclusion of (soluble) mineral cations and
and Il compared to EQSAM2* (and the other EQMS) indi- (lumped) organic acids. Note that the application of the three
cate that not all measured mineral cations were involved inEQMs at the different levels of complexity is a much less
the neutralization of nitric acid. Hence, the predictions of well-constrained approach, which yields much less compa-
EQSAM2* are closer to SCAPE2 as both consider mineralrable results, especially under different chemical conditions,
cations, but both deviate most from the observations comthan applied at the same level of complexity (Fig. 5).
pared to EQSAM2 and ISORROPIA. This is in particular the  Note further that the so-called equivalent sodium approach
case for the dry period, being strongly influenced by Saharar{chemical system F3/C3, Table 1), should be regarded as an
dust aerosols that lead to a significant contribution of mineralapproximation only, because of inconsistencies inRhbs.
cations from mineral dust (in particular &aand Mg). For instance, th&HD of NapSOy is 93% and higher than of

According to the results shown in Fig. 8, however, also MgSOy, which is 86%, while theRHD of NaHSQ, is 52%
not all measured sodium was needed for the neutralizatiomnd thus lower than that of MgSOIn the case of the equiv-
of observed nitric acid during the two humid periods (I and alent sodium approach, these differences inRitDs will
1), which were predominantly influenced by coarse sea saltcause differences in the liquid/solid partitioning, which sub-
aerosol. The additional — although small — amount of non-sequently affects the gas-aerosol partitioning (also of nitro-
sodium cations (in particular €& and Mg*t) lead to too  gen compounds). This picture becomes even more compli-
high nitrate concentrations if all sodium is considered in cated as EQSAM2 and ISORROPIA consider deliquescence
the neutralization reactions, as the results of SCAPE2 andelative humidities of mixed salts (Nenes et al., 1998), since
EQSAM2* indicate. Even for the case where we have ne-they are for thermodynamic reasons generally lower than the
glected any additional mineral cations f¢aMg?t and K+) RHDs of the individual salt compounds, which are only con-
except sodium, the predicted nitrate concentrations are togidered in SCAPE2 (Kim et al., 1995). Nevertheless, the
high if all sodium is considered for the neutralization reac- models agree within 10% also for the equivalent sodium ap-
tions, as indicated by the results of ISORROPIA. Obviously, proach (F3/C3 of Fig. 5), which indicates that these differ-
not all sodium cations are required to neutralize nitric acid,ences are of secondary importance for the gas-aerosol par-
even for the two humid periods (I and Ill). This indicates titioning of reactive nitrogen compounds. Obviously, it is
that for these cases sea salt particles might have consisted ofore important to consistently include the major aerosol
an insoluble sodium chloride core, which did not equilibrate components, as demonstrated by the model comparison at
with nitric acid within the measurement interval of two—three different levels of complexity (F4/C4 and F5/C5) (Fig. 5).
hours. Approximately 40% of the sea salt particles (moles Figures 5 and 6b, d further reveal the relative importance
m~3 air) were not internally mixed but rather coated by non- of mineral cations and organic acids for the gas-aerosol par-
neutralized nitric acid, possibly associated with an organictitioning of nitrogen compounds. For instance, our results
film. show that (lumped) organic acids are required to correctly
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balance fine and coarse mode ammonium (Fig. 7). The rea2002a). Additional uncertainties arise from the use of filter
son is that ammonia is driven out of the aerosol phase if min-measurements in particular for semi-volatile aerosol com-
eral cations are considered but not additional acids (e.g. orpounds such as ammonium nitrate, which was however not
ganic acids), which is the case for ISORROPIA and SCAPE2an important compound for this study (at least not during
(Figs. 6a, c versus 6b, d). The situation becomes worsealaytime), or the various assumptions made abouRIHB®s
for the case of low sea salt concentrations and relativelyand the lack of knowledge on MRHD for mixed inorganic
high concentrations of cations from mineral (Saharan) dusi&and organic salt solutions. Nevertheless, our simplified ap-
(chemical system C5, Fig. 6d). However, for the two humid proach provides a first and apparently reasonably realistic
periods with high sea salt concentrations (period | and Ill) theevaluation of the gas-aerosol partitioning of reactive nitrogen
coarse mode predictions of ISORROPIA compare relativelycompounds in the Mediterranean region.
well, though for the wrong reason (as shown in Sect. 4.2.2).

Our results furthermore show that the consideration of ma-
jor coarse mode mineral cations is important in order to bal-6 Conclusions
ance aerosol nitrate as observed. For period | and lll, the
consideration of sodium from sea salt aerosol is most im-We have used observational data from the MINOS measure-
portant. Accounting for all measured cations leads how-ment campaign in Crete, Greece (Fig. 1), to study the gas-
ever to an overestimation of aerosol nitrate, in particular byaerosol partitioning of reactive nitrogen compounds. A series
SCAPE2 and EQSAM2* (Fig. 8). But even if only sodium of calculations has been performed using different thermo-
is considered (as it is the case for ISORROPIA), aerosoldynamic aerosol composition models. We noticed that the
nitrate is slightly overestimated. This indicates that mostgas-aerosol partitioning of reactive nitrogen compounds is
likely only a soluble fraction of mineral cations is in chem- rather complex as the Mediterranean lower atmosphere is in-
ical and thermodynamic equilibrium with inorganic and or- fluenced by varying periods with different levels of air pollu-
ganic acids. The fraction that did not neutralize the acidstion and distinct chemical aerosol composition. For instance,
has most likely not been in equilibrium, i.e. insoluble coarsethe core phase of the MINOS measurement campaign (1-18
mode particles on which acids condensed without being neuAugust 2001) can be characterized by three different sub-
tralized — yielding externally rather than internally mixed periods, i.e. basically two humid periods with high levels of
aerosols. This fraction has been estimated by a sensitivitygea salt aerosol interrupted by a dry period with high levels
study to be approximately 80% for the measured calciumof mineral dust aerosol, while the two last periods were ad-
and magnesium (percentage in terms of moles per cubic meditionally influenced by biomass burning pollution (Fig. 3).
ter air), by using the reverse option of EQSAM2 with run- The different levels of atmospheric aerosols and their ionic
ning EQSAM?2 twice (as described above). From this sensi-composition, and in particular the concentration levels of
tivity study it also appeared that approximately 40% of the cations, can be used to characterize the different periods of
major mineral cation from sea salt (Nadid not neutral- air pollution. The results show that the concentration lev-
ize nitric acid. Only if we account for an insoluble fraction els of cations are important for the gas-aerosol partitioning
(deduced from the reverse approach), aerosol nitrate is babf reactive nitrogen compounds. The cations determine the
anced as observed. The fraction of nitric acid that remainedeutralization level of acidic particles, which in turn deter-
un-neutralized is given by the difference of EQSAM2 and mines the gas-aerosol partitioning of volatile or semi-volatile
EQSAM2*. Since EQSAM2* is identical to EQSAM2, ex- aerosol compounds, the hygroscopic growth, or the aerosol
cept that all measured mineral cations have been considergarecursor gas concentration.
for the nitrate partitioning, EQSAM2* predicts for all periods ~ From the measurements (Fig. 4) it can readily be seen
consistently with SCAPE2 higher aerosol nitrate concentrathat the most important mineral cations are mainly present
tions than EQSAM2. in the coarse mode, which indicates their natural origin, i.e.

Thus, the comparison of the EQMs at different levels of sodium from sea salt, and calcium, magnesium and a minor
complexity indicates that the consistent accounting for in-fraction of potassium from wind blown mineral dust (e.g. for
organic and (lumped) organic acids together with (soluble)period Il from Saharan dust). In contrast, the major mineral
mineral cations and ammonium is probably most importantcations present in the fine mode originated mainly from an-
in aerosol composition modeling studies, even if we canthropogenic activities, i.e. ammonium and pyrogenic potas-
currently only realize this in a simplified way. Certainly, sium. However, the main gaseous anthropogenic air pollu-
such a simplified approach is associated with uncertaintiestants, i.e. ammonia, nitric acid and organic acids, were as
e.g. lumping organic acids based only on the total of car-abundant as their natural counterparts and distributed over
boxylic groups and ignoring the possibility that part of the both the aerosol fine and coarse mode. For instance, the
organic acids are semi-volatile (we have treated them as normodel applications (Figs. 5-8) confirmed that ammonia par-
volatile), or the fact that we have simplified the activity co- titioned mainly into the fine mode, while nitric acid par-
efficient calculation by deriving the activity coefficients of titioned mainly into the coarse mode. This actually con-
semi-volatile compounds directly frolRH (Metzger et al.  tradicts the assumption sometimes made that anthropogenic

Atmos. Chem. Phys., 6, 2548567, 2006 www.atmos-chem-phys.net/6/2549/2006/



S. Metzger et al.: Importance of mineral cations and organic aerosols

air pollutants are mainly confined to the aerosol fine mode,
while natural air pollutants mainly occur in the coarse mode.
Our main conclusion is that it is essential to consistently
include inorganic and (lumped) organic acids together with
(soluble) mineral cations and ammonium in order to cor-
rectly predict the observed aerosol composition and the as-
sociated aerosol precursor gas concentrations. This result
is consistent with the findings of Trebs et al. (2005) who
came to the same conclusion, however, for a rather different
air pollution regime, i.e. of biomass burning effluents over
the tropical rainforest, investigated during the dry season of
2002 within the framework of LBA-SMOCC (Large-Scale
Biosphere Atmosphere Experiment in Amazonia — Smoke
Aerosols, Clouds, Rainfall, and Climate: Aerosols From
Biomass Burning Perturb Global and Regional Climate).

Appendix A

In the following we briefly summarize the main new features
of EQSAM2, a further development of EQSAM (Metzger,
2000; Metzger et al. 2002a, b). The main improvement is
that EQSAM2 includes mineral cations (NaC&+t, Mg?T,

K*) and lumped organic acids, as well as an extended de-
scription of the gas-liquid-solid partitioning by accounting
for the various mineral salt compounds based on theoreti-
cally derived activity coefficients and single solute molali-
ties. A detailed description and theoretical implications will
be provided in a separate publication. The main new features
applied in this study include:

— Gaslliquid/solid partitioning has been extended
to include (lumped) organic acids, as well as
major sea salt and crustal elements. The fol-
lowing system has been considered in this study:
HZSO4/HSO;/SO‘2“—HN03/NO§—NH3/NHZ—
HCI/CI-—Naf —C&+—Mg?t —K+-R-COOH/R-

COO™ —H20-system.

— Extension of the stochiometric neutralization reac-
tions to the above system; all reactions are based on
cation/anion charge balance.

— Extended and improved single solute molalities for the
above system.

— Water activities of single solutes and activities coeffi-
cients consistently calculated and derived from theory
(based on Metzger et al., 2002a, and extended and gen-
eralized).

— Extended and improved water uptake for the above sys-
tem, including temperature dependent relative humidi-
ties of deliquescenceRHD) of all major salts of the
above inorganic acids and cations, similar to SCAPE2
(Meng et al., 1995).
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— Consideration of mutual relative humidities of deliques-
cence MRHD), similar to ISORROPIA (Nenes et al.,
1998).

— Differentiation between lumped low-molecular weight
(LMW) polar organic acids, humic-like substances
(HULIS) and un-identified particulate organic matter
(POM) for the water uptake.

— The following dissociation equilibria:

NH3(g) <= NHj (ag + OH (ag)
HNO3(9) < H*(ag + NO3 (ag)
HCI(g) <= H"(ag) + Cl~(ag
HSO; (ag) <= H* (@9 + SO (ag)

giving rise to e.g. aerosol nitrate formation at high rela-
tive humidity RH) for the sulfate “rich” and “very rich”
cases (domain 3 and 4), consistent with the other EQMs
(ISORROPIA and SCAPEZ2).

— pH calculation including OHA(aq) and H (aq) from the
dissociation of HSQ, and the uptake of N§ HNOg,
and HCI in aqueous solutions.

— Dependency of the NJNOs3 equilibrium constant on
the ionic strength fraction (Y) according to Stelson and
Seinfeld (1982).

— Full analytical solution of the gas/aerosol equilibrium
partitioning.

— Vectorized and re-structured code.
— Several new switches:

— To account for the reverse modus, i.e. predict gas
phase species from aerosol concentrations. Default
is forward modus, i.e. gas-aerosol partitioning is
calculated from the sum of total gas and aerosol
concentrations.

— To account for uptake (and dissociation) of jH),
HNO3(g), HCI(g) on wet and/or acid aerosol parti-
cles.

— To account for the NENO3 ionic strength fraction
Y.

— To force aerosol particles to be dry (no aerosol wa-
ter).

— To force liquids (supersaturated solutions).
— To account for the coexistence of liquids and solids.

— To account for hysteresis effects (includes
gas/liquid/solid partitioning but requires history of
the aerosol water content).

— To account for individual aerosol components.
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