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Abstract. The physical state of the tropospheric aerosol is1 Introduction

largely unknown despite its importance for cloud formation

and for the aerosol’s radiative properties. Here we use deAerosol particles in the atmosphere affect the radiative bal-
tailed microphysical laboratory measurements to perform aance of the Earth through light scattering and absorption. Be-
systematic global modelling study of the physical state ofsides this direct climatic effect, aerosol particles contribute
the H,SOy/NH3/H20 aerosol, which constitutes an impor- also indirectly - as cloud precursors - to the terrestrial radi-
tant class of aerosols in the free troposphere. The Aeroschtion budget. Neither the direct nor the indirect effects are
Physical State Model (APSM) developed here is based omuantitatively well characterized, leading to large uncertain-
Lagrangian trajectories computed from ECMWF (Europeanties in the global mean radiative forcing caused by aerosol
Centre for Medium Range Weather Forecasts) analyses, talparticles, which may counteract the forcing by greenhouse
ing full account of the deliquescence/efflorescence hysteregases to a large degree (IPCC, 2001).

sis. As input APSM requires three data sets: (i) deliques- The direct forcing by partially ammoniated aqueous sulfu-
cence and efflorescence relative humidities from laboratoryic acid particles, has been investigated in a number of stud-
measurements, (ii) ammonia-to-sulfate ratios (ASR) calcues (Charlson et al., 1991; Kiehl and Briegleb, 1993; Pili-
lated by a global circulation model, and (iii) relative hu- pjs et al., 1995; Nemesure et al., 1995; Kiehl et al., 2000;
midities determined from the ECMWF analyses. APSM re- odams et al., 2001; Metzger et al., 2002). The presence of
sults indicate that globally averaged a significant fractionsyifate in aerosol particles covers the range between sulfuric
(17-57%) of the ammoniated sulfate aerosol particles congcid H,SO, and ammonium sulfate (NPLSO4 with inter-

tain solids with the ratio of solid-containing to purely lig- mediate compounds depending on the availability of gaseous
uid particles increasing with altitude (between 2 and 10 km).ammonia to neutralize the sulfuric acid originating from the
In our calculations the most abundant solid is letovicite, gxidation of sulfur dioxide (IPCC, 2001). As these particles
(NH4)3H(SQy)2, while there is only little ammonium sul-  enhance the Earth’s albedo, their direct effect results in a net
fate, (NH)2SQy.  Since ammonium bisulfate, NfSQs,  cooling. However, the level of confidence in the quantifica-
does not nucleate homogeneously, it can only form via hettjon of this effect is low (IPCC, 2001) due to the variety of
erogeneous crystallization. As the ammonia-to-sulfate rasjzes, shapes and refractive indices of sulfate aerosol parti-
tios of the atmospheric $304/NH3/H20 aerosol usually do  cles. Their radiative effect depends sensitively on the rel-
not correspond to the stoichiometries of known crystalline g¢jye humidity (RH), because particle growth due to water
substances, all solids are expected to occur in mixed-phasgptake, and hence light scattering, is not linear in RH (Pili-
aerosol particles. This work highlights the potential impor- pjs et al., 1995; Nemesure et al., 1995). The water content
tance of letovicite, whose role as cloud condensation nucleuyrther depends on the degree of neutralization of the sul-
(CCN) and as scatterer of solar radiation remains to be scrugyte particles by ammonia (Adams et al., 1999). More im-
tinized. portantly, partial neutralization by NHmakes the droplets
susceptible to partial crystallization, producing solid ammo-
nium sulfate (NH)2SQ4, ammonium bisulfate NkFHSOy,

or letovicite (NH;)3H(SO4)2, with ammonium-to-sulfate-
Correspondence taC. A. Colberg ratios ASR = 2.0, 1.5, and 1.0, respectively. If the pro-
(christina.colberg@ethz.ch) vided RH drops sufficiently low, the crystalline forms are
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thermodynamically favored (Clegg et al., 1998) and dropletsChow et al., 1999). Of course, tropospheric aerosol parti-
may effloresce, depending on the ASR and temperature. Theles are not only a mixture of 4$0O4/NH3/H20, but may
optical properties of aerosol particles can change remarkablglso contain nitrate, sea salt, organic compounds and ele-
upon crystallization (Tang and Munkelwitz, 1991, 1994). mental carbon. Their composition varies widely with geo-
However, as the stoichiometry of the droplets is unlikely to graphical location and altitude (Seinfeld and Pandis, 1998).
correspond precisely to ASR = 2.0, 1.5 and 1.0, the particleRRecent time of flight mass spectrometry measurements of
will develop mixed solid/liquid or mixed solid/solid phases, single atmospheric aerosol particles by Noble and Prather
and radiative effect estimations become even more complex(1996), Murphy et al. (1998) and Held et al. (2002) highlight
In order to estimate the occurrence of solid-containingthe importance of organics and elemental carbon besides wa-
phases in the y5Oy/NH3/H,O aerosol system, it is insuf- ter soluble inorganic compounds. In this sense, the restric-
ficient to know the ambient RH and the ASR at a given tion of the present study to the subclassS@4/NH3/H,O
point in time, but the time history of the investigated air par- represents only a first step towards a comprehensive mod-
cel needs to be known in order to account for the deliques<€lling of the physical state of tropospheric aerosol parti-
cence/efflorescence hysteresis effect. For example, aqueoutes. Despite the importance for the Earth’s radiation bal-
ammonium sulfate is saturated with respect to its crystallineance, there is a lack in our understanding of the physical
phase at 82.6% RH at 260 K (Clegg et al., 1998; Onasclstate of atmospheric aerosol particles, and also in particular
et al., 1999; Cziczo and Abbatt, 1999), whereas laboratoryof the HbSO4/NH3/H20 class investigated here. This lack
studies show that homogeneous crystallization of dropletsn knowledge is due to the difficulty of field measurements
does not occur before RH drops to about 32.7% (Onascthaving to determine the physical state of individual parti-
et al., 1999). Conversely, solid ammonium sulfate does notles in the sub-micron range simultaneously with RH and
deliquesce at RH lower than 82.6%. Therefore, in the rangeASR measurements (the latter from a single particle compo-
32.7% < RH < 82.6% the physical state of such a particle sition measurement). In the free troposphere such simultane-
in the atmosphere depends on its RH history which can beus measurements of single aerosol particles have not been
assessed very well from Lagrangian air parcel trajectories. performed to date. However, there are some field measure-
In a general circulation model assessment of the sensitivityments of the physical state of boundary layer aerosol parti-
of direct climate effect to hysteresis in anthropogenic sulfatecles, which show that supersaturated particles exist, even at
aerosol particles Boucher and Anderson (1995) show thatow RH (McMurry and Stolzenburg, 1989; Rood et al., 1989;
solid (NH4)2SOy particles have a 20% lower global cooling Shaw and Rood, 1990; McMurry et al., 1996). In principle,
effect than if they remained liquid. Regionally these effectsatmospheric aerosol particles can remain liquid or crystal-
might be as large as 1 WrA. This is supported by radiative lize homogeneously or heterogeneously depending on their
transfer calculations at Julian day 180, at 12 pm and a00 chemical composition. At present, it is not clear which are
by Martin (2002, unpublished results). They obtain, depend-the most important mechanisms (Martin, 2000).
ing on the Earth’s underlaying reflectivity, differences inthe State of the art aerosol modelling includes calculations
radiative effect 0f+3.81 to—0.91 Wn12 when the aerosol on the general composition and occurrence of multicom-
is crystalline rather than aqueous in an atmospheric colummponent aerosol in the atmosphere, aerosol phase composi-
at 80% RH. However, Metzger et al. (2002) obtain in a prag-tion and the aerosol-associated water mass. This contains
matic analysis of the influence of hysteresis on the radiativehe equilibrium between the gas/liquid/solid aerosol phases.
effect only a 1-2% difference in radiative forcing globally. Thermodynamic models are needed to assess any aerosol
This effect can be an order of magnitude higher for regionalequilibrium parameters. A review on the available numer-
considerations. ous thermodynamic models, which could be implemented
The physical state of aerosol particles is also important forinto regional and global aerosol models is given by Zhang
their ability to act as cloud condensation nuclei (CCNs) andet al. (2000). These equilibrium models then can be im-
has been discussed in the context of cirrus cloud formatiorplemented into models which investigate the general com-
(Martin, 1998; Bertram et al., 2000; Zuberi et al., 2001). Al- position and occurrence of aerosol particles in the atmos-
though the ice nucleation process largely determines the miphere. A detailed overview on aerosol models is given in
crophysical properties of cirrus clouds and therefore their cli-chapter 5 of the 3rd assessment report on climate change
mate forcing potential (DeMott et al., 2001), the exact role of (IPCC, 2001). Aerosol modelling was initially done for the
aerosol particles in cirrus formation remains unclear (Martin,sulfuric acid aerosol with extending it to multicomponent
2000). This alsoillustrates the need for a detailed microphyssulfate aerosol models recently, which is in the context of
ical investigation of the physical state of atmospheric aerosothis study of highest interest. Besides sulfate other aerosol
particles. species like sea salt, organic aerosol, black carbon and min-
Ammonia and sulfate are known for a long time to be eral dust have been investigated (IPCC, 2001). Some of the
components of the atmospheric aerosol particles, and theimulticomponent sulfate aerosol models analyze the air qual-
importance is also corroborated by recent studies (Li et al.jty on a regional scale (e.g. Jacobson et al., 1996b; Jacob-
1997; Talbot et al., 1998; Dibb et al., 1999; Liu et al., 2000; son, 1997a,b) others on a global scale (e.g. Adams et al.,
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1999; Metzger et al., 2002). To our knowledge none of thesehysteresis. If the DRH and ERH are known functions of
models takes full account of the deliquescence/efflorescenctemperature ) and ASR, and provided that 3-dimensional
hysteresis: Jacobson et al. (1996a) developed a thermodywtmospheric fields of ASR and RH values are available, the
namic tool which they implemented in their air pollution physical state of an aerosol particle of a given composition
model (Jacobson et al., 1996b; Jacobson, 1997a,b). Thegan be predicted from air parcel trajectory analysis.

assume crystallization of a solid in a multicomponent so- For HSOs/NH3/H,0 aerosol particles our Aerosol Phys-
lution once the RH drops below the DRH of the particular ical State Model combines the 3-D time-dependent in-
solid. Adams et al. (1999) model global concentrations ofput fields ASRE, y, z, July) resp. ASR(, y, z, January),
tropospheric HSO4/NH3/HNO3/H2O aerosol particles ina RH(x, y, z,t) and T(x, y, z, t), and tracks ERH[, ASR)
GCM-study with prescribed chemistry fields. They do not and DRH({, ASR) time-dependently along trajectories.
assume solidification at all and consider all aerosol particles

to be liquid droplets. Metzger et al. (2002) also model the2.1.1 Efflorescence and deliquescence relative humidities
H2SOuw/NH3/HNO3/HL0 system. They treat the semivolatile (ERH and DRH)

ammonium nitrate aerosol fraction fully dynamical, since

they focus on the implications of gas/aerosol partitioningFor DRH we use the thermodynamic model of the
for global modelling. As Jacobson et al. (1996b); Metzger H2SO4/NH3/H,0 system by Clegg et al. (1998), which has
et al. (2002) assume the aerosol particles being liquid for RHoeen verified by a number of laboratory studies (Yao et al.,
above the DRH. In addition, they performed a pragmatic sen-1999; Chelf and Martin, 1999; Koop et al., 1999; Cziczo and
sitivity study on the influence of hysteresis on the radiative Abbatt, 1999; Onasch et al., 1999). For efflorescence we as-
effect. Although the global effect is rather small for the con- sume crystallization to occur via homogeneous nucleation in
sidered aerosol species hysteresis is important when aerostie APSM. This allows us to obtain a lower bound for the
particles are transported to dry regions, e.g. upward into thdormation of solid-containing particles. Although heteroge-
free troposphere. Especially at higher altitudes the RH is of-neous nuclei occur quite frequently in the atmosphere (Mar-
ten so low that solid formation becomes important (Metzgertin, 2000) their influence on atmospheric nucleation pro-
et al., 2002). cesses is still uncertain.

The main focus of our current study is a microphysical The limited data available in the literature on low tem-
consistent treatment of the hysteresis effect, not its implicaperature ERH are restricted to the (WHSQOs/H20 system
tions for radiative forcing at this stage. For this purpose we(ASR = 2) (Cziczo and Abbatt, 1999; Onasch et al., 1999).
apply state-of-the-art laboratory data of homogeneous effloTherefore, we performed nucleation experiments with single
rescence and deliquescence of th&By/NHs/H,O aerosol ~ aerosol particles in an electrodynamic particle trap to obtain
system to the atmosphere in order to predict, for the first time 2dditional ERH values for ASR anfl of atmospheric rel-
the physical state of this aerosol class globally. In doing scevance (Colberg, 2001; Colberg et al., 2003). The experi-
we use trajectories derived from ECMWF analyses. As inputmental setup is described in more detail elsewhere (Krieger
parameters we use global RH-fields, also from the ECMWEFet al., 2000; Colberg, 2001; Colberg et al., 2003). In brief,
analyses, and state of the art ASR data from the aforemerthese experiments make use of the DC-voltage as direct mea-
tioned GCM-study by Adams et al. (1999). RH values aresurement of the particle mass and therefore of concentration
then tracked along trajectories. This is done in order to studychanges. In addition, the particle radii are derived from Mie-
the deliquescencel/efflorescence hysteresis explicitly. phase-function-analysis (Davis and Periasamy, 1985). In-

formation on the particle shape and morphology is further
obtained with light-scattering intensity fluctuation measure-

2 Methodology ments (Braun and Krieger, 2001; Krieger and Braun, 2001).
Finally, Raman-spectra are used in order to identify the crys-
2.1 Input parameters talline phases. The composition of the gas phase, pressure

(100 mbar—1000 mbar) and temperature (158 K-310 K) are
The process by which dry solid crystals stay dry upon humid-controlled in the chamber. Since particles can be kept in the
ification but take up water spontaneously above a certain RHrap for weeks, measurements can be performed on a long
to form an aqueous solution is called deliquescence, and théme scale. The measured ERH values, which are used in the
corresponding RH value thermodynamically required for thismodelling part of this study are shown in Table 1.
to happen is called deliquescence relative humidity (DRH). Figure 1 shows ERH data of the (MHSO4w/H20
The inverse process of solidification is called efflorescencgASR = 2) system as a function of temperature and RH to-
and, in contrast to deliqguescence, is not thermodynamicallygether with the saturation curves for ice (solid gray line) and
determined but is a kinetic phenomenon, which requires su{NH4)>SOy (solid red line) predicted by the model of Clegg
persaturation. The RH value typically required for solidifi- et al. (1998). The dashed red line is calculated by subtract-
cation is called efflorescence relative humidity (ERH). Be-ing a constan’A RH from the DRH curve. This was moti-
cause DRH> ERH, there is a deliquescence/efflorescence-vated by the procedure of Koop et al. (2000) who suggested

www.atmos-chem-phys.org/acp/3/909/ Atmos. Chem. Phys., 3, 909-924, 2003
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T A agreement between the measured data andAt@-curve

D \ supports this procedure. The dashed gray line is the ho-
mogeneous nucleation ice curve, which Koop et al. (2000)
obtained by adding a constant 30.5% RH to the ice melting
point curve. As a result the red and gray shaded areas show
the ranges where purely liquid aerosol particles cannot ex-
ist due to homogeneous nucleation of crystalline gNISOy
orice, respectively. The hysteresis phenomenon is illustrated
by the blue/red water uptake or loss trajectories, which repre-
sent atmospherically possible pathways. A cooling (i.e. hu-
midifying) process starting at dry conditions (D) leaves the
particles solid until RH> DRH at the corresponding temper-
ature (D) is reached. In the reverse warming (i.e. drying)
process starting from (E) the aerosol particle will crystallize

300 T T

{tiquip | (NH),sO,
%‘E\

RH/ % only when RH< ERH at the corresponding temperature (E’)
is reached (as long as heterogeneous nuclei are absent).
Fig. 1. Phase diagram of the (NPhSOs/H2O-system (ASR = 2). Figure 2 shows DRH and ERH at two different temper-

Temperature and RH ranges are shown together with the saturatioatures as a function of RH and ASR. The DRH curves are
curves for ice (solid grey line) and (NphSOy (solid red line) pre-  calculated using the model of Clegg et al. (1998). The left
dicted by the model of Clegg et al. (1998). The solid circles (mea-panel ¢ = 260 K) shows averaged measurements by Col-
surements in an electrodynamic balance by Colberg, 2001 and Colerg (2001) and Colberg et al. (2003) (solid triangles for nu-
berg et al., 2003), the open squares (flow tube studies by OnaSCEIeation at ASR =1 and 1.5, and open circle for ASR = 0.5

et al., 1999) and the solid triangles (flow tube studies by CZ'CZOindicating no nucleation) together with the value for ASR = 2

and Abbatt, 1999) show efflorescence measurements with the corrz

sponding error bars. The dashed red line is calculated by subtractin fom from Flg;) 1. The red lines are calculated agaln by
50 % RH from the DRH curve and is called thé&0-curve. It repre- ubtracting 50% RH from each DRH curve and are in good

sents the homogeneous nucleation line of ()4$0,. The dashed ~adreement with the measured data. The good agreement be-
grey line is the homogeneous ice nucleation curve (Koop et al.fween the measurements and thB0-curves suggests that
2000). The hysteresis phenomenon is illustrated by the blue/redhe particle trap experiments at 260 K probably succeeded
water uptake trajectories. in measuring homogeneous nucleation, as we would expect
a strong heterogeneous effect to result in considerable scat-
ter. Thus, theA50-method represents a physically moti-
Table 1. ERH-vanes frpm nucleation expe.rimenFs of single, levi- \5ted approximation, which despite the absence of more
tated aerosol particles in an electrodynamic particle trap (COIbergclosely spaced ERH measurements allows a reasonable ap-
2001; Colberg et al., 2003). ERH-values are averages from 1-4 ex, i ation of the efflorescence behavior of atmospheric
periments. Measurements are performed at constant temperatur«%, . :
the errors are- 2.5% in RH 2SOy/NH3/H20 aerosol particles. In the lack of any infor-
mation at lower temperatures we use t&0-method also at
temperatures lower thah = 260 K.

ASR ERH /% T/K solid phase The red curves in the right panel fé= 293 K were again
homogeneous calculated by subtracting 50% RH. Electrodynamic balance

2 30.8 263.5 (NH)2SOy measurements by Tang and Munkelwitz (1994) are plotted as
2 28.5 260.0 (NH)2SOy solid gray triangles, electrodynamic balance measurements
15 27.5 2635 (N&)3H(SOs)2 by Spann and Richardson (1985) as solid black circles. The

L 16.0 270.0  (NH)3H(SO); gray and black bars show the scatter of their data, illus-

1 16.0 264.0  (NH)3H(SOy)2 : :

1 15.0 260.0 (NH)3H(SOu)s trating that they did ob;erve not only horr_\ogeneou_sly but
05 -1.0 263.5 no nucleation also heterogeneously triggered crystallization. Looking for
03 <1.0 263.5 no nucleation an approximation for homogeneous efflorescence we could
0 <1.0 258-290  no nucleation adopt the lower envelope of their data. However, when tak-

ing the absolute values of their scattering into account the
A50-method (red curves) is again a suitable approach to ob-
that homogeneous nucleation of ice from aqueous solutionsain ERH input parameters faf= 293 K, as it satisfies the
would occur at a concentration differing by a constant RHlower bound criterion and follows at the same time the phys-
(or water activity) from the melting point curve. Note that the ical picture given by Koop et al. (2000). Therefore we use
constantA RH for (NH4)2SOy and for ice differ in sign. Here  the A50-method for 220 K, 260 K and 293 K and interpolate
we subtract 50% RH from the DRH curve, call this curve the DRH and ERH at intermediate temperatures during a model
A50-curve, and suggest that it corresponds to the ERH. Theun.
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asR T= 20K AR

Fig. 2. DRH- and ERH-values at two different temperatures as a function of RH and ASR. The DRH curves are calculated by the model of
Clegg et al. (1998). The left panel (T = 260 K) shows measurements by Colberg (2001) and Colberg et al. (2003) (solid triangles for ASR =1
and 1.5; the open circle for ASR = 0.5 indicates that no nucleation was observed) and the value which resulted for ASR = 2 from Fig. 1.
The red line is calculated by subtracting 50 % RH from the DRH values and is callesbxeurve and is in very good agreement to the

data. The red line in the right panel was calculated likewise. Room temperature measurements by Tang and Munkelwitz (1994) are plotted
as solid grey triangles and measurements by Spann and Richardson (1985) are plotted as solid black circles. The grey and black bars sho
the scattering of their data.

We note that the crystallization we observe for ASR = 1 ASR, July, 400-600 mbar
and7'= 260 K is in contradiction to measurements by Cziczo | e :
and Abbatt (2000), who did not obverse crystallization for R N
temperatures between 298 and 238 K in a flow tube study. 60N [
This might be due to residence times in the flow reactor of
approximately 30 s, which might be too short to allow nucle- @ 30N | i
ation and crystallization to be observed. In contrast to these™, I
observations we propose that letovicite indeed forms through.g  EQ
homogeneous nucleation at ERH = 16%2.5%, since we I
identified it during 18 independent efflorescence cycles as
the crystallization product. Additional support for the fact
that we are able to determine homogeneous nucleation in our 60S |
electrodynamic particle trap are results that show that both i ‘ ‘ 5 : : ‘=02
(NH4)2SO4 and NaCl nucleate in our setup (Colberg, 2001; I
Braun and Krieger, 2001; Krieger and Braun, 2001; Colberg
et al., 2003) exactly at the accepted homogeneous ERH val- 180W 120W 60W OE 60E 120E 180E
ues, reported in the literature (Martin, 2000). longitude (deg)

1.8
1.4

1.0
E
= ,
= 308 06

2.1.2 Ammonia to sulfate ratios (ASR) Fig. 3. Ammonia to sulfate ratios (ASR) from Adams et al. (1999)
are used as an input parameter for the APSM. Global ASR values

Adams et al. (1999) developed a global circulation modelare iIIu_strated and averaged for the month of July in the 400600

(GCM) for tropospheric sulfate, nitrate and ammonia aerosofmbPar bin.

particles which provides ASR. From this we derive fixed of-

fline ASR climatologies for January and July. The reasons

and effects of using offline ASR data are discussed in de-321 and 201 mbar. For the use in the APSM we binned the

tail in section 3.5.3. Adams et al. (1999) use GEIA (Global ASR values in the altitude ranges 0—200, 200-400, 400-600,

Emission Inventory Activity) emission data, compare and 600-800 and 800—1000 mbar. As an example, Fig. 3 shows

match their results with available measured ASR. They rethe global ASR averaged for the month of July in the 400—

port that their modeled values are generally within a factor600 mbar bin (around 5 km altitude). The figure shows ASR

of two to the existing data. The GCM provides ASR with close to complete neutralization at northern middle and high

a & x 5° horizontal resolution at 959, 849, 786, 634, 468, latitudes resulting from the high ammonia emissions from

www.atmos-chem-phys.org/acp/3/909/ Atmos. Chem. Phys., 3, 909-924, 2003
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microbiological soil activity and livestock farming during the 100 — 77—
summer months in the northern hemisphere, but very low ] i
particulate ammonium in the higher latitude southern hemi- 7
sphere.

DRH (ASR(t), T(t)) it
80- V) it

2.1.3 Trajectories 60

1%

The APSM allows to accurately model the deliques- &
cencel/efflorescence hysteresis by tracking the spatial and
temporal development of RH and the spatial development
of ASR along air parcel trajectories. Three-dimensional, 204
month-long trajectories are started at the beginning of the two
months of July 2000 and January 2001 on four levels (700,
600, 500 and 400 mbar), using ECMWF wind fields from the
T319L60 assimilation cycle. This is done on@ab 5° grid
from 180 W to 180 E and from 85 S to 8% N. This results
'n_4 X_72 x 35=10080 trajgctorles for each time per!o‘?'- The Fig. 4. The temporal RH-progression of a typical trajectory is dis-
grid size for RH and" resulting from ECMWF analysis ISl pjayed (solid and dashed grey line). The blue and red lines show
x 1°. Every six hours RH and temperature are interpolatedihe corresponding DRH and ERH. The solid grey line represents
to the trajectory positions (latitude, longitude and altitude). solid particles whereas the dashed grey line indicates totally liquid
A closer description of the trajectory tool is given by Wernli aerosol particles.

and Davies (1997).

40

ERH (ASR(t), T(t))

T T T T T T T T T T
5 10 15 20 25 30
Time / days

2.2 Model description purely liquid aerosol particles. On the basis of this proce-
dure the physical state of theyHOs/NH3/H2O aerosol par-
Along with the 5 altitude bins (0-200, 200—-400, 400-600, ticles is identified along all 10080 trajectories, from which
600-800 and 800—-1000 mbar) the 5 5° intervals yield a  the number fraction of particles containing solid ammonium
total of 12960 model grid boxes. The 10080 trajectories aresulfate [(NH;)2SQy], letovicite [(NHs)3H(SOy)2], or ammo-
initialized and after a three-day adjustment period the invesnium bisulfate [NHHSQy] relative to the total number of
tigation is started. all HoSOy/NH3/H20 aerosol particles can be determined in
In each grid box the physical state of the aerosol particleseach grid box. From this also area-weighted global mean
is analyzed for all intersecting trajectories at each 6-hr timevalues are calculated.
step: The aerosol particle on a trajectory entering a grid box
whose (RH,ASR)-pair is below the corresponding ERH crys-
tallizes, forming mixed-phase (solid/liquid) particles. Upon 3 Results and discussion
further transport the solid components survive as long as the
trajectory does not enter a grid box whose (RH,ASR)-pair isIn these first simulations we assume only one solid phase to
above the corresponding DRH, in which case the particleform, namely the one that first reaches its ERH. In section
will again become fully liquid. 3.5.4 we then examine the effect of multiple solid phases.
The variability in RH is expected to have a larger in-  All altitude bins have been analyzed equivalently. How-
fluence on hysteresis and therefore the physical state oéver, the results of the APSM are discussed in detail for the
H>SOy/NH3/H20 aerosol particles than ASR. This is based altitude range 400—600 mbar for the month of July. The low-
on microphysical reasons stemming from the structure of theest bin (800-1000 hPa) is not shown as the assumption of a
phase diagram displayed in Figure 2. For ASR between Ipure bSOy/NH3/H20 aerosol system is hard to justify. The
and 2 DRH and ERH are almost insensitive to ASR but veryhighest bin (0—200 hPa) is not shown since the two input pa-
sensitive to RH. For ASR below 0.8-1.0 efflorescence cantameters ASR and RH are not reliable enough.
not occur anyway. So, on an average, a variation in RH, e.g. The 400-600 mbar bin corresponds to the free troposphere
10 % in RH, results in a larger number of phase transitionsaround 5 km, an altitude where,BO4/NH3/H20 particles
than the comparable variation of 0.2 in ASR units. have also been observed over maritime regions (Yamato and
Figure 4 shows the temporal evolution of RH on a typical Tanaka, 1994; Talbot et al., 1998; Dibb et al., 1999). A
trajectory (solid and dash-dotted gray line). The blue and redeliable analysis of this altitude range was enabled by our
lines show the corresponding DRH and ERH, which timely ERH measurements (Colberg, 2001; Colberg et al., 2003),
depend on ASR and along the trajectories. Therefore the which were performed af'= 260 K, a typical tempera-
solid gray line represents periods with mixed phase parti-ture at these altitudes. Figure 5 shows the number fraction
cles whereas the dash-dotted gray line shows periods witlef solid-containing HSO4/NH3/H20 particles. Red colors
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Fig. 5. Number fraction of solid-containing #5O4/NH3/H>0 par- Fig. 6. Number fraction of solid-containing 4504/NH3/H,0 par-

ticles in July for the 400-600 mbar bin. Results are obtained by aticles in July for the 400—600 mbar bin. Results are obtained by

trajectory study. a trajectory study but crystallization is assumed to occur without
supersaturation.

correspond to areas of a solid-containing number fraction of
at least 50%. There are large regions with high number frac-
tions of solid-containing aerosol particles, particularly above
continents. During the northern hemispheric summer the oc- 60N |~ %+
currence of partially solidified F5O4/NH3/H20 particles is I
pronounced because both the natural as well as the anthrogy 30N
pogenic mean ammonia emissions are high (Bouwman et al.@?/ [
1997). In contrast to ammonia emissions, the precursoremis-e g
sions of sulfate vary geographically and seasonally to a lower 2 i
extent (Adams et al., 1999).

The main advantage of this trajectory study is that the del-
iquescence/efflorescence hysteresis is modelled accurately. 60S I
Depending on the history of the air parcel, the aerosol par- -
ticles might be liquid despite being supersaturated. Figure 6 I B T DD D L]
shows the result if the hysteresis phenomenon is not consid- 180W 120W 60W OE  60E 120E 180E
ered and crystallization is assumed to happen without super-
saturation. Such a purely thermodynamic treatment, which
neglects kinetic barriers that suppress efflorescence, mas-

. . . . - ‘Icfig. 7. Result of an grid-based approach. Purely thermody-
sively overestimates the number fraction of solid-containing ... snap-shot of a distribution of liquid (blue) and solid (red)

particles. H>SO4/NH3/H0 particles (July, 400-600 mbar). The aerosol par-
The benefit of a trajectory study is further highlighted by ticles are taken as solid for Rkt DRH and as liquid for RH>

the result presented in Fig. 7. Here, as in Fig. 6 the kinet-DRH.

ics of efflorescence are not taken into account, but in addi-

tion Lagrangian information along trajectories is neglected as

the calculation is performed in a purely grid-based approachparticles it is difficult to define the starting point of a deli-

Each grid-box was checked for RH and taken as containingjuescence process, we decided to take the RH where the last

solids for RH< DRH and as liquid for RH~ DRH (as func-  solid constituent is dissolved completely. This results in a

tion of ASR andr’). RH is obtained from a monthly averaged purely thermodynamic snap-shot, which does not allow to

climatology of ECMWF RH-data. As DRH we denominate quantify a mass or number fraction of the solid respectively

the RH at which aerosol particles are totally deliquesced. Fotiquid aerosol particles. The particles are either liquid (blue

purely solid particles this is identical to the starting point of areas) or solid (red areas). This exactly is the benefit of a tra-

the deliquescence process. However, since for mixed phagectory study. However, in principle an Eulerian model that

Grid-based s
) T

lat

3081

longitude (deg)
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Fig. 8. Partitioning of the solid-containing number fraction of
HySOy/NH3/H,O particles in July for the 400-600 mbar bin.
Global letovicite and ammonium sulfate number fractions are
shown for the homogeneous nucleation scenario.

latitude (deg)

carries two tracers (one for solid and one for aqueous aerosol
particles) can also model hysteresis. For such a model the
advection scheme would be of great importance. It should be
avoided that e.g. the advection of solid particles “poisons”
neighboring grid boxes. So a model simply has to track the 180W 120W 60W OE 60E 120E 180E
fraction of particles that are in a given state and treat them longitude (deg)
separately with sufficient small grid boxes.

Fig. 9. Altitudinal comparison of the number fraction of solid-

3.1 Partitioning between letovicite and ammonium sulfate containing BbSOs/NH3/H0 particles in July for the 200-400,
400-600 and 600—800 mbar bins. White sectors characterize grid

As long as we assume crystallization to occur exclusivelyPoXes which were not crossed by any trajectory.

via homogeneous nucleation, only letovicite and ammo-
nium sulfate form in the APSM. The bisulfate cannot form
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Table 2. Global monthly mean values for July calculated from the results of the APSM

Altitude /mbar RH/% ASR Fraction/ % Fraction /% Fraction/ %
total solid (NHy)3H(SOq)2  (NHg)2SO4

200-400 40.3 11 56.9 54.5 2.4
400-600 41.5 1.0 33.9 28.8 4.2
600-800 50.4 1.0 19.7 14.6 5.1

Table 3. Global monthly mean values for January calculated from the results of the APSM

Altitude /mbar RH/% ASR Fraction/ % Fraction /% Fraction / %
total solid (Nl‘h)3H(SO4)2 (NH4)2$O4

200-400 42.7 0.8 38.3 38.0 0.3
400-600 42.1 0.8 23.6 23.3 0.3
600-800 48.9 0.8 17.4 16.7 0.7

homogeneously, as is evident from the efflorescence curvekow temperatures in this region, illustrating the importance

in Fig. 2 and discussed in detail in Sect. 3.5.4 (see alswf measurements of ERH at |ofu.

Fig. 11). It could only nucleate heterogeneously, for example

on preexisting letovicite or ammonium sulfate, a case which3.3 Seasonal variation

is discussed in detail as a sensitivity study in Sect. 3.5.4,

where also details of the homogeneous pathways are giverkor January the number fraction of solid-containing

Here we restrict ourselves to homogeneous crystallization oH>SOy/NH3/H2O particles is illustrated in Fig. 10 for the

letovicite and ammonium sulfate, and consider their parti-400—600 mbar level. Though the global number fraction of

tioning. mixed-phase bISO4/NH3/H>O particles is clearly smaller
Figure 8 shows the global distribution of letovicite (left in January than in July due to reduced microbiological ac-

panel) and ammonium sulfate number fractions (right panel) fivity, still a significant amount of solid-containing aerosol

The fraction of ammonium sulfate is very low, and almost all Particles is to be expected. The seasonal fluctuation of the

mixed-phase particles contain letovicite. Within the limits of ASR is influenced strongly by the variations in ammonia

our study it is demonstrated that letovicite is the prominenteémissions while sulfate emissions remain relatively uniform
solid phase of the y504/NH3/H,0 system. (Adams et al., 1999). The larger amounts of solid-containing

The result that letovicite is the dominant phase could alsoaerosol partlclgs in the sputhern hgmlg,phere are due to n-
reased oceanic ammonia production in the southern hemi-

be conceived by the phase diagrams displayed in Fig. 2. Iy )
a drying process homogeneous crystallization does not occu?pherlc summer.
before an investigated aerosol particle is sufficiently super-
saturated (red ERH line in Fig. 2). Whatever phase is suf—3‘4 Global mean values
ficiently supersaturated first on an atmospheric pathway i
being formed. This is letovicite for ASR1L.5 and ammo-

nium sulfate for ASR-1.5. Since atmospheric ASR values
are generally smaller than 1.5, letovicite is suggested to b

the dominant phase.

S‘I'he global monthly mean values of RH, ASR, solid-
containing aerosol number fraction and the partitioning of
mmonium sulfate and letovicite for July and January are
isted in Tables 2 and 3. In order to enable global mean value
calculations the results have been weighted by the surface
areas of each grid box.
3.2 Altitudinal dependence
3.5 Sensitivity studies
The altitudinal dependence of the number fraction of solid-
containing BSOy/NH3/H»0 particles is illustrated in Fig. 9 We have tested the importance of errors introduced by the
for the 200—400, 400—-600 and 600—-800 mbar bins in Julyvarious input parameters (DRH, ERH, ASR and RH) along
The number fraction of solid-containing particles increasestrajectories. The overall result of significant amounts of
with altitude due to the decrease in RH aifd(affecting mixed-phase ammoniated sulfate particles, and particularly
ERH). In particular, the solid material in the upper tropo- of letovicite remains unaffected. As an example the results
sphere (200-400 mbar) of the southern hemisphere is due tof these sensitivity tests for July are displayed in Table 4.

www.atmos-chem-phys.org/acp/3/909/ Atmos. Chem. Phys., 3, 909-924, 2003



918 C. A. Colberg et al.: Physical state model 68@/NH3/H,0 aerosol particles

Table 4. Comparison of several sensitivity tests by varying the input parameters. Motivation for sensitivity ranges are discussed in the text.
Global monthly mean values for July are given

Altitude / mbar  Fraction / % Fraction / % Fraction / % Fraction / %
total solid total solid total solid total solid
(reference) Variation in ERH Variation in RH Variation in ASR

(absolute deviation) (relative deviation) (relative deviation)
+25% -25% +10% -10%  +20% -20%

200-400 56.9 59.5 53.9 52.3 61.8 61.1 50.3
400-600 33.9 34.8 30.7 29.0 36.5 41.2 25.6
600-800 19.7 21.1 18.1 16.9 229 25.3 14.2
uary, 400-600 mbar Deviations resulting from a variation of the DRH-values will

Total solid containing fraction, Jan
AP L T LR W IR

" : I be even smaller, since the representation of DRH-values are
: ’ 0.9 more accurate than those of the ERH values.

= 07 3.5.2 RH-fields

As an error estimate we take10 % relative deviation in RH

1 0.5 (Clark and Harwood, 2002). This is the estimate for the up-

o per troposphere/lower stratosphere and is therefore a conser-

vative assumption, since ECMWF RH values are more reli-

able in the lower troposphere. We obtain an absolute/relative

deviation in the global mean values of the solid number frac-
0.1 tion of: —4.6 % /—8% (200-400 mbar)-3.4 % /—12 %

I (400-600 mbar) and 5.5 % /—14 % (600—800 mbar) for the

variation of + 10 % in RH and 4.9 %/ 8.7 % (200—400 mbar),

180W 120w 60w . OE  GOE I20E 180E 4.2 % / 10.9 % (400—600 mbar) and 3.2 % / 16.3 % (600—

longitude (deg) 800 mbar) for the variation 0f10 % in RH.

latitude (deg)

W 0.3

Fig. 10. Number fraction of solid-containing 4504/NH3/H,0

particles in January for the 400—600 mbar bin. 3.5.3 ASR-fields

As an error estimate we take 20 % relative deviation in
Moreover we evaluate the effects of immediate heterogeASR. Due to the lack of a quantitative assessment of the used
neous nucleation of a second solid and explain the treatmerffSR data we take this as a reasonable estimation. In do-
of RH close to ice saturation in this section. ing so we obtain an absolute/relative deviation in the global
mean values of the solid number fraction of: 4.8 % /7.4 %
3.5.1 ERH- and DRH-values (200-400 mbar), 8.3 % / 25 % (400—-600 mbar) and 5.6 % /
28.5 % (600—-800 mbar) for the variation of + 20 % in ASR
The used microphysical input data (DRH-/ERH-values) areand —6.6 % /—11.6 % (200-400 mbar);-6.8 % /—22 %
the most accurate input parameters. This is due to the com@00-600 mbar) ane-5.6 % /—27.8 % (600-800 mbar) for
bination of our own laboratory measurements and the uséhe variation of~20 % in ASR.
of a state of the art thermodynamic model by Clegg et al. Furthermore, a sensitivity test investigating how ASR vari-
(1998). The model is verified by numerous measurements aability on shorter timescales than one month will influence
described above. As a conservative error estimate we takthe physical state of the aerosol was performed. Instead of
an absolute deviation of 2.5 % in ERH and performed using monthly ASR climatologies, we used 15 successive
a sensitivity test. In doing so we obtain for July an abso-ASR(x,y,z,} fields of that particular month and compared it
lute/relative deviation in the global mean values of the solidto the original monthly mean results. For July we obtain
number fraction of: 2.6 % / 2.6 % (200-400 mbar), 2.5 % / an absolute/relative deviation 6f2.0 % / —3.5 % (200—
5.8 % (400-600 mbar) and 1.5 %/ 7.5 % (600—-800 mbar) for400 mbar),—1.7 % /—4.2 % (400—-600 mbar) and1.0 % /
the variation of + 2.5 % in ERH and3.0 % /—5.3 % (200— —4.0 % (600-800 mbar) in the global mean values of our
400 mbar),—1.6 % / —6.7% (400—-600 mbar) and1.5 % /  solid number fraction. These differences are rather small and
—7.8 % (600-800 mbar) for the variation e£2.5% in ERH.  justify the use of monthly ASR climatologies.
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Table 5. Global monthly mean values for July calculated from the results of the APSM for the sensitivity study: Homogeneous nucleation
initiates heterogeneous nucleation. For each phase the total number fraction is given

Altitude/mbar RH/% ASR Fraction/% Fraction/ % Fraction / % Fraction / %
total solid NHHSO;  (NHg4)3H(SOy)2  (NH4)2SOy

200-400 40.3 11 57.0 29.7 24.5 2.9
400-600 41.5 1.0 38.8 16.2 18.4 4.2
600-800 50.4 1.0 24.0 7.1 12.8 4

100 - T - . - . - - immediate heterogeneous nucleation of a second solid takes
(i) (') place after homogeneous nucleation occurred, has to be con-
80 Liquid 14 sidered.
pN I These two approaches and the resulting microphysical
45 3/\\ i consequences are explained by means of Fig. 11. Two possi-
= 609 5@ [ T 1 ble microphysical pathways — (i) and (i) — as well as the ther-
T i modynamically stable phases in the$04/NH3/H20 sys-
% 40- i tem are illustrated. The saturation curvés{1) for ammo-
- |-i2] nium bisulfate (solid red line), letovicite (solid blue line) and
20 —-\ P ammonium sulfate (solid green line) are shown as a func-
‘| tion of RH and ASR. In a drying process80s/NH3/H20
| aerosol particles are supersaturated with respect to solid
000 0 T — '20 phases once these saturation curves are intersected (i.e.

points (I) and (1) in Fig. 11). In the homogeneous nucle-
ASR /% T=260K ation only scenario, letovicite or ammonium sulfate can nu-
. . cleate only below the corresponding homogeneous efflores-
Fig. 11. Phase diagram of the$Q,/NH3/H,0 system. The sat- o o0 jineg (intersections (I1) and (2) with the dashed blue
uration curves for ammonium bisulfate (solid red line), letovicite . . . .
(solid blue line) and ammonium sulfate (solid green line) are shownand green Il.ne, reSpeCt,NEIy)' Ammonium bisulfate Car\hot
as a function of RH and ASR. The dashed blue and green lines corform at_ all, since according to our laboratory based empirical
respond to homogeneous efflorescence lines of letovicite and ameXtension the homogeneous ERH-value would be lower than
monium sulfate, respectively, which are derived in Fig. 2. More- 0% RH. Subsequent to crystallization, when the air humidi-
over two possible microphysical pathways — indicated by the dottedfies again and/or when the aerosol acidifies (due to uptake of
black line (i) and the solid black line (ii) — are illustrated in order to additional BSQy), the solids deliquesce fully once the cor-
explain the differences between the two approaches: (a) mere haesponding saturation curve is intersected, which means that
mogeneous nuc_:leation and (b) immediate het.erogeneous nucleatighe RH~ DRH (i.e. intersections (Ill) and (3)). Recrystal-
of a second solid after homogeneous nucleation. lization cannot occur before RH falls below ERH again. This
assumption has been used for the APSM calculations shown

- . . inFigs. 5, 8,9and 10.
Apparently another error is introduced by using offline . .

ASR fields. At this stage of the study it is impossible to use AS an alternative to the homogeneous nucleation only sce-
online ASR values as they are not available. ECMWF, whichnario, homogeneous nucleation could immediately be fol-
we used for the trajectories and the RH values, does not prol®Wed by heterogeneous nucleation of a second solid. This
vide ASR. Therefore we are dependent on ASR data fronf"€ans that homogeneous nucleation initiates heterogeneous
another source. We chose state of the art ASR fields from th@ucleation. This allows the possibility of ammonium bisul-
aforementioned GCM-study by Adams et al. (1999). How- fate formation. Therefore, more phases and a higher per-

ever, nudging the GCM-model to ECMWF wind fields could centage of solid-containing particles are expectec_i when com-
be an option to solve this problem in the future. pared to the mere homogeneous case. Besides the two

mixed phases ammonium sulfate/liquid and letovicite/liquid
3.5.4 Immediate heterogeneous nucleation of a secon#e mixed phase ammonium bisulfate/liquid as well as the
solid two mixed solid phases letovicite/ammonium sulfate and am-
monium bisulfate/letovicite can be formed. This is illustrated
Up to now we have assumed homogeneous crystallization tdy the two microphysical pathway (i) and (ii) in Fig. 11. In-
be the only process leading to solid-containing aerosol partistead of deliquescing at the saturation curve of the solid that
cles. However, a second approach, namely to assume that amas formed initially (intersections (Ill) and (3)), the particles
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Fig. 12. Sensitivity study: Immediate heterogeneous nucleation of a second solid after homogeneous nucleation. Number fraction of solid-
containing BSOy/NH3/H-O particles and the partitioning of the three solids ammonium sulfate, letovicite and ammonium bisulfate in July
for the 400-600 mbar bin.

do not fully deliquesce before the corresponding saturatiomium bisulfate is obtained in quite substantial amounts. Al-

curve of any one component of the mixed phase is interthough the total letovicite number fraction is reduced because

sected (i.e. intersections (IV) and (4)). For the scenario thabf ammonium bisulfate formation, letovicite is still a domi-

homogeneous nucleation initiates heterogeneous nucleatiomant solid phase in the 4304/NH3/H20 system. The am-

the total number fraction of solid-containing aerosol particlesmonium sulfate number fraction remains unaffected.

and the partitioning of the three occurring solids ammonium

bisulfate, letovicite and ammonium sulfate are illustrated in

Fig. 12. The global monthly mean values for July and the

corresponding partitioning of the solid phases are listed in It would be rather speculative to assess which of the two

Table 5. examined cases is the more realistic one, since the role of
The global mean values of the total solid-containing num-heterogeneous salt crystallization in the atmosphere is un-

ber fraction are enhanced by 6% at maximum. A significantcertain. However the case of homogeneous crystallization

difference between the two scenarios is that the partitioningcan be regarded as a lower bound for the formation of solid-

shifts once heterogeneous nucleation is considered. Ammoeontaining particles (compare Figs. 5, 8, 9 and 10).
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3.5.5 Treatment of RH close to ice saturation needs to be investigated. The GCM study of Adams et al.
(1999) provides HN@data. In order to implement HNO
One potential problem in our analysis can result from the speinto the APSM, laboratory ERH data are needed. How-
cial treatment of RH in ECMWF analyses. ECMWF assumesever, there are only very limited data on the quaternary sys-
ice particles to form immediately, to sediment out and totem (H»SO4/NH3/HNO3/H20): While pure ammonium ni-
readjust RH to ice saturation at the moment that ice satutrate shows small crystallization tendency (Cziczo and Ab-
ration (solid gray line in Fig. 1) is reached. In contrast, lab- batt, 2000; Dougle et al., 1998), Kriescher et al. (2003) show
oratory aerosol particles can be massively supersaturated béiat ammonium sulfate can nucleate from mixed ammonium
fore ice nucleation occurs (Cziczo and Abbatt, 1999; Koopsulfate/ammonium nitrate solutions. Implementation of in-
et al., 1999; Bertram et al., 2000; Koop et al., 2000; Mar-ternally mixed sea salt is not necessarily required since its
tin, 2000). Since the ECMWF analyses do not allow super-abundance in altitude levels above 800 mbar is low (Seinfeld
saturation with respect to ice to occur, this treatment mayand Pandis, 1998). At the lowest altitudes, sea salt may be
affect our analysis as it disables the deliquescence of solidreated individually, and DRH and ERH measurements are
ammoniated sulfate particles at temperatures below the eualready available (Tang et al., 1997; Koop et al., 2000b).
tectic point of ice and the ammonium salts. Therefore we(iii) Implementation of organic compounds and soot parti-
estimate a lower limit of solid containing particles in calcu- cles — Apart from the fact that the exact composition of at-
lations analogous to those described above. For this purpos@ospheric aerosol particles is not known, no GCM data and
we set at the moment a trajectory intersects the ice saturatioonly limited ERH- and DRH-values (Choi and Chan, 2001,
curve the RH to the value of the corresponding homogeneou2002; Brooks et al., 2002) are available for systems includ-
ice nucleation point. This yields a lower limit for the pres- ing organic constituents. Therefore such an extension would
ence of solid ammoniated sulfate particles since it allows del-be extremely difficult and is not possible at this point.
iquescence below the eutectic point. Since the above method
provides a lower limit of solid-containing aerosol particles a
sensitivity run was performed, in which exclusively ECMWF 4 Conclusions
RH-values are used even if the ice saturation curve is inter-
sected. In this run the global mean values of the total solid-The treatment of the $80s/NH3/H20 system is a first step
containing aerosol number fraction are barely higher: In thetowards global aerosol physical state modelling, which al-
200-400 mbar bin 5% more solid-containing particles are ob{ows an estimation of the occurrence of solid-containing
served whereas in the other two bins the values differ by lesparticles in the atmosphere. The direct aerosol effect is
than 1%. This is largely due to the fact that the trajectoriesvery sensitive to the water uptake properties of the particles

infrequently reach ice saturation. (IPCC, 2001). Therefore the physical state of atmospheric
aerosol particles is of high importance. Since we can predict
3.6 Summary the physical state of atmospheric aerosol particles with our

APSM this information could now be used in direct aerosol

In an thermodynamic, grid-based approach the consideratioforcing calculations.
of globally averaged RH- and ASR-values leads to a mis- The results of this study suggest that mixed-phase ammo-
leading estimate of the fraction of solid-containing aerosolniated sulfate particles, mainly containing letovicite, rather
particles when compared to our trajectory study. Resultgshan ammonium sulfate of ammonium bisulfate, may occur
of the APSM show that over large areas more than 50% ofirequently in the atmosphere. We conclude from our cal-
all HoSOy/NH3/H20 aerosol particles contain solid particles. culations that letovicite is at least of similar atmospheric
The solid-containing number fraction consists particularly of importance as ammonium sulfate. Of course, there are
letovicite, which therefore has to be considered with respecinany other constituents in the real atmosphere. However,
to its atmospheric relevance. Our results are rather insensif HNO3 is added to the ternary 2$04/NH3/H,O system,
tive to season and altitude. Depending on the treatment ofetovicite becomes even more important, since model results
homogeneously induced heterogeneous crystallization in they Lin and Tabazadeh (2002) show that Hjdssolution in
model ammonium bisulfate can be formed as well. ammoniated aerosol solutions can prevent the efflorescence

In future, the model could be extended with regard to fol- of ammonium sulfate and ammonium bisulfate in favor of
lowing topics: (i) Initial heterogeneous nucleation — Crys- letovicite crystallization. If crystallization is inhibited in the
tallization would occur at higher ERH-values, which meansaerosol particle, e.g. by the presence of organic constituents,
that the number fraction of solid-containing aerosol particlesletovicite would be evidently unimportant. But this remains
would increase. For such a scenario global concentrationto be shown in continued laboratory - modelling studies. The
of heterogeneous nuclei like mineral dust or soot are needeghrobable occurrence of letovicite is in agreement to sug-
(i) Implementation of nitric acid — Although the global ni- gestions by Tabazadeh and Toon (1998), who are the only
trate concentrations are much smaller than sulfate concerauthors discussing the atmospheric relevance of letovicite.
trations (Adams et al., 1999) the effect of additional HNO Hence, the atmospheric relevance of letovicite needs to be
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investigated with respect to its chemical and radiative proper-Choi, M. Y. and Chan, C. K.: Continuous measurements of the wa-
ties. In contrast, current models which calculate the radiative ter activities of aqueous droplets of water-soluble organic com-
effect of atmospheric aerosol particles take sulfate aerosol Pounds, Journal of Physical Chemistry A, 106, 4566-4572, 2001.
particles either as fully ammoniated (i.e. ammonium sulfate)Chol. M. Y. and Chan, C. K.: The effects of organic species on
or as pure sulfuric acid. the hygroscopic behaviors of inorganic aerosols, Environmental

. Science and Technology, 36, 2422-2428, 2002.
Based on the present study we recommend that the OptlChow, J. C., Watson, J. G., Edgerton, S. A, and Vega, E.: Chemical

cal properties (size, shape and refractive index) of letovicite composition of PM2.5 and PM10 in Mexico City during winter

and the morphology of mixed-phase particles containing 1997 science of the Total Environment, 26, 2391-2394, 1999.
letovicite and a remaining liquid should be studied in order cjark, H. L. and Harwood, R. S.: Upper-Tropospheric Humidity

to understand the influence of these mixtures on the radiative from MLS and ECMWF Reanalyses, Monthly Weather Review,

balance. 131, 542-555, 2002.
Clegg, S. L., Brimblecombe, P., and Wexler, A. S.: A ther-
AcknowledgementsiVe are very grateful to P. J. Adams for provid- modynamic model of the systemHNH4t-S042~-NO3~-

ing data sets of ammonia-to-sulfate ratios and many helpful discus- H,O at tropospheric temperatures, Journal of Physical Chem-

sions. We thank U. K. Krieger for his support in accomplishing the istry A, 102, 2137—-2154, http://www.hpcl.uea.acuéz 70/aim.

laboratory experiments and for many helpful discussions. Thanks html, 1998.

also to Y. Kriescher for providing some additional experimental Colberg, C. A.: Experiment an levitierten ,804/NH3/H,0-

data. C. A. Colberg is grateful to D. Brunner for an introduction into  Aerosolteilchen: Atmospirische Relevanz von Letovizit, Dis-

HIPHOP. We thank S. T. Martin for providing unpublished results.  sertation 14331, ETH iZrich, 2001.

We acknowledge internal funding by the Swiss Federal Institute ofColberg, C. A., Krieger, U. K., and Peter, T.: Morphological in-

Technology (ETH). vestigations during deliqguescence- and efflorescence-cycles of

H>SOy/NH3/H20 aerosol particles, in preparation, 2003.
Cziczo, D. J. and Abbatt, J. P. D.: Deliquescence, efflorescence,

References and supercooling of ammonium sulfate aerosols at low tempera-

ture: Implications for cirrus cloud formation and aerosol phase in

Adams, P. J., Seinfeld, J. H., and Koch, D. M.: Global concen- the atmosphere, Journal of Geophysical Research, 104, 13781~
trations of tropospheric sulfate, nitrate, and ammonium aerosol 13790, 1999.
simulated in a general circulation model, Journal of GeophysicalCziczo, D. J. and Abbatt, J. P. D.: Infrared observations of the re-
Research, 104, 13791-13823, 1999. sponse of NaCl, MgGl NHzHSO,, and NH;NO3 aerosols to

Adams, P. J., Seinfeld, J. H., Koch, D. M., Mickley, L., and Ja-  changes in relative humidity from 298 to 238 K, Journal of Phys-
cob, D.: General circulation model assessment of direct ra- ical Chemistry A, 104, 2038—2047, 2000.
diative forcing by the sulfate-nitrate-ammonium-water inorganic Davis, E. J. and Periasamy, R.: Light scattering and aerodynamic
aerosol system, Journal of Geophysical Research, 106, 1097—- size measurements for homogeneous and inhomogeneous micro-
1111, 2001. spheres, Langmuir, 1, 373-379, 1985.

Bertram, A. K., Koop, T., Molina, L. T., and Molina, M. J.: Ice for- DeMaott, P., Lynch, D. K., Sassen, K., and Starr, D.: Cirrus, Oxford
mation in (NH;)2SOs-H,0 particles, Journal of Physical Chem- University Press, London, 2001.
istry A, 104, 584-588, 2000. Dibb, J. E., Talbot, R. W., Scheuer, E. M., Blake, D. R., Blake,

Boucher, O. and Anderson, T. L.: General circulation model as- N. J., Gregory, G. L., Sachse, G. W., and Thornton, D. C.:
sessment of the sensitivity of direct climate forcing by anthro-  Aerosol chemical composition and distribution during the Pacific
pogenic sulfate aerosols to aerosol size and chemistry, Journal of Exploratory Mission (PEM) tropics, Journal of Geophysical Re-
Geophysical Research, 100, 26 117-26 134, 1995. search, 104, 5785-5800, 1999.

Bouwman, A. F., Lee, D. S., Asman, W. A. H., Dentener, F. J., Van- Dougle, P. J., Veefkind, J. P., and ten Brink, H. M.: Crystallisation
derHoek, K. W,, and Olivier, J. G. J.: A global high-resolution  of mixtures of ammonium nitrate, ammonium sulphate and soot,
emission inventory for ammonia, Global Biogeochemical Cy-  Journal of the Atmospheric Sciences, 29, 375-386, 1998.
cles, 14, 561-587, 1997. Held, A., Hinz, K. P., Trimborn, A., Spengler, B., and Klemm, O.:

Braun, C. and Krieger, U. K.: Two dimensional angular light scat- Chemical classes of atmospheric aerosol particles at a rural site
tering in aqueous NaCl single aerosol particles during deliques- in Central Europe during winter, Journal of the Atmospheric Sci-
cence and efflorescence, Optics Express, 8, 314-321, 2001. ences, 33, 581-594, 2002.

Brooks, S. D., Wise, M. E., Cushing, M. and Tolbert, IPCC: Intergovernmental Panel on Climate Change: Third As-
M. A., Deliquescence behavior of organic/ammonium  sessment Report: Climate Change 2001, The Scientific Basis,
sulfate aerosol, Geophysical Research Letters, 29, 1917, Summary for Policymakers, WMO/UNEP, Cambridge Univer-
doi:10.1029/2002GL014733, 2002. sity Press, 2001.

Charlson, R. J., Langner, J., Rhode, H., Leovy, C. B., and War-Jacobson, M. Z., Tabazadeh A., Turco, R. P.: Simulating equi-
ren, S. G.: Perturbation of the Northern-Hemisphere radiative librium within aerosols and nonequilibrium between gases and
balance by backscattering from anthropogenic sulfate aerosols, aerosols, Journal of Geophysical Research, 101, 9079-9091,

Tellus, 43, 152-163, 1991. 1996.
Chelf, J. and Martin, S.: Water activity and equilibrium freez- Jacobson, M. Z., Lu, R., Turco, R. P., Toon, O. B.: Development and
ing temperatures of aqueous WHSOy solutions from—30 to application of a new air pollution modeling system. 1. Gas-phase

25° C, Journal of Geophysical Research, 26, 2391-2394, 1999.

Atmos. Chem. Phys., 3, 909-924, 2003 www.atmos-chem-phys.org/acp/3/909/



C. A. Colberg et al.: Physical state model of$04/NH3/H2O aerosol particles 923

simulations, Atmospheric Environment, 30, 1939-1963, 1996. Metzger, S., Dentener, F., Krol, M., Jeuken, A., Lelieveld, J.:

Jacobson, M. Z.: Development and application of a new air pollu- Gas/aerosol partitioning - 2. Global modeling results, Journal of
tion modeling system. 2. Aerosol module structure and design, Geophysical Research, 107, 4313, 2002.

Atmospheric Environment, 31, 131-144, 1997. Murphy, D. M., Thomson, D. S., and Mahoney, T. M. J.: In situ

Jacobson, M. Z.: Development and application of a new air pol- measurements of organics, meteoritic material, mercury, and
lution modeling system. 3. Aerosol-phase simulations, Atmo- other elements in aerosols at 5 to 19 km, Science, 282, 1664—
spheric Environment, 31, 587-608, 1997. 1669, 1998.

Kiehl, J. T. and Briegleb, B. P.: The relative roles of sulfate aerosolsNemesure, S., Wagener, R., and Schwartz, S. E.: Direct shortwave
and greenhouse gases in climate forcing, Science, 260, 311-314, forcing of climate by the anthropogenic sulfate aerosol: Sensitiv-
1993. ity to particle size, composition, and relative humidity, Journal of

Kiehl, J. T., Schneider, T. L., Rasch, P. J., and Barth, M. C.: Ra- Geophysical Research, 100, 26 105-26 116, 1995.
diative forcing due to sulfate aerosols from simulations with the Noble, C. A. and Prather, K. A.: Real-time measurement of cor-
National Center for Atmospheric Research Community Climate related size and composition profiles of individual atmospheric
Model - Version 3, Journal of Geophysical Research, 105, 1441— aerosol particles, Environmental Science and Technology, 30,

1457, 2000. 2667-2680, 1996.

Koop, T., Bertram, A. K., Molina, L. T., and Molina, M. J., Phase Onasch, T. B., Siefert, R. L., Brooks, S. D., Prenni, A., Mur-
transitions in aqueous NfHSO, solutions, Journal of Physical ray, B., Wilson, M., and Tolbert, M. A.: Infrared spectroscopic
Chemistry A, 103, 9042-9048, 1999. study of the deliquescence and efflorescence of ammonium sul-

Koop, T., Luo, B. P., Tsias, A., and Peter, T.. Water activity as  fate aerosol as a function of temperature, Journal of Geophysical
the determinant for homogeneous ice nucleation in aqueous so- Research, 104, 21 317-21 326, 1999.
lutions, Nature, 406, 611-614, 2000. Pilinis, C., Pandis, S. N., and Seinfeld, J. H.: Sensitivity of direct

Koop, T., Kapilashrami, A., Molina, L. T., and Molina, M. J., Phase  climate forcing by atmospheric aerosols to aerosol-size and com-
transitions of sea-salt/water mixtures at low temperatures: Impli- position, Journal of Geophysical Research, 100, 18 739-18 754,
cations for ozone chemistry in the polar marine boundary layer, 1995.

Journal of Geophysical Research, 105, 26 393-26 402, 2000. Rood, M. J., Shaw, M. J., Larson, T. V., and Covert, D.: Ubiqui-

Krieger, U. K. and Braun, C.: Light-scattering intensity fluctuations  tous nature of ambient metastable aerosol, Nature, 337, 537-539,
in single aerosol particles, Journal of Quantitative Spectroscopy 1989.
and Radiative Transfer, 70, 545-554, 2001. Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and

Krieger, U. K., Colberg, C. A., Weers, U., Koop, T., and Peter, T..  physics, John Wiley and Sons Inc., New York, 1998.
Supercooling of single 5504/H>0 aerosols to 158 K: No ev-  Shaw, M. A. and Rood, M. J., Measurement of the crystallization
idence for the occurrence of the octahydrate, Geophysical Re- humidities of ambient aerosol-particles, Atmospheric Environ-
search Letters, 27, 2097—-2100, 2000. ment, 24, 1837-1841, 1990.

Kriescher, Y., Krieger, U. K., and Peter, T.: Efflorescence behaviorSpann, J. F. and Richardson, C. B.: Measurement of the water cycle
of single levitated ammonium sulfate/ammonium nitrate-aerosol in mixed ammonium acid sulfate particles, Atmospheric Envi-
particles at low temperatures, in preparation, 2003. ronment, 19, 819-825, 1985.

Li, S. M., Macdonald, A. M., Strapp, J. W., and Lee, Y. N.: Tabazadeh, A. and Toon, O. B.: The role of ammoniated aerosols in
Chemical and physical characterizations of atmospheric aerosols cirrus cloud nucleation, Geophysical Research Letters, 25, 1379—
over southern California, Journal of Geophysical Research, 102, 1382, 1998.

21341-21353, 1997. Talbot, R. W., Dibb, J. E., and Loomis, M. B.: Influence of vertical

Lin, J. S., and Tabazadeh, A.: The effect of nitric acid uptake transport on free tropospheric aerosols over the central USA in
on the deliqguescence and efflorescence of binary ammoniated springtime, Geophysical Research Letters, 25, 1367-1370, 1998.
salts in the upper troposphere,Geophysical Research Letter§ang, I. N. and Munkelwitz, H. R.: Simultaneous determination of
10.1029/2002GL015251, 2002. refractive index and density of an evaporating aqueous solution

Liu, D. Y., Prather, K. A, and Hering, S. V.: Variations in the size  droplet, Aerosol Science and Technology, 15, 201-207, 1991.
and chemical composition of nitrate-containing particles in river- Tang, I. N. and Munkelwitz, H. R., Water activities, densities, and
side, CA, Aerosol Science and Technology, 33, 71-86, 2000. refractive indices of aqueous sulfates and sodium nitrate droplets

Martin, S. T.. Phase transformations of the ternary system of atmosphericimportance, Journal of Geophysical Research, 99,
(NH4)2S0y-H2SOy-H2O and the implications for cirrus cloud 801-808, 1994.
formation, Geophysical Research Letters, 25, 1657-1660, 1998Tang, I. N., Tridico, A. C., and Fung, K. H.: Thermodynamic and

Martin, S. T.: Phase transitions of aqueous atmospheric particles, optical properties of sea salt aerosols, Journal of Geophysical Re-
Chemical Reviews, 100, 3403-3453, 2000. search, 102, 19, 23 269-23 275, 1997.

McMurry, P. H. and Stolzenburg, M. R.: On the sensitivity of Wernli, H. and Davies, H. C.: A Lagrangian-based analysis of extra-
particle-size to relative-humidity for los angeles aerosols, Atmo-  tropical cyclones. (1) The method and some applications, Quar-
spheric Environment, 23, 497-507, 1989. terly Journal Of The Royal Meteorological Society, 123, 467—

McMurry, P. H., Litchy, M., Huang, P. F., Cai, X. P, Turpin, B. J., 489, 1997.

Dick, W. D., and Hanson, A.: Elemental composition and mor- Yamato, M. and Tanaka, H.: Aircraft observations of aerosols in the
phology of individual particles separated by size and hygroscop- free marine troposphere over the North Pacific Ocean: Particle
icity with the TDMA, Atmospheric Environment, 30, 101-108, chemistry in relation to air mass origin, Journal of Geophysical

1996. Research, 99, 5353-5377, 1994.

www.atmos-chem-phys.org/acp/3/909/ Atmos. Chem. Phys., 3, 909-924, 2003



924 C. A. Colberg et al.: Physical state model 68@/NH3/H,0 aerosol particles

Yao, Y., Massucci, M., Clegg, S. L., and Brimblecombe, P.: Equi- Zuberi, B., Bertram, A. K., Koop, T., Molina, L. T., and Molina,
librium water partial pressures and salt solubilities in aqueous M. J.: Heterogeneous freezing of aqueous particles induced by
NH4HSGO; to low temperatures, Journal of Physical Chemistry  crystallized (NH;)»,SOy, ice, and letovicite, Journal of Physical
A, 103, 3678-3686, 1999. Chemistry A, 105, 6458-6464, 2001.

Zhang, Y., Seigneur, C., Seinfeld, J. H., Jacobson, M., Clegg, S. L.,

Binkowski, F. S.: A comparative review of inorganic aerosol

thermodynamic equilibrium modules: similarities, differences,

and their likely causes, Atmospheric Environment, 34, 117-137,
2000.

Atmos. Chem. Phys., 3, 909-924, 2003 www.atmos-chem-phys.org/acp/3/909/



