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[1] The partitioning between solid and aqueous phases of tropospheric sulfate-ammonium
particles is simulated with a global 3-D chemical transport model (CTM). The simulation
explicitly accounts for the hysteresis of particle phase transitions by transporting
aqueous sulfate and three solid sulfate forms (namely, ammonium sulfate, letovicite, and
ammonium bisulfate). Composition-dependent deliquescence relative humidities (DRH)
and crystallization relative humidities (CRH) are based on recent laboratory data. We find
that the solids mass fraction on a sulfate basis is 0.34, partitioned as 93% ammonium
sulfate, 6% letovicite, and 1% ammonium bisulfate. The fraction increases with altitude

from 0.10 to 0.30 in the boundary layer to 0.60—0.80 in the upper troposphere. The
dominance of solids in the upper troposphere arises in part from high sulfate
neutralization, reflecting in our simulation a low retention efficiency of NH; upon cloud
freezing. High sulfate neutralization is consistent with the few available observations

in the upper troposphere. High acidity with a dominant aqueous phase, however, can occur
following volcanic eruptions. Seasonal variation of the solids mass fraction in both the
lower and upper troposphere is modulated by emissions of NH; from the terrestrial
biosphere and biomass burning as well as by emissions of dimethylsulfide from the ocean
biosphere. The timescale of phase transitions, as driven by changes in relative humidity,
varies from 10 to 50 h in the boundary layer to 150—400 h in the upper troposphere.
Omission of the hysteresis effect in the CTM by assuming that particle phase follows the
lower side of the hysteresis loop increases the solids mass fraction from 0.34 to 0.56.
An upper side assumption decreases the fraction to 0.17. Lower and upper side
assumptions better approximate particle phase for high and low altitudes, respectively.
Fluctuations in the CRH, which can be induced by other constituents in sulfate particles
such as minerals or organic molecules, strongly affect the solids mass fraction in

the boundary layer but not at higher altitudes. Further studies are needed to determine
the effects of large solids mass fraction on heterogeneous chemistry and cirrus

cloud formation.

Citation: Wang, J., A. A. Hoffmann, R. J. Park, D. J. Jacob, and S. T. Martin (2008), Global distribution of solid and aqueous sulfate
aerosols: Effect of the hysteresis of particle phase transitions, J. Geophys. Res., 113, D11206, doi:10.1029/2007JD009367.

1. Introduction

[2] Sulfate particles are the largest anthropogenic con-
tributors to the atmospheric fine-mode aerosol [Seinfeld and
Pandis, 1998]. They form from the oxidation of emitted
SO,, producing sulfuric acid that rapidly condenses as an
H,S0,4-H,O0 solution. The resulting aqueous particles can be
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partly or totally neutralized by atmospheric ammonia, and in
the process they may become solids depending on relative
humidity (RH).

[3] Whether the particles are solid or aqueous has impor-
tant implications for their environmental effects [Martin,
2000; Haywood and Boucher, 2000]. Solid particles are
smaller and scatter solar radiation back to space less
effectively [Ramaswamy et al., 2001; Martin et al., 2004;
Wang and Martin, 2007]. Aqueous particles modify atmo-
spheric chemistry through reactions such as N,Os hydroly-
sis [Jacob, 2000; Kane et al., 2001] and secondary organic
aerosol production [Lim et al., 2005]. Solid particles may
serve as ice nuclei and influence cirrus cloud formation
[Martin, 1998; Shilling et al., 2006; Abbatt et al., 2006].
Quantifying these effects requires a global 3-D chemical
transport model (CTM) that includes an explicit consider-
ation of particle phase.
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[4] Determination of particle phase in global models is
complicated by a hysteresis effect, creating bifurcations
between the equilibrium and metastable branches of the
particle hygroscopic growth curve [Spann and Richardson,
1985; Tang and Munkelwitz, 1994; Biskos et al., 2006a].
The phase therefore depends on the RH history of the air
parcel. For example, ammonium sulfate crystals deliquesce
at 80% RH at 298 K [Clegg et al., 1998]. However, the
crystallization RH at which an aqueous ammonium sulfate
particle loses its water and becomes solid is 35% [Martin et
al., 2003; Biskos et al., 2006b]. In consequence, for RH
values between 35 and 80%, ammonium sulfate particles
may be either solid or aqueous depending on the RH history
of the air parcel. Within the sulfate-ammonium system, which
is defined by pure sulfuric acid at one pole and ammonium
sulfate at the other, the availability of gaseous ammonia
determines the degree of neutralization. Depending on the
ammonium content, three solid phases may form: (NH,4),SO4
(ammonium sulfate, AS), (NH4);H(SOy), (letovicite, LET),
and NH4HSO4 (ammonium bisulfate, AHS). Sulfuric acid
particles remain aqueous at all humidities in the troposphere.

[5] Previous CTM studies of the non-sea-salt ammonium-
sulfate system have generally omitted the hysteresis effect,
assuming either the metastable or equilibrium branch to
hold throughout the atmosphere, though some studies
considered both possibilities as limiting cases for radiative
calculations [Haywood and Boucher, 2000; Jacobson,
2001; Martin et al., 2004]. In a hybrid approach to address
the hysteresis effect, Colberg et al. [2003] diagnosed the
distribution of sulfate phase in an Eulerian CTM [Adams et
al., 1999] according to RH back trajectories and the
monthly mean degree of neutralization (X = [NH}]/
2[SO3 7)) for each grid box.

[6] In this study, we implement a prognostic approach in
a Eulerian CTM (GEOS-Chem) to simulate the hysteresis of
non-sea-salt sulfate-ammonium phase transitions. Solid and
aqueous particles are allowed to evolve in time as separate
transported species (tracers), including conversion from one
type to the other by deliquescence or crystallization. The
approach tracks the solid and aqueous species in the
Eulerian framework and allows solid and aqueous particles
to coexist at a given location. Here we describe the model
and discuss the simulated global distribution of solid and
aqueous sulfate particles. A companion paper by Wang et al.
[2008] uses the model to assess the implications for sulfate
direct climate forcing.

2. Methodology

2.1. General Model Description

[7] We use the GEOS-Chem chemical transport model
(version 7.03) to conduct a full year simulation of sulfate-
ammonium particles [Martin et al., 2004; Park et al., 2004]
(http://www.as-harvard.edu/chemistry/trop/geos). The simu-
lation is driven by assimilated meteorological fields for
2001 from the NASA Goddard Earth Observing System
(GEOS-3) including wind velocities, convective mass
fluxes, mixing depths, clouds, temperature, humidity, pre-
cipitation, and surface properties. The GEOS-3 horizontal
resolution is 1° x 1°, with 48 layers in the vertical. The
temporal resolution is 6 h for the 3-D meteorological
variables and 3 h for mixing depth and surface properties.
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The horizontal resolution is degraded here to 4° latitude by
5° longitude for input to GEOS-Chem. Advective and
convective mass transport in GEOS-Chem [Allen et al.,
1996; Bey et al., 2001] are implemented over 30-min time
steps following the same schemes used in the GEOS-3
meteorological model [Moorthi and Suarez, 1992; Lin and
Rood, 1996]. The mixed layer, as diagnosed by the GEOS-3
mixing depth, is homogenized every 30 min. The GEOS-3
cloud fraction data show no bias with satellite observations,
indicating the reliability of the GEOS-3 meteorological data
for describing large-scale dynamics and distribution of
relative humidity, both of which are key factors for the
simulation of particle phase transitions [Liu et al., 2006].

[8] The sulfur and ammonia emissions and chemistry are
as described by Park et al. [2004] with minor changes.
Emissions are intended to be representative of the late
1990s. The global ammonia emission (including climato-
logical biomass burning) is 55 Tg N a™ ' [Park et al., 2004].
The global anthropogenic and natural sulfur emission is
89 Tg S a !, which is 12% larger than in the work by Park
et al. [2004], because of updated emissions in China and
India [Streets et al., 2003] as well as the addition of ship
emissions [Corbett et al., 1999]. Volcanic SO, emissions are
from a 1990 chronoloigy [Andres and Kasgnoc, 1998],
including 0.7 Tg S a~ ' eruptive and 4.8 Tg S a~' non-
eruptive. Eruptive emissions are distributed over the appro-
priate months, with plume heights determined from the
Volcanic Explosivity Index [Spiro et al., 1992]. Noneruptive
emissions are distributed evenly over the year and are
released at the altitude of the volcano. The sulfate aerosols
are partly or totally neutralized by ammonia (NHj3). If
excess ammonia is available after the neutralization of
sulfate, ammonium nitrate can be formed [Park et al.,
2004]. The activation of sulfate acrosols as cloud conden-
sation nuclei is not taken into account in GEOS-Chem
[Park et al., 2004], but processes such as the in-cloud
oxidation of sulfur into sulfate and as the deposition of
sulfate aerosols through dry and wet deposition are consid-
ered. A good agreement with no bias was found for
comparison of the GEOS-Chem simulated distribution of
sulfate-ammonium particles and their extent of neutraliza-
tion with those from the ground-based observations [Park
et al., 2004; Martin et al., 2004].

2.2. Phase Transitions

[9] The implementation of a prognostic treatment of
particle phase, including the hysteresis effect, is accom-
plished as follows. Five additional tracers are added to the
model: solid ammonium sulfate (AS), solid letovicite
(LET), solid ammonium bisulfate (AHS), aqueous sulfate
(AqSulf), and aqueous ammonium (AqAmm) (Figure 1).
Total sulfate (i.e., AS + LET + AHS + AqSulf) is also
retained as a tracer to verify mass conservation.

[10] New production of sulfate (including direct emis-
sion) is assumed to occur in the aqueous phase. Ammonia is
taken up in the aqueous phase by titration with sulfate. The
conversions between solid species AS, LET, and AHS and
aqueous species AqSulf and AqAmm are guided at each
time step by the local RH of the grid box compared to the
crystallization RH (CRH) of the aqueous species and the
deliquescence RH (DRH) of the solid species (Figure 1).
The CRH values of the aqueous sulfate-ammonium particles
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Figure 1. Schematic diagram for base case modeling in GEOS-Chem of the phase transitions of sulfate-

ammonium particles. During each time step of the model, the particle phase is determined depending on
the local relative humidity, the extent of neutralization, and the previous physical (phase) state. See text

for details.

depend on the extent of particle neutralization (0 < X < 1),
as follows [Martin et al., 2003]:

X>05:
1770760
25+0.5(X —0.7)

(1a)
(1b)

CRHy(X) = —71925 + 1690X — 139X% +

X <0.5:CRHy(X) =0

The DRH, values for AHS, LET, and AS are 42%, 69%,
and 80%, respectively [Martin, 2000]. Therefore, CRH, is
defined by a continuous variable X whereas DRH, is
defined only for X € {0.5, 0.75, 1}. The subscript 0
indicates the reference CRH and DRH values employed in
the base case and distinguishes them from those used in the
sensitivity cases described in section 2.3. When crystal-
lization of aqueous mass occurs for 0.75 <X <1, AS (X=1)
and LET (X = 0.75) form in proportions such that the total
sulfate and ammonium mass are conserved (Figure 1).
Similarly, for 0.5 <X <0.75, LET (X=0.75) and AHS (X=
0.5) are formed in the correct proportions. When deliques-
cence occurs, AqSulf and AgAmm are updated according to
the mass and the stoichiometry of the solids. By this
approach, the difference between the initial and final
deliquescence RH of mixed composition particles is
omitted. The dependence of DRH and CRH on temperature
is neglected.

[11] The upshot of this implementation is that the hyster-
esis effect is explicitly described. At a given model time
step, no new solids form if the ambient RH exceeds
CRH(X). Aqueous mass is converted to solids if the RH
is less than CRH(X). Solid mass remains unchanged if the
RH is less than the DRH of all three solids. If the RH
exceeds the DRH of one or more of the solids, however, the
mass of those solids is converted to aqueous mass. If the RH
falls between the CRH and the DRH of at least one of
solids, both aqueous and solid particles can coexist. The
mass and charge balance of sulfate and ammonium are
conserved in this implementation.

[12] The approach can be further clarified by an exam-
ple. The initialization of the scenario consists of externally

mixed particles of LET and AS in grid position 1 and
AqSulf particles of X = 0.9 alone in position 2. The
aerosols from these two grid positions move by advection
to position 3. Phase transitions there of these different
species depend on the local RH, which for this example is
60%. In this case, no phase transitions occur because the
DRH values of LET and AS are 69% and 80%, respec-
tively, and the CRH(X = 0.9) of AqSulf is 32%. At this
point, the LET and AS masses coexist with the AqSulf
mass, which are all separate tracers. The separate masses
then advect to grid position 4, where the local RH is 30%.
The AqSulf mass crystallizes to solids, thereby increment-
ing the LET and AS masses in a molar sulfate ratio of 1.5:3
to hold the overall composition of X = 0.9. In the end, grid
position 4 thus holds no AqSulf mass but does hold LET
and AS masses in the amount of the increment plus the
masses advected from position 3.

[13] One additional change to the standard GEOS-Chem
is required because our general approach assumes constancy
of RH in a grid box over the 6-h temporal resolution of the
GEOS archive. This assumption is not accurate in the mixed
layer at the Earth’s surface for two reasons. (1) The local
RH varies greatly over the die cycle of mixed layer growth
and decay. (2) Fast turbulent homogenization within the
mixed layer exposes particles to correspondingly fast var-
iations in RH, from low values at the bottom near the warm
surface (RH,,;n) to high values near the cold top (RHpax).
To address this problem, we use the 3-h mixing depth
information from the GEOS-3 meteorological archive, to-
gether with the 6-h temperature and specific humidity
information in the lowest model layer (centered at about
10 m above the local surface). We generate RH vertical
profiles within the mixed layer by assuming an adiabatic
lapse rate and constancy of water vapor mixing ratio. When
phase is diagnosed at each time step (30 min), we assume
that air throughout the mixed layer is exposed during the
time step to the range [RH,in, RHiax], with 50% of the air
in a given mixed layer grid box last exposed to RH,
(upward motion) and 50% last exposed to RH,,., (down-
ward motion). These RH,,;, and RH,,,, values, combined
with the local RH of the grid box, define the RH history of
the aerosol particles in the mixed layer.
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Table 1. Annually Averaged Species Partitioning Among Solid
and Aqueous Sulfate Phases on a Sulfate Mass Basis®

DRH(X) = CRHy(X) Base CRH(Y) = DRH*(Y) No Volcanic
“Upper Side” Case “Lower Side” Eruption

Entire troposphere
AS 15% 31% 48% 32%
LET 2% 3% 6% 3%
AHS <1% <1% 2% <1%
AqSulf 83% 66% 44% 65%
Boundary layerb
AS 11% 20% 41% 20%
LET 2% 2% 5% 2%
AHS <1% <1% <1% <1%
AqSulf 88% 77% 53% 77%
Middle troposphere®
AS 14% 31% 50% 33%
LET 2% 3% 6% 3%
AHS 0% <1% 2% <1%
AqSulf 84% 65% 42% 63%
Upper troposphered
AS 24% 54% 55% 60%
LET 5% 5% 7% 5%
AHS 0% <1% 2% 1%
AqSulf 71% 40% 36% 34%

“Results are shown for the base case accounting for full hysteresis and for
upper side and lower side cases defined by DRH = CRH, and CRH =
DRH#*, respectively (see section 2.3). The last column shows the results for
a simulation similar to the base case but without eruptive emissions from
volcanoes. AS, LET, AHS, and AqSulf denote ammonium sulfate,
letovicite, ammonium bisulfate, and aqueous sulfate, respectively.

®As determined from the mixing depths of GEOS-3 (global annual
average of 884 hPa).

“Extending from the top of the mixed layer to 500 hPa.

9Extending from 500 hPa to the local tropopause of GEOS-3.

2.3. Cases Studied

[14] We conduct a full-year base simulation as described
above with a 6-month spin-up to achieve initialization.
Several types of sensitivity studies are also performed.
The first two omits hysteresis by assuming that DRH(X) =
CRH((X) or alternatively that CRH(X) = DRH*(X). These
two alternatives approximately represent the lower and
upper sides of the hysteresis loop, respectively. For the first
study, the DRH values for AHS, LET, and AS are 0%, 24%,
and 34%. For the second study, we require an artificial
function DRH*(X) as a continuous function in X, rather than
the discrete function DRH, (X € {0.5, 0.75, 1}), and we use
the formulation of Schlenker and Martin [2005]:

X >0.75: DRH*(X) = —91.6X> + 189.57X — 18.05  (2a)

0.5 <X <0.75: DRH*(X) = —379.37X? 4+ 549.11X — 127.49
(2b)

DRH*(X) and DRH(X) are approximately equal for X &
{0.5, 0.75, 1}. No DRH*(X) is required for X' < 0.5 because
crystallization does not occur (equation (1b)).

[15] A third type of sensitivity study explores impurities
that inhibit crystallization and heterogeneous nuclei that
promote crystallization by running the model with positive
and negative offsets to CRHy(X). A final sensitivity study
investigates the timescale of phase transitions by initializing
the troposphere with all aqueous or all solid particles and
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monitoring the length of time until the model converges to
steady state values of the solids mass fraction.

3. Results
3.1. Global Burdens and Neutralization of Sulfate

[16] The simulated global annul burden of sulfate is
0.33 Tg S, which is distributed as 30% in boundary layer,

Base Case
Retention Coefficient 0.05

Extent of Neutralization (X)

1000 L
-90

-30 0 30 60 90
Latitude

Figure 2. Annual base case zonal means of (a) the extent
of neutralization X, (b) the relative humidity, and (c) the
solids mass fraction using an NHj retention coefficient of
0.05 (see main text).
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Figure 3. Geographic distribution of annually averaged quantities. (top) Boundary layer mass burden of
sulfate partitioned as aqueous sulfate, solid ammonium sulfate (AS), solid letovicite (LET), and solid
ammonium bisulfate (AHS). (middle) Extent of neutralization (X), solids mass fraction on a sulfate basis,
percent frequency of RH < 40%, and percent frequency of RH > 80% in the boundary layer. (bottom)
Upper troposphere mass burdens of solid and aqueous sulfate particles, the extent of neutralization (X),

and the solids mass fraction. Upper troposphere is taken from 500 hPa to the tropopause. The number on

the top right of each panel shows the corresponding globally averaged quantity.

58% in middle troposphere (up to 500 hPa), and 12% in
upper troposphere. The corresponding percentages for am-
monium (0.28 Tg N) are 36%, 54%, and 10%, respectively.
Table 1 presents the modeled percentages of the different
sulfate forms. Solid sulfate constitutes 34% of the total
sulfate burden in the base case, increasing from 22% in the
boundary layer to 34% in the middle troposphere to 60% in
the upper troposphere. For comparison, Colberg et al.
[2003] reported values of 18%, 28%, and 46%, respectively,
for these elevations. In our simulation, 91% of solid sulfate

is in the form of ammonium sulfate (Table 1), while Colberg
et al. [2003] found that letovicite was dominant. The
difference can be explained by the extent of neutralization
(X) in the two simulations. Colberg et al. [2003] used
monthly mean X data from Adams et al. [1999], which
were generally less than 0.75 in the continental boundary
layer and decreased with altitude to 0.4 in the upper
troposphere. In our study, the X values are generally greater
than 0.8 in the continental boundary layer and greater than
0.6 in the upper troposphere (Figures 2 and 3).
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[17] The difference in X values between our study and
Adams et al. [1999] reflects differences in both emissions
and the treatment of NH; scavenging. Adams et al. [1999]
specified sulfur and ammonia emissions from the Global
Emissions Inventory Activity (GEIA) for 1990 [Benkovitz et
al., 1996; Bouwman et al., 1997]. Our total ammonia
emissions are the same as those of Adams et al. [1999],
but because we account for temperature dependence our
emissions are more concentrated in summer when sulfate
production is also highest, thus promoting ammonium
sulfate formation. Adams et al. [2001] pointed out that the
seasonal variation of ammonia emission used by Adams et
al. [1999] had insufficient seasonal amplitude, resulting in
smaller sulfate neutralization on an annual mean basis. Our
total sulfur emission is 7% larger than that used by Adams et
al. [1999], with offsetting differences in marine dimethyl-
sulfide (DMS) (14 Tg S a ', 36% larger) and anthropogenic
(64 Tg S a~ ', 4% smaller) emissions. Large decreases in
anthropogenic sulfur emissions in the U.S. and Europe over
the past 20 years have increased the level of neutralization
in the continental boundary layer, as is apparent from long-
term wet deposition data [Lehmann et al., 2007].

[18] Another major difference between our simulation
and Adams et al. [1999], affecting particularly the neutral-
ization in the upper troposphere, is our exclusion of NH;
gas during the freezing of water droplets to ice crystals, thus
allowing NHj; to escape scavenging in deep clouds. Labo-
ratory data indicate an NHj retention efficiency between
0.0001 and 0.01 upon the freezing of liquid water depend-
ing on the concentration of ammonium [Jaccard and Levi,
1961; Pruppacher and Klett, 2003]. Our simulation
assumes a retention efficiency of 0.05 [Mari et al., 2000],
whereas most global CTMs including Adams et al. [1999]
assume a retention efficiency of unity. A change of the
retention efficiency from 0.05 to unity decreases the upper
tropospheric annual mean X values by 0.3 (Figure 4a) or
40%.

[19] A high extent of neutralization for sulfate particles in
the upper troposphere, with X > 0.5 almost everywhere
(Figure 2), is consistent with the few available aircraft
observations. Full sulfate neutralization was found in 70%
of the air samples collected above 6 km over the South
Pacific (0-30°S, 165°E—105°W) during two field cam-
paigns [Schultz et al., 2000; Dibb et al., 2002]. High X
values were also observed over the northern Pacific (15—
40°N, 120°E—60°W) where 60% of samples above 6 km
had X > 0.5 and 15% had X > 0.9 [Dibb et al., 2003].
Measurements over the North Atlantic (20—70°N, 120°W—
20°E) in the fall also found full neutralization in over 35%
of the samples above 8 km [Dibb et al., 2000]. Over the
central continental U.S. in late spring, Talbot et al. [1998]
measured an average X of 0.65 in the upper troposphere.

3.2. Global Distribution of Aqueous and Solid Particles

[20] The zonal means of the extent of neutralization,
relative humidity, and solids mass fraction are shown in
Figure 2. The solids mass fraction generally increases with
altitude, largely following the decrease in RH. The extent of
neutralization exceeds 0.9 in the upper troposphere over the
northern tropics, reflecting the release of ammonia from deep
continental convection. The most acidic conditions (X < 0.5)
are in the middle troposphere of the southern tropics, as
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explained by (1) marine convection that injects DMS into
the middle troposphere where sulfate is then produced and
(2) eruptive SO, emissions from the Lascar volcano in Chile
(volcano altitude 5.6 km) and the Sabancarya volcano in
Peru (5.9 km). A simulation without these volcanoes, for
example, increases the zonal averaged X values by 0.06 to
0.11 in the middle troposphere over the 0—50°S region
(figure not shown). In contrast, the eruptions of Northern
Hemisphere volcanoes have a much smaller impact on the
zonal averages of X.

[21] The geographic distribution of mass burdens is
shown in Figure 3 for the boundary layer and the upper
troposphere. The mass burdens of solid particles in the
boundary layer are most correlated with RH, rather than
neutralization, because X is usually close to unity. There are
exceptions over some oceanic and polar regions. Compared
to the boundary layer, the sulfate mass burden in the upper
troposphere is about one order of magnitude lower, but the
solids mass burden is similar because of the higher solids
mass fraction. In both hemispheres, the sulfate mass bur-
dens in the upper troposphere are largest over the midlat-
itudes, reflecting the distribution of sulfur emission
(including DMS) at southern midlatitudes [Benkovitz et
al., 1996; Chin and Jacob, 1996]. The solids mass fractions
in the upper troposphere are largest over the tropics and
northern midlatitudes, explained by the injection of ammo-
nia from deep continental convection. Correlations apparent
in Figure 3 suggest that the degree of neutralization, rather
than the relative humidity, explains the distribution of the
solids mass fraction in the upper troposphere, in contrast to
the boundary layer where the opposite is found.

[22] Volcanic emission also affects the distribution of
sulfate acidity in the upper troposphere. The total of
eruptive and noneru]ptive volcanic sulfur emission for
1990 is 5.5 Tg S a ', lower than the mean value 7.8 Tg
S a~! for 1964—1972 [Spiro et al., 1992]. There were in
total seven eruptions in 1990 with a volcano eruptive index
(VEI) of 3 (Figure 4b), producing in the model SO, plumes
extending to 9 to 12 km and reducing the X values by 0.05—
0.10 in the upper troposphere over volcano sources and
nearby downwind regions (Figure 4b).

[23] The monthly variation of the solids mass fraction
over both hemispheres generally follows that of X, with
larger values from May to October (Figure 5). In turn, the
variation of X follows the NH; emission, which is regulated
by warmer temperatures over the Northern Hemisphere in
the summer and greater biomass burning over the Southern
Hemisphere at the same time. (The effect of seasonal
biomass burning can be geographically identified in
Figures S1 and S2'.) The minimum in the emission of
DMS in the winter of the Southern Hemisphere also con-
tributes to the maximum of X during that period. The extent
of neutralization in the upper troposphere of the Southern
Hemisphere drops to nearly zero in March—April,
corresponding to the large eruption from the Lascar volcano
in Chile in 1990. The simulation without eruptive volcanic
emissions still shows this minimum of X, though not as low
(namely, 0.2).

'Auxiliary materials are available in the HTML. doi:10.1029/
2007JD009367.
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X(no_erpv) — X(erpv)

Figure 4. Difference in the extent of particle neutralization (X) in the upper troposphere for a sensitivity
case compared to that of the base case. (a) Effect of the NH; retention efficiency (R). (b) Effect of the
omission of sulfur emission from eruptive volcanoes (denoted as “no_erpv’’). The dots in Figure 4b show
the locations of volcanoes that had a volcano explosive index (VEI) greater than 3 in 1990 and thus had

SO, plume heights of up to 9 km.

3.3. Omission of the Hysteresis Effect

[24] Compared to the base case, a simulation that omits
hysteresis by assuming the lower side of the hysteresis loop
shifts the solids mass fraction by +0.22 in the boundary
layer, +0.23 in the middle troposphere, and +0.04 in the
upper troposphere (Table 1). In contrast, a simulation that

Boundary Layer

follows the upper side of the hysteresis loop decreases the
solids mass fraction by —0.11, —0.19, and —0.31 in the
boundary layer, middle troposphere, and upper troposphere,
respectively. The implication is that an upper side approx-
imation is closer to the base case than a lower side
approximation, for the boundary layer and the middle

Upper Troposphere

1.0
0.8r

Solids Mass Fraction

(d)

- N i

Neutralization (X)
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Figure 5. Seasonal variation of global averages of the solids mass fraction, the extent of neutralization
(X), and the relative humidity for the boundary layer and the upper troposphere. Partitioning in the
Northern (““N”’) and the Southern (“S’”) Hemispheres is also shown.
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Figure 6. Sensitivity to crystallization relative humidity
(CRH). Shown are the globally averaged sulfate mass
fractions of aqueous sulfate (AqSulf), solid ammonium
sulfate (AS), solid letovicite (LET), and solid ammonium
bisulfate (AHS) for August 2001. ACRH(X) along the
abscissa represents the perturbation to CRH(X) of
equation (1) as CRH(X) = CRHy(X) + ACRH(X). Further
constraints are (1) CRH(X) = 0 for (CRHy(X) + ACRH(X)) <
0 and (2) CRH(X) = DRH*(X) for (CRHy(X) + ACRH(X)) >
DRH*(X) (see equation (2)).

troposphere. A lower side approximation is more accurate
for the upper troposphere, where the RH falls more often
below the CRH of ammonium sulfate, leading to dominance
of the lower side of the hysteresis loop given the high extent
of neutralization.

3.4. Effects of Composition on Hysteresis

[25] In the actual atmosphere, the phase transitions of
sulfate particles are more complicated than given by the
sulfate-ammonium system. The presence of organic mole-
cules or nitrate ions tends to decrease the CRH and the
DRH, while insoluble components such as mineral dust tend
to increase the CRH [Martin et al., 2001, 2003, 2004;
Braban and Abbatt, 2004; Parsons et al., 2004, 2006]. To
address the effects of changes in CRH, we carried out a
sensitivity study in which the CRH of equation (1) was
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progressively offset in steps of 5% (i.e., ACRH). The
dependence of sulfate phase on ACRH is shown in
Figure 6 for different altitude ranges. For the range of
ACRH shown in Figure 6, AS always dominates the budget
of solid sulfate, although the fractions of LET and AHS
increase slightly as ACRH increases. In the boundary layer,
the solids mass fraction responds almost linearly to ACRH,
increasing from nearly 0.0 for ACRH = —25% to 0.60 for
ACRH = +40%. In the middle and upper troposphere, the
solids mass fraction is almost insensitive to ACRH in the
range —20% < ACRH < 40% because of the generally dry
conditions. Our prediction of a large solids mass fraction in
the upper troposphere thus appears robust, at least in the
absence of exceptional volcanic activity. Photochemical
model studies of the NO, budget in the tropical upper
troposphere have previously speculated that the particles
there had to be mostly solid to prevent N,Os hydrolysis
from being a major NO, sink [McKeen et al., 1997; Schultz
et al., 2000]. Since solid ammonium sulfate particles in the
upper troposphere could serve as heterogeneous ice nuclei
[Shilling et al., 2006], our results also have important
implications for cirrus cloud formation and properties
[Martin, 1998; Abbatt et al., 2006].

[26] We also investigated how decreases in the DRH
values affect the solids mass fraction. In the limit of
DRH(X) = CRHy(X) (e.g., ADRH = —45% for AS), the
solids mass fraction decreases to 17% for the whole
troposphere, compared to 34% for the base case, although
it remains as high as 30% in the upper troposphere (Table 1).
In another sensitivity test in which the DRH values of AS,
LET, and AHS were each decreased by 10% (i.e., ADRH =
—10%), the solids mass fractions in the upper, middle, and
lower troposphere dropped to 54%, 31%, and 21%, respec-
tively, compared to 60%, 35%, and 23% in the base case.

3.5. Timescales for Phase Transitions in the
Troposphere

[27] An estimate for the typical timescales of particle
phase transitions in the troposphere is useful for applica-
tions such as Lagrangian back trajectory interpretation of
field observations. We investigated these timescales by
initializing atmospheric sulfate as either all solid or all
aqueous, and observing the time required for the solid and
aqueous sulfate mass fractions to return to their steady state
values (Figure 7). Two timescales are apparent in Figure 7,
one that is instantaneous at the beginning of the plots and
a second that is 10—50 h in the boundary layer and 150—
400 h in the upper troposphere.

[28] For the world in an initial state of aqueous particles,
in both the boundary layer and the upper troposphere, much
of the mass crystallizes instantaneously in the first time step
so that AqSulf does not begin at 100% in the plot. Likewise,
for the world in an initial state of solid particles, much of the
mass deliquesces in the first time step so that AqSulf does
not begin at 0% in the plot, though just for the boundary
layer. In the upper troposphere, AqSulf does begin at 0%.
The instantaneous response occurs when the local RH at
time zero converts a portion of the mass from one phase to
another. In the continental mixed layer, a second effect is
that the [RH,,;,, RH.x] range often extends beyond the
local CRH and DRH values, in which case the loss of initial
conditions is instantaneous.
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Figure 7. Temporal evolution of sulfate mass fractions of aqueous sulfate (AqSulf), solid ammonium
sulfate (AS), solid letovicite (LET), and solid ammonium bisulfate (AHS) from initial states of (left) all
aqueous and (right) all solid. Results are shown for (top) the boundary layer and (bottom) the upper
troposphere for August 2001. (For the world in an initial state of solids, much of the mass deliquesces in
the first time step so that AqSulf does not begin at 0% in the plot. See text in section 3.5.)

[20] After the instantaneous response, the solid and aque-
ous sulfate mass fractions return to their steady state values,
doing so more quickly in the boundary layer than in the
upper troposphere. These timescales in large part reflect the
variability in RH in the different regions of the atmosphere.
The boundary layer has both rapid mixing and large RH
vertical gradients. The variability of RH in the upper
troposphere is much less, and the RH often lies in metasta-
ble regions of CRH < RH < DRH.

4. Conclusions

[30] A simulation of the solid-aqueous phase transitions
of non-sea-salt sulfate-ammonium particles has been imple-
mented in the GEOS-Chem global 3-D chemical transport
model. The simulation explicitly includes consideration of
the metastable behavior of aqueous sulfate particles in the
CRH < RH < DRH range. Though with the minor simpli-
fication that the initial and final deliquescence RH of mixed
composition particles are equal, the hysteresis effect is
treated by transporting aqueous and three solid sulfate
phases in the CTM to retain the impact of RH history on
sulfate phase and then diagnosing the phase changes every
30 min on the basis of local relative humidity.

[31] We find that the solids mass fraction on a sulfate
basis is 0.34. Ammonium sulfate constitutes 93% of the
solid sulfate mass, with the balance from letovicite (6%) and
ammonium bisulfate (1%). A previous CTM simulation by
Colberg et al. [2003] found a solids mass fraction 5—10%
smaller than ours and dominated by letovicite. The extent of
neutralization is greater in our simulation because of differ-
ences in emission inventories and ammonia scavenging. We
account for the release of ammonia scavenged by cloud
droplets upon droplet freezing, using a retention efficiency
of 0.05. Deep convection then injects ammonia into the
upper troposphere. We thus find that sulfate particles in the
upper troposphere are widely neutralized, consistent with
the few available observations. This has important implica-
tions for atmospheric chemistry, specifically N,Os hydro-
lysis [McKeen et al., 1997], and also for cirrus cloud
nucleation [Martin, 1998; Abbatt et al., 2006].

[32] The solids mass fraction generally increases with
altitude, ranging from 22% in the boundary layer to 34% in
middle troposphere to 60% in the upper troposphere. The
timescale of phase transitions as driven by changes in RH
varies from 10 to 50 h in the boundary layer to 150—400 h in
the upper troposphere. The geographic distribution of solids
in the boundary layer is regulated more by the variation in
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RH than by particle neutralization. The opposite is the case
in the upper troposphere.

[33] The solids mass fraction peaks from May to October
in both hemispheres, largely reflecting emissions. The prin-
cipal factor in the Northern Hemisphere is the summertime
maximum in NH; biogenic emission. In the Southern Hemi-
sphere, the principal factors are the winter minimum in DMS
emission and the springtime maximum in NHj3 emission
form biomass burning. Conversely, volcanic eruptions can
lead to high acidity in the upper troposphere, as seen in our
simulation year for a Chilean volcano in March—April.

[34] Omission of the hysteresis effect in global models by
assuming that particle phase follows the lower side of the
hysteresis loop increases the solids mass fraction from 0.34
to 0.56. An upper side assumption decreases the fraction to
0.17. Lower and upper side assumptions better approximate
particle phase for high and low altitudes, respectively.

[35] The CRH of metastable sulfate particles is sensitive
to other particle components besides ammonia, and we
evaluated how shifting the CRH down (due to internal
mixing with species such as organic molecules or nitrate)
or up (due to mixing with heterogeneous nuclei such as
mineral dust) affects phase partitioning. The solids mass
fraction is highly sensitive to ACRH in the boundary layer
but is almost independent of ACRH in the upper tropo-
sphere for the range —20% < ACRH < +40%. Our finding
of a large percentage of sulfate solids in the upper tropo-
sphere should thus be insensitive to details in the sulfate
particle composition, although the model results must yet be
validated by in situ observations of sulfate phase. Our work
corroborates past speculation that the upper tropospheric
sulfate mostly is in the solid phase, with implications for
heterogeneous chemistry and cirrus cloud nucleation
[Schultz et al., 2000; Abbatt et al., 2006].
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