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Abstract. To learn what possible influence a megacity and an industrial region,
both of which have poor air quality, have on the global scale, sulfate aerosol derived
from Mexico City and from southeast China is examined. It is found that the highest
values of sulfate from Mexico City mostly travel westward and northward. Sulfate
from southeast China travels eastward, and its distribution encircles the Earth in
summer and autumn. Mexico City, which emits ~ 1% of the global anthropogenic
sulfur emissions, contributes ~ 1% to the global sulfate burden. Southeast China,
which emits 11.6% of the global anthropogenic sulfur emissions, contributes 9%
to the global sulfate burden, a nonlinear response between emissions and burden.
When the anthropogenic sulfur emissions are doubled in the two regions, the sulfate
burden derived from Mexico City approximately doubles, but the sulfate burden
from southeast China more than doubles. An examination of the sulfate budget
indicates that for sulfate derived from southeast China more sulfate is produced via
gas-phase reaction, thus allowing the sulfate to be less susceptible to wet deposition.
We qualitatively analyze black carbon aerosol from Mexico City and southeast
China and determine that hydrophilic black carbon has a lifetime similar to sulfate
aerosol when the emitted black carbon is assumed to be of hydrophilic form. When
the emitted black carbon is hydrophobic and its transfer rate to the hydrophilic
form is 1.9 days, which is the same as the global sulfur dioxide lifetime, the lifetime
of hydrophilic black carbon is 3.5 days longer than sulfate. The difference between
the two types of aerosol is attributed to the aqueous production pathway of sulfate
and consequently its availability to rain out. If the transfer rate is 5 days, then
hydrophilic black carbon is found in regions with little cloud activity thus increasing
its lifetime to 10 days or more.

1. Introduction than the surrounding regions with more diffuse emis-
sions. Furthermore, anthropogenically influenced re-
gions likely affect cloud properties and climate. How-
ever, it is not clear to what spatial extent a particular
industrial region has influence. To understand how two

The role of sulfate aerosols in cloud formation, acid
precipitation, and in climate has been well recognized.
From recent emission inventories, it is estimated that ~

67 Tg of anthropogenic sulfur are emitted each year by oo regions can affect the tropospheric sulfate burden,
1ndustr1;.11 sources [Benkovitz ‘et al., 1996], while 1572.30 we use the tagging feature employed by Barth et al.
Tg of biogenic §ulfur are emitted per year (B er'lkomtz [1999] and Rasch et al. [1999] to examine the influence a
et al., 1994, Chin et al., 1996]. Previous simulations of megacity, Mexico City, and an industrial region, south-
the global S‘?lf‘“ cycle attrlbuFe 35-75% of .the global = ¢ China, have upon the sulfate distribution region-
sulfate burden to anthropogenic sources [Chm. (.md Ja- ally and globally using the NCAR Community Climate
cob, 1996, Rasch et al., 1999]. Hence, megacities and Model (CCM3). Mexico City and southeast China are
industrial regions potentially can influence the burden chosen because these two places currently emit substan-
and distribution of sulfate in the troposphere more ;51 omounts of sulfur and odd nitrogen species and are

expected to increase their emissions of sulfur and odd

nitrogen over the next 20-30 years [Gutierrez et al.,

Copyright 1999 by the American Geophysical Union. 1996, Foell et al., 1995].
Paper number 1999JD900809. Mexico City, which lies at 2200 m in the subtropics
0148-0227/99/1999JD900809$09.00 (19°N, 99°E), has had air quality problems for many
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years [e.g. Garfias and Gonzalez, 1992, Streit and Guz-
man, 1996). Because of its subtropical location, Mexico
City experiences light winds, dry and clear sky condi-
tions during winter and clouds and precipitation during
summer, its wet season. Although anthropogenic sulfur
emissions from Mexico City are not large compared to
other cities in the world (see 1985 emissions inventory
for sulfur dioxide in the work of Rasch et al. [1999]), sul-
fate derived from Mexico City can indicate to which di-
rection other pollutants (e.g., organic aerosols or ozone)
may be transported. In this study, we also assess qual-
itatively how black carbon emitted from Mexico City
contributes to the tropospheric black carbon burden.

Southeast China is a fairly large industrial region
[Foell et al., 1995] that not only releases sulfur species,
but many other pollutants such as NO,, ozone, and car-
bonaceous aerosols. Much industrial growth is expected
for this region in the next several decades which will
lead to greater emissions of SO, and NO [Foell et al.,
1995]. Southeast China is subject to much more precip-
itation than Mexico City with the occurrence of both
winter and summer monsoons. Thus one would expect
that sulfate would rain out near the emissions sources
for the southeast China region.

2. Model Description

The model used for this study is the NCAR Com-
munity Climate Model version 3 (CCM3) with sulfur
chemistry. The CCM3 [Kiehl et al., 1998] was config-
ured to a T42 grid (2.8° x 2.8° horizontal resolution),
18 vertical levels, which are set on a hybrid-sigma co-
ordinate, from the surface to the 5 hPa height, and
a time step of 20 min. The CCM3 transports water
vapor, chemical species and temperature consistently
via a semi-Lagrangian advection scheme, a penetrative
convection scheme, and a nonlocal planetary boundary
layer transport scheme with a counter-gradient term.
In the version of CCM3 used for this study, a prog-
nostic cloud water scheme was employed [Rasch and
Kristjdnsson, 1998] that assumes the cloud drop con-
centration over land at low altitudes to be 400 cm™3
and the cloud drop concentration over the ocean and at
high altitudes to be 80 cm™3.

The representation of the sulfur chemistry in the
model includes emissions of oceanic dimethyl sulfide
(DMS) and anthropogenic sulfur. DMS undergoes gas-
phase oxidation to form sulfur dioxide (SO2). SO,
which is also emitted, can further oxidize in the gas-

phase to form, as an end product, aerosol sulfate (SO3 ).

A faster, but more episodic, pathway of SO, oxidation
to SO3~ is in clouds where hydrogen peroxide (H20,)
and ozone (O3) are the oxidants. SO», SOZ‘, and H, O,
can be rained out of the atmosphere or removed by dry
deposition. Because the purpose of the simulation is
to assess the influence of two industrial regions on the
regional and global environment, the aerosol and chem-
ical species do not feed back to the physical processes
depicted in the CCM.
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Details of the description of these processes that af-
fect the chemical species are given by Barth et al. [1999],
but a summary of the methods used is given here. Of
the different transport processes, the convective trans-
port of trace gases and aerosols is performed on the
interstitial fraction of these species in the cloudy vol-
ume, and the fraction of dissolved material in the cloud
drops that do not undergo microphysical transforma-
tion to precipitation. The dissolved gases and aerosols
in the cloud water are detrained at a higher model level.
The emissions of the sulfur compounds are obtained
from the Global Emission Inventory Activity (GEIA,
[Benkovitz et al., 1996]). The total emission rate of
anthropogenic sulfur is 67.0 Tg S per year, with 98%
assumed to be SO;. The anthropogenic sulfur emis-
sion rate is provided at the surface and at the 100 m
level for which 23 and 44 Tg S are emitted, respectively.
The emission rate of DMS is 15.5 Tg S per year. The
gas chemistry includes oxidation of DMS and SO3 by
hydroxyl radical, which is prescribed by monthly aver-
aged values obtained from the IMAGES model [Miiller
and Brasseur, 1995], and generation and destruction of
H; 05, which includes prescribed monthly averaged val-
ues of the hydroperoxy radical, hydroxyl radical, and
photolysis frequencies of HyOy [Miller and Brasseur,
1995]. The aqueous chemistry describes the reaction of
S(IV) with HyO5 and O3 (monthly averaged O3 mixing
ratios are prescribed from IMAGES results, Miller and
Brasseur [1995]) in the cloudy fraction of each grid cell
using a 2-min time step so as to capture the pH depen-
dence of the O3 reaction. Wet deposition of SO-, SOi‘,
and Hy04 is determined by the net flux of a species
through a model level [Barth et al., 1999]. The dry de-
position scheme follows the resistance method proposed
by Wesely [1989] to determine deposition velocities for
SO, and Hy0,. For aerosols, the deposition velocity is
calculated similarly to Benkovitz et al. [1994], which is
based on the inverse sum of the aerodynamic and sub-
layer resistances. The processes are calculated using
operator splitting from the n — 1 to n + 1 time level (a
40 minute time step), except for the aqueous chemistry,
which uses a 2-min time step.

For these simulations, we have assumed that there is
no feedback of aerosol sulfate upon prescribed oxidant

concentrations or photolysis frequencies. By radiatively
scattering solar radiation, sulfate aerosols can alter pho-
tolysis frequencies and subsequently ozone concentra-
tions [Dickerson et al., 1997] and other oxidant con-
centrations. To represent this interaction in a global
climate model, would require an on-line calculation of
photolysis frequencies and photochemistry, which de-
parts from the focus of the current study.

Similar to Rasch et al. [1999] we have “tagged” the
SO, and SO3~ species according to the region from
which they were emitted. SO2 and SO;~ from Mexico
City were emitted from a boxed area between 18°N and
21°N, and 98°W and 101°W in the two lowest model
levels. For the Mexico City region the model has a sur-
face height of ~ 1000 m which is much lower than the
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Table 1. Characteristics of the Three Regions in the Simulation

Mexico City Southeast China Rest of World

Emissions, Tg S yr~!

DMS 0.00

SO, 0.49

S02- 0.01
Area of region, km? 3.66x10°

0.32 15.17

7.56 57.03

0.15 1.16
5.44 %108 5.05x108

actual 2200-m elevation of the city. SOy and SO~ from
southeast China were emitted from a boxed area be-
tween 18°N and 35°N, and 101°E and 123°E. SO, and
SO3~ from the remainder of the globe, hereafter re-
ferred to as rest of world, was emitted from outside of
these two boxes. Table 1 lists the emission rate of sulfur
from each of these regions and the size of each region.

Mexico City occupies 0.072% of the Earth’s surface
yet emits ~ 0.75% of the world’s anthropogenic sulfur.
Southeast China occupies ~ 1.1% of the Earth’s surface
and emits over 11% of the world’s anthropogenic sulfur.

To understand the influence that Mexico City and
southeast China have on the sulfate distribution, two
simulations were performed. In the first, the SO, and
SO2~ species were tagged as described and emission
levels were set to 1985 values. The second simulation
used the same tagging method, but anthropogenic sul-
fur emissions were twice the 1985 values in the Mexico
City and southeast China regions.

3. Results

Barth et al. [1999] and Rasch et al. [1999] described a
control simulation of the global sulfur cycle. Rasch et al.
[1999] showed that after 2 years of integration with the
model, the sulfur chemistry was in quasi-equilibrium.
Barth et al. [1999] showed that results from year 3 of
the simulation do not differ much from results of years
3-6 of the simulation. Barth et al. [1999] also showed
that for locations near and downwind of Asia modeled
sulfate was within a factor of 3 of observations with a
tendency of the model to overpredict the mixing ratio in
the upper troposphere and underpredict at the surface.
Multiyear measurements of SO3 near Mexico City were
not compared. The integration period for the simula-
tions described here was 3 years. Results from the third
year are discussed below.

The aerosol column burden of sulfate derived from
Mexico City, southeast China and the rest of world is
shown as a function of season in Figure 1.  Sulfate
derived from Mexico City is mostly transported west-
ward, but it can also be transported to the north from
Northern Hemisphere spring to autumn. Small con-
centrations of sulfate from Mexico City can be found
as far east as the eastern Mediterranean Sea. Sulfate
derived from southeast China is transported eastward

with some sulfate transported westward. In Northern
Hemisphere summer and autumn, sulfate derived from
southeast China has encircled the Earth from ~ 12°N to
50°N. The magnitude of the amount of sulfate aerosol
from southeast China is much greater than the sulfate
aerosol from Mexico City, but in accord with the mag-
nitude of the respective emissions. Over the north cen-
tral Pacific, most of the aerosol sulfate column burden
is from the rest of world. The annually averaged sul-
fate column burden from the rest of world, most likely
from regions in Asia other than southeast China and
somewhat from North America, contributes more than
70% to the sulfate column burden in the north central
Pacific.

A cross section of the annually averaged sulfate aerosol
from 90°E to 60°W is shown in Figure 2. Two lati-
tude bands were averaged: (1) between 15 and 25°N,
the latitude band where the sulfate column burden from
Mexico City is greatest, and (2) between 20°and 40°N,
the latitude band where the sulfate column burden from
southeast China is greatest. Sulfate derived from Mex-
ico City resides in a fairly small region (between 180°W
and 90°W at altitudes between 1 and 5 km). In this
region, the magnitude of sulfate derived from Mex-
ico City is 10-50 pmol/mol air, while sulfate from the
rest of world in this same region exceeds 100 pmol/mol
air. Sulfate derived from southeast China in the lati-
tude band of 20°-40°N shows transport of sulfur to the
mid and upper troposphere. For the 20°-40°N latitude
band, most of the sulfate in the Pacific region is derived
from the rest of the world.

4. Discussion

For the Mexico City and southeast China regions,
mixing ratios of hydroxyl radical and ozone are nearly
the same and HyO, mixing ratios are within 20%.
Sulfur dioxide mixing ratios in the region surround-
ing southeast China, defined as 10-45°N and 90-150°E
(SO3 is 1.2 ppbv at the surface and 0.1 ppbv at 4 km),
are a factor of four greater in the lower troposphere
than SO, mixing ratios in the region surrounding Mex-
ico City, defined as 15-25°N and 120-60°W (SO4 is 0.3
ppbv at the surface, 0.025 ppbv at 4 km). The lifetime
of SO, emitted from Mexico City is 1.1 days, while the
lifetime of SO from southeast China is 1.5 days. This
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Figure 1. Sulfate column burden (umol m~2) for (left) sulfate derived from Mexico City, (mid-
dle) from southeast China, and (right) from rest of world as a function of season.

suggests that airmasses from the southeast China region
are oxidant limited for production of sulfate aerosols,
whereas they are SO, limited for the region surround-
ing Mexico City.

The widespread distribution of aerosol sulfate from
southeast China compared to sulfate from Mexico City
can partly be attributed to the oxidant limitation found
in southeast China airmasses, thus enabling SO, to
travel further downwind, but primarily can be attributed
to the lighter winds found in the region surrounding
‘Mexico City compared to the winds found in the region
surrounding southeast China. The sink of aerosol sul-
fate via advection from the region surrounding south-

east China is 2-6 times greater than the same sink from
the region surrounding Mexico City.

An examination of the SO3~ budget (Table 2) shows
some differences between regions, particularly for the
SOZ” production pathway. For all regions, in-cloud re-
action of S(IV) and H20. is the dominant production
pathway of sulfate. However, for both Mexico City and
southeast China even more SO}~ is produced from the
S(IV) + H,0, pathway than the rest of world (~77%
for Mexico City and southeast China and 64% for rest
of world), most likely because HyOy concentrations are
largest in the latitude bands of Mexico City and south-
east China (see Figure 2 of Barth et al. [1999]). The
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Figure 2. Annually averaged aerosol sulfate (pmol SO3~ (mol air)~!) for sulfate derived from
Mexico City, from southeast China, and from the rest of world: (left) an average in the 15°~25°N
latitude band; (right) an average in the 20°-40°N latitude band.

S(IV) + O3 reaction contributes a much smaller fraction
to the production of SO3~ for SO3~ derived from Mex-
ico City and southeast China. Because of the slightly
larger amount of in-cloud SOZ" production, there is
slightly more SO~ loss through wet deposition for Mex-
ico City and southeast China than for the rest of world.
These small changes in SO~ production pathway
affect the SO3~ burden and lifetime. Of the total
SO2~ that resides in the troposphere, SO3~ from Mex-
ico City contributes ~ 1.1% (Table 2), similar to its
percent contribution of anthropogenic sulfur emissions.
Southeast China contributes ~ 9.0% to the total SO3~
burden, less than its percent contribution of anthro-
pogenic sulfur emissions (11.6%). The lifetime of sulfate
is defined as the sulfate burden divided by the sulfate
destruction rate. The lifetime of sulfate derived from
Mexico City is 5.5 days, while the lifetime of sulfate
from southeast China is much shorter, 3.6 days. The
lifetime for southeast China is similar in value to the
lifetime Rasch et al. [1999] found for SO;~ derived from
Asia (where Asia was defined as 65-170°E, 0-90°N).
The lifetime for sulfate from Mexico City is similar to
the lifetime Rasch et al. [1999] found for their rest of

world (the region that excludes Asia, North America,

and Europe).

The potential of an emitted sulfur compound from
a particular region to contribute to the tropospheric
sulfate burden can be estimated for each tagged region.
Rasch et al. [1999] defined this potential as

S0O;~ (kg S) derived from region
Sulfur emitted in region (kg S/d)"

Potential (d)

The potential is an indication of how likely emitted SO-
will actually convert to SO2~ and remain in the atmo-
sphere as SO3~. This is in contrast to the lifetime of
SO;~, which indicates how long the species will remain
in the troposphere. The potential can also be viewed as
a replacement timescale for the sulfate aerosol. Because
we are interested in only the anthropogenic contribution
to the tropospheric sulfate burden, we show only the
potential to form sulfate from SO, emissions. Because
anthropogenic sulfur emissions dominate in the Mexico
City and southeast China regions, the sulfate burden
from these two regions has not been adjusted for the
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Table 2. Aerosol Sulfate Budget in the Simulation

Mexico City Southeast China Rest of World

Source, Tg S yr—! 0.392
Primary emissions  0.010 ( 3%)
SO, + OH 0.064 (16%)
S(IV) + H,0, 0.303 (77%)
S(IV) + O3 0.015 ( 4%)

Sink, Tg S yr™! 0.411
Dry deposition 0.024 ( 6%)

Wet deposition 0.387 (94%)

Burden, Tg S 0.0062
Lifetime, days 5.5
Potential, days 4.6

5.17 49.29
0.154 ( 3%) 1.16 ( 3%)
0.747 (14%) 8.48 (17%)
3.860 (75%) 31.62 (64%)
0.411 ( 8%) 8.03 (16%)

5.24 49.20
0.25 ( 5%) 3.4 (%)
4.99 (95%) 45.8 (93%)

0.052 0.52

3.6 3.9

2.5 2.4

anthropogenic fraction. However, for sulfate from the
rest of world, the aerosol sulfate burden has been ad-
justed by the fraction of anthropogenic sulfate obtained
from a previous simulation [Rasch et al., 1999]. In Ta-
ble 2, the potential to form sulfate is listed indicating
that southeast China and rest of world have a smaller
potential to contribute to the sulfate burden than does
Mexico City. Compared to values estimated by Rasch
et al. [1999] the potential to form sulfate from south-
east China is much smaller than the potential of their
SO3~ from Asia (region defined as 65-170°E, 0-90°N;
potential of 3.2 days for SO emissions), which includes
the southeast China region.

The annually averaged global burden, lifetime, and
potential of sulfate are listed in Table 3 for the sim-
ulation in which the anthropogenic sulfur emissions
were doubled in the Mexico City and southeast China
regions. The sulfate burden derived from Mexico
City slightly more than doubled the burden that re-
sulted from present day emissions. The sulfate burden
from southeast China increased by a factor of 2.2 com-
pared to the southeast China burden that resulted from
present-day emissions. The lifetime of sulfate derived
from Mexico City increased from 5.5 days for present
day emissions to 5.8 days for doubled emissions. For
sulfate derived from southeast China, the lifetime in-
creased from 3.6 to 4.1 days. The potential of SO, to
produce SOZ_ hardly changed for sulfate from Mexico
City and the rest of world, and the potential increased
from 2.5 to 2.7 days for sulfate from southeast China
when SO, emissions were doubled in this region. This
change in potential occurs because the sulfate burden
from southeast China increased by more than the emis-
sions increased in the region. Thus, doubling emissions
in the southeast China region produced a nonlinear re-
sponse to the characteristics of sulfate derived from this
region.

An examination of the sources and sinks (Table 3) of
sulfate for the simulation in which anthropogenic sulfur

emissions were doubled in Mexico City and southeast
China indicates that in-cloud sulfate production was
H50; limited in southeast China. Thus SO, conver-
sion to SO3~ by the in-cloud reaction with O3 and by
the gas-phase reaction with OH increased. Increased
production of sulfate by the gas-phase reaction leads to
a larger sulfate burden because the sulfate is not subject
to wet deposition as readily as sulfate produced in-cloud
(Barth et al., 1999]. The more than doubled response
in the southeast China sulfate burden can be explained
by this shift in oxidation pathways.

Although this study cannot predict the fate of aerosol
sulfate from doubling emissions in other industrialized
regions, we can speculate as to whether other industri-
alized regions or megacities in the world would have
a similar aerosol sulfate lifetime and potential when
anthropogenic emissions are doubled. Because south-
east China already has high SO, emissions, doubling
the emissions placed the sulfur chemistry in an HsO,-
limited regime allowing aqueous oxidation by Os and
gas-phase oxidation by OH to oxidize more SO3. Thus
regions that have high sulfur emissions already and
moderate H,O5 concentrations, such as Tokyo, Beijing,
eastern North America, and Europe, would likely have
a nonlinear response to doubled SOy emissions. Re-
gions that are not oxidant limited, such as India and
much of the southern hemisphere, would more likely
have a linear response to doubled SO, emissions. Re-
alistically, regions that increase SO emissions will also
increase NO and hydrocarbon emissions, which makes
it unclear as to how the oxidants (HyO2, O3, and OH)
would change with increased emissions.

5. Other Types of Aerosols

Although this study is focused on sulfate aerosols,
other types of aerosols contribute to the total aerosol
burden affecting air quality, particularly visibility, and
radiative feedbacks. We qualitatively examine the influ-
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Table 3. Aerosol Sulfate Budget in the Doubled-Emissions Simulation

Mexico City

Southeast China Rest of World

Burden, Tg S 0.0127
Lifetime, days 5.8
Potential, days 4.7
Source, Tg S yr—! 0.766
Primary emissions  0.020 ( 3%)
SO, + OH 0.141 (18%)
S(IV) + H,0, 0.579 (76%)
S(IV) + O3 0.026 ( 3%)
Sink, Tg S yr—! 0.807

0.045 ( 5.5%)
0.762 (94.5%)

Dry deposition
Wet deposition

0.113 0.52
4.1 3.9
2.7 2.4
10.19 49.16
308 ( 3%) 1.16 ( 3%)
1.860 (18%) 8.50 (17%)
7.084 (70%) 31.47 (64%)
944 ( 9%) 8.02 (16%)
10.14 49.16
0.46 ( 4.5%) 3.4 (7%)
9.69 (95.5%) 45.8 (93%)

ence of Mexico City and southeast China on the black
carbon (BC) aerosol distribution. On the basis of Pen-
ner et al. [1993], who found a strong correlation between
BC and SO, concentrations in source-dominated envi-
ronments where, on average, BC was 0.7 of SO, mass
concentrations, the emissions of BC is set to 0.6 of sur-
face SO, emissions resulting in an emissions of 28 Tg
BC per year. Despite reducing the BC to SO, ratio, we
believe that the magnitude of the black carbon emis-
sions is still too large, especially compared to emission
estimates by Cooke and Wilson [1996] of 6.6 Tg C per
year and Liousse et al. [1996] of 8 Tg C per year. We do
feel that the spatial variability of industrial sources is
representative. Furthermore, we are examining regions
that are dominated by industrial emissions rather than
biomass burning. In the model, black carbon is emitted
as a hydrophobic aerosol. The hydrophobic BC may re-
turn to the surface through dry deposition, calculated
in the same manner as sulfate dry deposition, or may
transform to hydrophilic BC.

The transformation to hydrophilic BC represents the
coagulation of the hydrophobic BC with sulfate or ni-
trate aerosols. The coagulation of aerosols depends on
the concentration of each aerosol population and the
size distribution of each population. For our purposes,
depicting coagulation of black carbon aerosol with sul-
fate or nitrate aerosols would be computationally costly
and therefore coagulation is described with a first-order
loss rate (7). To learn what the sensitivity of the re-
sults is to 7, simulations where the loss rate was 0, 1.9,
and 5 days were performed. If 7 = 0 days, then all of
the BC is hydrophilic. For 7 = 1.9 days, the hydropho-
bic BC has a similar lifetime as SO2, globally estimated
[Rasch et al., 1999]. Once the black carbon becomes
hydrophilic it is susceptible to rain out as well as dry
deposition, both processes are determined in a man-
ner similar to sulfate aerosols. To minimize the effect
of the inaccurate magnitude of black carbon emissions,
we discuss only the lifetime of black carbon, which is

calculated separately for the hydrophobic BC and hy-
drophilic BC.

Table 4 lists the lifetimes of black carbon that was
emitted in the Mexico City and southeast China re-
gions for the three simulations. The lifetime of the
hydrophobic black carbon is shorter than the dictated
first-order loss rate because of the dry deposition sink.
The lifetime of the hydrophilic black carbon is much
longer than the hydrophobic black carbon for each simu-
lation and the lifetime of hydrophilic black carbon varies
considerably depending on the first-order loss rate of hy-
drophobic BC. For the simulation where all the black
carbon is hydrophilic (r = 0), hydrophilic BC has the
shortest lifetime of 4.9 and 2.6 days for Mexico City and
southeast China, respectively, compared to the other
simulations. Much more of the hydrophilic black car-
bon is removed via dry deposition in the 7 = 0 simula-
tion compared to the simulations with larger first-order
loss rates. For the 7 = 0 simulation, the hydrophilic BC
exists primarily near the surface (Figure 3) where the
black carbon is emitted and is therefore more suscepti-
ble to dry and wet deposition.

For the simulation where the hydrophobic black car-
bon first-order loss rate is close to the SO, lifetime
(r = 1.9 days), the hydrophilic black carbon lifetime
is 9.2 and 7.2 days for Mexico City and southeast
China, respectively. These lifetimes are greater than
SO} lifetimes of 5.5 and 3.6 days (Table 2). Because
most of the SO3~is produced by in-cloud oxidation,
SOi_is highly susceptible to wet deposition which short-
ens its lifetime. On the other hand, the conversion of
hydrophobic BC to hydrophilic BC is not accelerated
by cloud encounters. Therefore there is not recently-
produced hydrophilic BC available for rain out as there
is in the case of sulfate.

For the simulation where 7 = 5 days, the hydrophilic
BC lifetime is even longer, indicating that hydrophilic
black carbon resides in regions with few cloud encoun-
ters. Figure 3 illustrates that for this case over 200 ng
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Table 4. Lifetimes of Black Carbon for
Three First-Order Loss Rates of Hydrophobic
Black Carbon to Hydrophilic Black Carbon

Mexico Southeast
City China

7 = 0 days

Hydrophobic BC 0.0 0.0

Hydrophilic BC 4.9 2.6
7 = 1.9 days

Hydrophobic BC 1.6 1.6

Hydrophilic BC 9.2 7.2
T = 5 days

Hydrophobic BC 4.2 3.9

Hydrophilic BC 11.9 9.8

BC, black carbon

BC per kg air resides in the northern hemisphere up-
per troposphere and throughout the troposphere in the
northern hemisphere 20°-40° latitude band.

6. Summary

To understand to what extent two industrial regions
have upon their regional environment, the distribution
of sulfate aerosols derived from Mexico City and from
southeast China has been examined. Sulfate derived
from Mexico City primarily travels westward and north-
ward, but small concentrations can be found as far
east as the Mediterranean Sea. The surface height for
which anthropogenic sulfur emissions occur may be im-
portant with respect to transport direction or speed.
Because the model surface height for the Mexico City
region (1000 m) is much lower than the actual surface
height of Mexico City (2200 m), the impact of anthro-
pogenic emissions on the regional scale may be in error
and would be better depicted with a regional chemistry
transport model. Sulfate from southeast China primar-
ily travels eastward and its distribution encircles the
earth in summer and autumn. The annually averaged
sulfate burden derived from Mexico City accounts for
1% of the total sulfate burden, while the sulfate bur-
den derived from southeast China accounts for 9% of
the total. The lifetime of sulfate derived from Mexico
City (5.5 days) is larger than the lifetime determined
for the global sulfate burden (4 days), likely because
of Mexico City’s subtropical location where light winds
prevail. The lifetime of sulfate derived from southeast
China (3.6 days) is somewhat shorter than the estimate
of the global sulfate lifetime. The potential to form
sulfate from each region’s sulfur emissions is calculated
to be 4.6, 2.5, and 2.4 days for Mexico City, southeast
China, and the rest of world, respectively. Thus Mex-
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ico City contributes more to the tropospheric sulfate
burden per unit of SO5 emissions than either southeast
China, or the rest of world.

When anthropogenic sulfur emissions were doubled
in Mexico City and southeast China, the annually av-
eraged sulfate burden doubled for Mexico City, and
more than doubled for southeast China. The nonlin-
ear response is a result of HyOy limitation; thus en-
abling more sulfate to be produced by gas-phase reac-
tion, which allows the sulfate to be less susceptible to
wet deposition. With doubled emissions, the lifetimes of
sulfate derived from Mexico City and southeast China
are 5.8 and 4.1 days, respectively, indicating that with
larger emissions the lifetime of sulfate increases from
these regions. With doubled emissions, the potential to
form sulfate from sulfur emissions in southeast China

t = 0 days
0
200
a)
400
600
800
1000 :
-90 60 -30 0 30 60 90

90 60 -30 O 30 60 90
t =5 days
200}
c) :
400
600
800
1000

290 60 -30 O 90

0 20

100

200 300 500

Figure 3. Annual mean of the zonally averaged hy-
drophilic black carbon (ng kg~!): (a) First-order loss
rate of hydrophobic black carbon to hydrophilic black
carbon is 0 days; (b) first-order loss rate is 1.9 days; (c)
first-order loss rate is 5 days.
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was found to be 2.7 days, indicating that with greater
emissions southeast China has a greater potential to
contribute to the tropospheric sulfate burden.

Black carbon aerosol from Mexico City and south-
east China was qualitatively analyzed. The lifetime of
hydrophilic black carbon is highly dependent on the
rate of transforming hydrophobic black carbon to the
hydrophilic form. When the transfer is instantaneous,
the lifetime of hydrophilic black carbon is short (2.5-5
days) because the black carbon is located mostly near
the surface and is readily susceptible to dry and wet
deposition. When the transfer rate is on the same or-
der as the SO, lifetime, the lifetime of hydrophilic black
carbon is 7-9 days, ~ 3.5 days longer than the sulfate
lifetime. This difference is attributed to the aqueous
production pathway of sulfate which allows sulfate to
be rained out sooner than a species that is produced
only in the gas-phase such as hydrophilic black carbon.
When the transfer rate is extended to a 5-day lifetime,
hydrophilic black carbon has a lifetime of 10-12 days,
indicating that it is produced in and resides in regions
with little cloud activity.

Acknowledgments. NCAR is sponsored by the Na-
tional Science Foundation and is managed by the Univer-
sity Corporation for Atmospheric Research. This project
was supported in part by the UCAR Significant Opportu-
nities in Atmospheric Research and Science (SOARS) pro-
gram. We are grateful for the computer time allocated for
this project by NCAR’s climate system modeling group.
Comments on the manuscript by Peter Hess (NCAR), Steve
Smith (NCAR), and two anonymous reviewers are greatly
appreciated.

References

Barth, M. C., P. J. Rasch, J. T. Kiehl, C. M. Benkovitz, and
S. E. Schwartz, Sulfur chemistry in the NCAR CCM: De-
scription, evaluation, features and sensitivity to aqueous
chemistry, J. Geophys. Res., p. in press, 1999.

Benkovitz, C. M.,. C. M. Berkowitz, R. C. Easter,
S. Nemesure, R. Wagener, and S. E. Schwartz, Sulfate
over the North Atlantic and adjacent continental regions:
Evaluation for October and November 1986 using a three-
dimensional model driven by observation-derived meteo-
rology, J. Geophys. Res., 99, 20,725-20,756, 1994.

Benkovitz, C. M., M. T. Scholtz, J. Pacyna, L. Tarrason,
J. Dignon, E. C. Voldner, P. A. Spiro, J. A. Logan,
and T. E. Graedel, Global gridded inventories of anthro-
pogenic emissions of sulfur and nitrogen, J. Geophys.
Res., 101, 29,239-29,254, 1996.

Chin, M., and D. J. Jacob, Anthropogenic and natural con-
tributions to tropospheric sulfate: A global model analy-
sis, J. Geophys. Res., 101, 18691-18699, 1996.

30,239

Chin, M., D. J. Jacob, G. M. Gardner, M. S. Foreman-
Fowler, P. A. Spiro, and D. L. Savoie, A global three-
dimensional model of tropospheric sulfate, J. Geophys.
Res., 101, 1866718690, 1996.

Cooke, W. F., and J. J. N. Wilson, A global black carbon
aerosol model, J. Geophys. Res., 101, 19395-19409, 1996.

Dickerson, R. R., S. Kondragunta, G. Stenchikov, K. L.
Civerolo, B. G. Doddridge, and B. N. Holben, The impact
of aerosols on solar ultraviolet radiation and photochem-
ical smog, Science, 278, 827-830, 1997.

Foell, W., et al., Energy use, emissions, and air pollution
reduction strategies in asia, Water Air Soil Pollut., 85,
2277-2282, 1995.

Garfias, J., and R. Gonzalez, Air quality in Mexico City, in
The Science of Global Change: The Impact of Human Ac-
tivity on the Environment, edited by D. A. Dunnette and
R. J. O’Brien, pp. 149-161, Am. Chem. Soc., Washington,
D. C.,, 1992.

Gutierrez, F. J., et al., Promote energy technologies in elec-
tric power markets, final report, Tech. rep., Hemispheric
Energy Symposium: Clean Energy Technologies for the
Americas, Lat. Am. Energy Org., Quito, Ecuador, 1996.

Kiehl, J. T., J. J. Hack, G. B. Bonan, B. A. Boville, D. L.
Williamson, and P. J. Rasch, The National Center for At-
mospheric Research Community Climate Model: CCM3,
J. Clim., 11, 1131-1150, 1998.

Liousse, C., J. E. Penner, C. Chuang, J. J. Walton, H. Eddle-
man, and H. Cachier, A global three-dimensional model
study of carbonaceous aerosols, J. Geophys. Res., 101,
19411-19432, 1996.

Miiller, J.-F., and G. P. Brasseur, IMAGES: A three-
dimensional chemical transport model of the global tro-
posphere, J. Geophys. Res., 100, 16,455-16,490, 1995.

Penner, J. E.; H. Eddleman, and T. Novakov, Towards the
development of a global inventory for black carbon emis-
sions, Atmos. Environ., Part A, 27A, 1277-1295, 1993.

Rasch, P. J., and J. E. Kiristjdnsson, A comparison of
the CCM3 model climate using diagnosed and predicted
condensate parameterizations, J. Clim., 11, 1587-1614,
1998.

Rasch, P. J.,, M. C. Barth, and J. T. Kiehl, A description of
the global sulfur cycle and its controlling processes in the
NCAR CCM3, J. Geophys. Res., p. in press, 1999.

Streit, G. E., and F. Guzman, Mexico City air quality:
Progress of an international collaborative project to de-
fine air quality management options, Atmos. Environ.,
30, 723-733, 1996.

Wesely, M. L., Parameterization of surface resistances to
gaseous dry deposition in regional-scale numerical models,
Atmos. Environ., 23, 1293-1304, 1989.

M. C. Barth, National Center for Atmospheric Research,
P.O. Box 3000, Boulder, CO 80307. (barthm@ucar.edu)
A. T. Church, University Corporation for Atmo-
spheric Research-Significant Opportunities in Atmospheric
Research and Science, P.O. Box 3000, Boulder, CO 80307

(Received April 14, 1999; revised July 13, 1999;
accepted August 5, 1999.)



