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simulations in the model. It is indeed the case. Fig. 10 shows that
the large and systematic underestimates of sulfate in the model are
much reduced in the sensitivity simulations (RADM10 and ACM10).
Table 2 shows the regression statistics between observed and
simulated sulfate for the standard and sensitivity simulations. Not
surprisingly, the regression slope increases from 0.49 to 0.97, and
absolute RMS decrease from 3.15 to 0.83 from the standard ACM
scheme to ACM10, respectively; the slope increases from 0.58 to
0.90, and the absolute RMS decreases from 2.59 to 1.02 from the
standard RADM scheme to RADM10, respectively.

The effects of limiting convective precipitating cloud fraction on
simulated sulfate wet deposition are not as drastic as the sulfate
concentrations (Fig. 11) since the amount of sulfate wet deposition
is constrained less by sulfate concentrations but more by sulfate
production rates. This point becomes more apparent in the budget
analysis below. Nonetheless, significant reduction of simulated wet
deposition of sulfate is evident for the simulation using the ACM
cloud module (when the deposition rate is >0.5 kg S ha�1). The
reduction brings the model results closer to the observations. The
effect on the simulations using the RADM scheme is minor.

Fig. 8. Simulated monthly meanwater path distributions of convective (left) and resolved (right) clouds using the ACM cloud module for July 2002. Convective clouds are computed
in CMAQ but large-scale “resolved” clouds are obtained from MM5 and used in CMAQ.

Fig. 9. Monthly mean cloud fraction comparison between satellite observed and simulated data in July 2002. The observations by MODIS are used here. The Terra satellite crosses
the US over the intervals about 10:00 ame1:00 pm local time and Aqua crosses the US over the intervals about 1:00 pme4:00 pm local time. Model results are averages from same
time periods.
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Fig. 10. Observed and simulated monthly mean sulfate for July 2002. The top panel shows the model results with the standard RADM and ACM cloud modules and the bottom panel
shows the results when convective precipitating clouds is limited to <10%. The least-regression (solid red) and 1:1 (dotted black) lines are shown.

Fig. 11. Same as Fig. 10 but for sulfate wet deposition rate. The observations from the NADP program were used. The left column shows the model results with the standard RADM
and ACM cloud modules and the right column shows the results when convective clouds are limited to <10%.
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The effect of cloud scavenging of sulfate does not affect signifi-
cantly the model simulations of surface SO2 (Fig. 12). The decrease
of aqueous-phase oxidation of SO2 by limiting convective precipi-
tating cloud fraction increases SO2 concentrations slightly, still in
reasonably good agreement with the observations. When convec-
tive precipitating cloud fraction is limited to <10%, the SO2 total
deposition decreases with dry deposition increasing and wet
deposition decreasing, and column burden increases (Table 3).
However, the overall effect on SO2 is relatively small compared to
sulfate (next section).

3.5. Sulfate budgets of sensitivity simulations

Clouds affect both the production and loss of sulfate. We
summarize the sulfate budget for standard and sensitivity simula-
tions in Table 4. When convective precipitating cloud fractions are
limited to 10% or 15%, the aqueous-phase production decreases,
gas-phase production increases, wet deposition decreases, and dry
deposition increases. Note that the removal of sulfate is almost
solely from wet scavenging, while both aqueous-phase and gas-
phase production is important for sulfate production. Conse-
quently, sulfate concentrations, column burden, and lifetime
increases when both wet scavenging and aqueous-phase produc-
tion is reduced by limiting convective precipitating cloud fraction
to 10 or 15%. The ACM cloud scheme estimatesmore aqueous-phase
production and removal than the RADM scheme. However, the two
schemes produce quite similar results when convection cloud
fraction is limited; the aqueous-phase production is about 60%
more than gas-phase production. Even though the aqueous-phase
production is larger, the contributions to column sulfate by
aqueous-phase production is slightly less than gas-phase produc-
tion because wet scavenging is collocated with aqueous-phase
production. This result is consistent with Barth et al. (2000).

Fig. 12. Same as Fig. 11 but for monthly mean SO2 concentrations.

Table 3
Simulated SO2 deposition rates and column burden for July 2002 over the US
domain.

Model Dry dep.
(mg m�2 hr�1)

Wet dep.
(mg m�2 hr�1)

Total dep.
(mg m�2 hr�1)

Column
(mg m�2)

RADM 29.54 7.28 36.82 3.47
RADM15 31.37 3.83 35.20 3.80
RADM10 31.87 3.20 35.07 3.91
ACM 27.95 5.62 33.57 2.78
ACM15 32.06 1.56 33.62 3.51
ACM10 33.22 1.16 34.38 3.73

Table 4
Sulfate budgets for July 2002 over the US domain.

Model Production
(mg m�2 hr�1)

Dep. frm aq. phase prod.
(mg m�2 hr�1)

Dep. frm gas-phase prod.
(mg m�2 hr�1)

Column
(mg m�2)

Lifetime
(days)

Export (%)

Aq. Gas Wet Dry Wet Dry Aq. Gas

ACM 139.9 53.18 124.4 0.89 47.54 1.26 2.0 2.3 1.0 10
ACM15 101.7 56.64 83.53 2.21 36.16 2.10 4.1 4.2 2.8 21
ACM10 87.23 57.60 70.99 2.42 32.78 2.29 4.6 4.8 3.6 25
RADM 97.57 49.85 86.79 1.50 40.58 1.73 3.0 3.4 2.0 11
RADM15 86.68 53.70 72.52 2.04 35.80 2.19 3.9 4.4 3.1 20
RADM10 82.05 54.50 66.73 2.18 33.62 2.32 4.3 4.8 3.6 23
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By limiting the convective precipitating cloud fraction, simu-
lated column sulfate burden increases by 50e100%. Even more
drastic, the lifetime of sulfate increases from 1 or 2 days to 3.6 days.
As a result, a much larger fraction of sulfate (>20% compared to 10%
in the standard model) is exported out of the U.S. domain. Sulfate
production and deposition decrease, and sulfate column and sulfate
residence time increase by limiting convective precipitating cloud
fraction (Table 4). The longer sulfate lifetime simulated in the
ACM10 and RADM10 simulations is more consistent with previous
modeling studies by Gary and Chang (1997), Quinn and Bates
(2003), Barth et al. (2000), Chin et al. (2000); Koch et al. (1999),
and Pham et al. (1995).

4. Conclusions

SO2 and sulfate simulated using the CMAQmodel version 4.6 are
evaluated with the observations over the United States in 2002.
While the general seasonal cycles of SO2 and sulfate are reproduced
by the model, we find systematic low biases for sulfate in the
summer. We note that the low bias is reduced by 50% when using
CMAQ version 4.7 with WRF meteorological fields; the reason for
the improvement is unclear. To diagnose the low biases in CMAQ
version 4.6 with MM5 meteorological fields, both ACM and RADM
schemes are used to test the sensitivities of simulated sulfate to
cloud processing. We carry out detailed modeling analysis and
diagnostics for July 2002. Compared to satellite observations of
cloud liquid water path, we found a large high bias of estimated
(sub-grid) convective clouds, leading to large overestimation of
sulfate wet scavenging. Limiting convective precipitating cloud
fraction in the cloud modules and hence significantly reducing wet
scavenging leads to much improved agreement between simulated
and observed sulfate. Model simulations show that aqueous-phase
production of sulfate is much larger than gas-phase production,
and it is more then 60% of total production, but their contributions
to sulfate column are about same since sulfate removal is domi-
nated by wet scavenging. The average lifetime of sulfate in the
model increases from 1e2 days to 3e4 days and column burden
increases 50e100% by limiting convective precipitating cloud
fraction to <10% for July.

In this study, we find that simulated surface SO2 concentrations
are not nearly as sensitive to model cloud modules as sulfate. We
show that a potential model problem of excessive wet scavenging
of sulfate does not necessarily lead to apparent problems in model
simulations of sulfate wet deposition rate compared to surface
observations. In general, there is still a lack of direct observational
constraints from air quality monitoring measurements on model
simulated cloud processing of SO2 and sulfate. Field experiments
with targeted aircraft and surface observations in addition to air
quality monitoring measurements will be needed to improve our
ability to simulate cloud processing of pollutants.
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