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Abstract—Result from a new air pollution model were tested against data from the Southern California Air
Quality Study (SCAQS) period of 26-29 August 1987. Gross errors for sulfate. sodium, light absorption.
temperatures, surface solar radiation. sulfur dioxide gas, formaldehyde gas, and ozone were lowest among
parameters compared (1-40%). Gross errors for elemental carbon, organic carbon, total particulate mass,
ammonium, ammonia gas. nitric acid gas, and light scattering, were larger (40-61%). Gross errors for
particulate nitrate were largest (65-70%). Reducing the baseline land-based particulate emissions inventory
to one-third its original value did not affect gross errors significantly; however, it did turn overpredictions
into underpredictions for many species. Doubling emissions increased gross errors for nearly all para-
meters. Setting lateral boundary inflow concentrations of particles to zero caused slight (< 1%) erosion of
results for most species, large erosion (10%) for sodium and chloride, but slight improvement (< 1%) for
a few species. Setting both lateral inflow and initiai concentrations for gases and particles to zero caused
severe degradation of results for many species but relatively mild degradation or improvement for a few.
Spinning up the meterological model 24 h in advance caused most gross errors to increase. Finally, the
presence of aerosols reduced peak daytime surface solar radiation by approximately 6.4% (55 Wm™?),
increased nighttime temperatures by about 0.77 K, decreased daytime temperatures by about 0.08 K, and
increased overall temperatures (day plus night) by 0.43 K compared to a no-aerosol case. The presence of

aerosols also caused ozone mixing ratios to decrease by 2%. Copyright © 1996 Elsevier Science Ltd

Key word index: Air quality model, aerosol model, urban temperatures, ozone, Eulerian grid model.

1. INTRODUCTION

In this paper, model results of aerosol and gas pollu-
tion buildup in the Los Angeles basin are compared to
data. In addition, sensitivity tests are run, and model
prediction are used to estimate the effects of aerosols
on surface air temperatures and ozone mixing ratios.
The model used is GATOR/MMTD. GATOR is
a Gas Aerosol, Transport, and Radiation air quality
model (Jacobson, 1994; Jacobson et al., 1996a) while
the MMTD is a Mesoscale Meteorological and Tracer
Dispersion model (Lu and Turco, 1995; Lu et al.,
1996). In an accompanying paper, aerosol processes
in the model are described (Jacobson, 1996). Here,
simulations of aerosol and gas buildup, together,
with feedback, to radiation and meteorology, are
carried out.

2. SETUP OF MODEL SIMULATIONS

Predictions from the GATOR/MMTD model were
compared to Southern California Air Quality Study
(SCAQS) data for 27-28 August 1987. In the follow-
ing sections, model grids, model variables, ambient
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data, emission data, initial conditions, boundary con-
ditions, and error checks are discussed.

2.1. Model grids

For simulations over the Los Angeles Basin, the
southwest corner of the MMTD model was placed at
33.06°N latitude and 119.1°W longitude, and the di-
mension was set to 55 west-east grid cells by 38
south-north cells. Each edge of GATOR was placed
two grid cells within each edge of MMTD in order to
reduce the effects of boundary wind values calculated
by MMTD. Thus, GATOR consisted of 51 east--west
cells by 34 north- south cells, with a southwest corner
at 33.15°N latitude and 119.9°W longitude. Both
models used spherical horizontal coordinates with
grid spacing of 0.05 degrees west—east (about 4.6 km)
and 0.045° south—north (about 5.0 km). Finer hori-
zontal grid resolution can be used; however, because
MMTD is a hydrostatic model, smaller grid resolu-
tion increases the probability of prediction errors,
especially for vertical velocity.

In the vertical, 20 sigma-pressure coordinate layers
were used for MMTD while 14 were used for
GATOR. The bottom eight layers in both models
were the same; however, each of the next six GATOR
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layers contained two MMTD layers. The top in both
models was set to 250 mb, and the eight lowest layers
in both models were set to below approximately
850 mb (about 1.5 km). In sum, the MMTD solved
equations in 41,800 grid cells while GATOR solved
equations in 24,276 cells.

2.2. Model variables

In MMTD, several variables, including hori-
zontal and vertical wind velocity, vertical turbulent
fluxes, air pressure, air temperature, relative humidity,
and liquid water content were predicted in each grid
cell during each 6-s meteorological time step. In
GATOR, 106 gases, 16 aerosol size bins, and 73 con-
stituents per size bin were carried around. Conse-
quently, GATOR required 24,276 x (16 x 73 + 106)
= 30.9 million words (megawords) of computer mem-
ory to store species concentrations. Transport in
GATOR was split from other calculations every 300 s
while chemistry integration and aerosol microphysics
and chemistry calculations were split every 900 s to
reduce computational time.

The gases, gas-phase chemical reactions, and aero-
sol species are listed elsewhere (Jacobson, 1994, 1996;
Jacobson et al., 1996a). The aerosol species included
18 solids, 24 liquids, and 30 ions, and one category of
residual material. The 16 size bins used ranged in
0.014-74 ym in diameter. Initialization of aerosol
concentrations in each size bin is discussed in Sec-
tion 2.5.

2.3. Ambient data for comparison

27-28 August 1987 was simulated because the num-
ber of available SCAQS ambient measurements for
that period was large (e.g. Lawson, 1990). Also, a de-
tailed California Air Resources Board (CARB) emis-
sions inventory was prepared for that period. One
data set used was the SCAQS modeling archive (King
et al., 1990), provided by the CARB (B. Croes, per-
sonal communication). The archive contains surface
mixing ratios of ambient ozone, carbon monoxide,
nitrogen dioxide, nitric oxide, sulfur dioxide, non-
methane hydrocarbons (NMHCs), and methane,
measured at 56 monitoring sites during the period
26-30 August 1987. The archive also contains surface
data for temperature, dew point, relative humidity, sea
level pressure, wind speed, wind direction, visibility,
solar radiation, and other parameters. At least one
variable was measured at each of 98 sites.

In addition, SCAQS Sampler data, provided by the
CARB (B. Croes, personal communication) were used
for comparison. Fitz et al. (1989) developed the Sam-
pler, and Eldering et al. (1994) describe the measure-
ments taken from it during the SCAQS period. Sam-
pler data consisted primarily of aerosol, aerosol pre-
cursor, and particle absorption coefficient measure-
ments. The aerosol-phase species measured included
elemental carbon, organic carbon, sodium, chloride,
ammonium, nitrate, sulfate, and total aerosol mass.
The gas-phase species measured included ammonia,

nitric acid, and sulfur dioxide. Aerosol components
from the Sampler were divided into sub-2.5 yum and
sub-10 um size regimes. Error limits for sampler data
were included in the data set. Reported measurement
uncertainties were typically between 4 and 20%; how-
ever uncertainties exceeded 40% for some measure-
ments.

In addition, size-resolved aerosol data from John
et al. (1989) were used. Such data included
0.05-0.4 um, 0.4-2.0 um, and 2.0-15 um measure-
ments of sodium, chloride, sulfate, nitrate, ammonium
at Claremont, Riverside, and Long Beach City Col-
lege. Other data used for comparison were measure-
ments of formaldehyde (Winer et al., 1989) and par-
ticle scattering coefficients (measured by U. Illinois,
General Motors, and the SCAQMD, Eldering et al.,
1994).

2.4. Emissions

The aerosol and gas emissions inventories used
were prepared by the CARB and designated for Wed-
nesday, 26 August through Friday, 28 August 1987
(Allen and Wagner, 1992). The emissions grid ex-
tended over a region 325 km east-west by 180 km
north—south, with the southeast corner at 33°8'35"N
latitude — 119°24'44"E longitude and a resolution of
5 km in each direction.

The speciated and size-resolved particulate emis-
sion rates, accumulated over a day, are listed in
Table 1. The four size regimes tabulated include
<1 pm, 1-2.5 ym, 2.5-10 pm, and > 10 ym in dia-
meter. The accuracy of the particulate emissions in-
ventory is very uncertain. To estimate the effects of
this uncertainty, two sensitivity simulations were run.
These are described in Section 3.2, 3.3 and 4.

Of the 42 aerosol substances included in the CARB
emissions inventory, 15 were incorporated into spe-
cies carried in the model. All others were lumped
together and emitted in the model as a species called
residual. The 15 inventory substances used were ele-
mental carbon, organic carbon, silicon, aluminum,
jron, calcium, potassium, manganese, lead, sodium,
ammonium, sulfate, chloride, nitrate, and carbonate.
These species were emitted into the model as elemen-
tal carbon (EC), organic carbon (OC), SiOy(s),
ALO4(s), Fe,0s(s), CaO(s), K,O(s), Mn,O(s),
Pb,0(s), Na*, NH;, SO%~, CI7, NOj, and HCO3,
respectively. To account for the oxygen in the above
species, an appropriate amount of oxygen mass was
removed from the other category in the emissions
inventory.

While the CARB inventory accounted for four size
categories, the model simulated 16 size categories,
crossing all four CARB categories. Two steps were
taken to distribute inventory mass to model size bins.
First, the mass from each CARB size category was
distributed to those model bins whose diameters fell
within the boundaries of the particular CARB cat-
egory. In the case of the three largest CARB size
categories, the mass was spread evenly among all size
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Table 1. Baseline emissions inventory totals (kg d ~!) for aerosol componentss as a function of aerosols
size

Particle size

Substance < 1um 1-2.5 um 2.5-10 um > 10 um All sizes Total (%)
Other 147,884 86,431 380,221 712,049 326,585 53.167
Silicon 37,312 37,086 183,641 166,527 424,566 17.015
Organic carbon 28,462 9,363 69,991 58,111 165,903 6.649
Aluminum 14,550 14,644 67,991 58,216 155,401 6.228
Iron 7090 7189 37,210 38,947 90,436 3.624
Calcium 5587 5511 32,619 34,028 77,745 3.116
Sulfates 45,922 894 3998 3122 53,936 2.162
Potassium 7364 3586 16,266 18,989 46,205 1.852
Elemen. carbon 28,467 1095 7247 7429 44238 1.773
Unknown 9919 6745 11,110 11,903 39,677 1.590
Chloride 11,318 814 4535 4796 21,463 0.860
Titanium 1048 877 4241 4716 10,882 0.436
Sulfur 618 573 3216 2129 6356 0.262
Carbonate ion 306 162 2514 1879 4861 0.195
Sodium 569 233 2080 1916 4798 0.192
Manganese 899 521 1511 1824 4755 0.191
Phosphorous 130 286 1660 1148 3224 0.129
Nitrates 1237 147 935 782 3101 0.124
Zinc 226 154 729 674 1783 0.071
Lead 173 156 758 653 1740 0.070
Barium 79 88 544 856 1567 0.063
Ammonium 841 S1 120 136 1148 0.046
Strontium 25 42 308 364 739 0.030
Vanadium 94 66 274 280 714 0.029
Copper 132 60 203 208 603 0.024
Cobalt 127 52 158 212 549 0.022
Nickel 130 48 132 158 468 0.019
Chromium 87 26 158 176 447 0.018
Rubidium 11 12 91 100 214 0.009
Zirconium 6 10 80 110 206 0.008
Lanthanum 26 7 52 65 150 0.006
Bromine 68 S 30 24 127 0.005
Arsenic 26 3 10 19 58 0.002
Cadium 9 2 23 16 50 0.002
Antimony S 3 15 23 46 0.002
Yttrium 2 3 17 22 44 0.002
Tin 6 7 15 14 42 0.002
Indium 5 1 11 12 29 0.001
Mercury 2 1 11 13 27 0.001
Molybdeum 3 1 7 9 20 < 0.001
Silver 5 2 6 6 19 < 0.001
Palladium 3 1 5 10 19 < 0.001
Selenium 3 0 1 2 6 < 0.001
Gallium 0 0 S 0 5 < 0.001
Total 350,776 176,958 834,725 1,132,637 2,495,132 100.00
% of total 14.06 7.09 3345 45.40 100.0

Note. The all sizes column is a sum over the four columns to its left. Aerosol data were obtained from
tapes provided by Allen and Wagner (1993). Component other identifies oxygen, hydrogen, and additional
components not included in the aerosol analysis. For example, oxygen atoms in oxides of silicons,

aluminium, and iron are included as other.

bins in the category. In the case of the smallest CARB
category (particles < 1 um in diameter), mass was
spread using a lognormal distribution. For example,
lognormal parameters for automobile emissions of
elemental carbon were obtained from data given in
Venkataraman and Friedlander (1994).

The CARB emissions inventory includes land-
based source only. However, sea spray is an import-
ant source of particulate emissions for the Los

Angeles basin. Sea spray forms both when wind and
waves force air bubbles to burst at the sea surface
(Woodcock, 1953) and when wind tears off wave
crests to mechanically produce spume droplets
(Monahan et al., 1986). Several sea spray and spume
drop parameterizations are available in the literature
(e.g. Monahan et al., 1983, 1986; Andreas, 1992; Wu,
1993). These models give emissions as a function of
wind speed and drop radius. Here, a parameterization
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was derived from Monahan et al. (1983) for particle
radii between 0.3 and 17 um. This parameterization
was based on measurements of sea spray between
6 and 14 m in altitude above the surface. In addition,
the equations of Wu (1992) were used to obtain emis-
sions of spume drops greater than 37.5 um in radius.
Emission rates for particles between 17 and 37.5 um in
radius were interpolated. Wu (1993) has shown that
his spume-drop model and the models of Andreas
(1992) and Monahan et al. (1986) differed significantly
from each other (e.g. Fig. 5 of Wu, 1992) and sugges-
ted that the correct spume-drop parameterization has
yet to be determined.

Sea spray initially contains all the substances of sea
water. Some of the most abundant elements include
sodium (1.08 x 10* mg# ™), chloride (1.94 x 10* mg
¢71), magnesium (1.29x103mg/~!),  sulfur
(9.05x 10> mg/ 1), calcium (4.12x 102 mg# ™), po-
tassium (3.99 x 102 mg# ™ !), and carbon (2.8 x 10' mg
¢~ 1) (Lide, 1993). In the model, the species corres-
ponding to each of these elements were assumed ini-
tially to be Na*, Cl1-, Mg?*, SO%~, Ca?*, K*, and
HCOj, respectively. All remaining sea spray mass
was assumed to be liquid water.

A summary of the gas-phase emissions inventory
used is given in Jacobson et al. (1996a). In addition, an
ammonia gas inventory (Russell and Cass, 1986;
Gharib and Cass, 1984; Cass et al., 1982) was used.
This gridded and hour-dependent inventory contains
ammonia emissions for a day in 1982 August; how-
ever, the unperturbed inventory was used for 1987
conditions. The overall ammonia emissions rate in
this inventory was 164.3 tons per day, with 51.6% of
the emission originating from livestock sources,
14.2% originating from domestic sources, 14.5% ori-
ginating from livestock sources, 14.2% originating
from domestic sources, 14.5% originating from soil,
and the rest originating from miscellaneous sources
(Russell and Cass, 1986). Most emitted ammonia in
the inventory originated from the east side of the
basin.

2.5. Initial conditions

Initial vertical and horizontal profiles of temper-
ature, dew point (water vapor content), and pressure
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were interpolated from 12 SCAQS sounding sites in
the outside the basin (King et al., 1990) for the early
morning of 27 August 1987. Further, sea surface tem-
peratures were interpolated each hour from SCAQS
buoy data. However, wind velocities in the model
were initialized to zero to ensure mass conservation
and to avoid startup waves near mountain regions.
The pressure gradients from the initial interpolated
pressure field forced winds to generate. The Coriolis
force, pressure gradient force, surface drag, and tur-
bulent fluxes affected the equations of motion over
time. Diabatic heating and heat advection influenced
changes in potential temperature, which affected pres-
sure gradients.

The method of initializing gas-phase mixing ratios
was the same as that discussed in Jacobson et al.
(1996a). However, in this study, initial mixing ratios
were interpolated from observations of 27 August
instead of 26 August. Aerosol concentrations were
initialized with either zero, background, or interpo-
lated values. During the SCAQS period of 27-30
August 1987, SCAQS Sampler measurements of ele-
mental carbon, organic carbon, ammonium, nitrate,
sulfate, sodium, and chloride aerosol concentrations
were taken in four-hour intervals at nine sites
throughout the basin (Anaheim, Azusa, Burbank, Los
Angeles, Claremont, Hawthorne, Long Beach City
College, Rubidoux, and San Nicholas Island). The
San Nicholas Island (SNI) site lies under relatively
clean ocean air, south of Santa Barbara. To initialize
background aerosol concentrations, aerosol mass
from SNI (data for midnight—5:00 a.m., 27 August
1987) was first distributed among model size bins in
one nucleation mode, two sub-accumulation modes,
and one coarse particle mode, with a four-modal
lognormal distribution. Mass data for the species
listed above were available for two size regimes, below
2.5 um and below 10 um diameter. For SNI, the differ-
ence between the sub-10 um and sub-2.5 yum mode
mass was distributed into the coarse mode. Table 2
shows the mass concentrations at the SNI site for 4:30
a.m., 27 August.

Further, sub-2.5 um mass was partitioned between
the nuclei and two sub-accumulation modes using
a marine surface particle nuclei to accumulation mode

Table 2. Observed mass concentrations of several particulate components in two size
regimes at SNI at 04:30, 27 August 1987

Mass in particles < 2.5 um

Mass in particles 2.5-10 um
diameter (ug m~3)

Species diameter (ug m~3)
Elemental carbon 0.09
Organic carbon 0.94
Ammonium 0.8

Nitrate 043
Sulfate 2.11
Sodium —
Chloride 0.03

0.11
0.41
0.3
097
0.53
2.25*
0.81

Note. Data from SCAQS sample.

*Indicates that this value was an average of day and night values at SNI.




A new air pollution modeling system—Part III 591

volume ratio (0.005:0.995) calculated from Whitby
(1978). Since this ratio is similar to his ratio for clean
continental nuclei mode particles (0.004:0.996), the
marine ratio was used for both continental and mar-
ine background distributions.

After the mass of each SCAQS sampler species (EC,
0OC,S037,NO;3,NH;, Na*, Cl7) was estimated for
each lognormal mode at San Nicholas Island, the
mass was partitioned into model size bins. All other
species concentrations, except for that of H,O(aq),
were initialized to zero because of the greater uncer-
tainty in their values.

Subsequently, the values from SNI were distributed
horizontally in each grid cell and scaled vertically.
The vertical scaling was exponential and forced initial
aerosol concentrations to approach 1/20th their
surface value at about 850 mb. Next, aerosol species
concentrations from the rest of the SCAQS sampler
stations were interpolated within a 15km radius
of influence for each stations, using a 1/distance?
interpolation dependence. These masses were spread
with a four-modal distributions as well, and the log-
normal parameters (geometric means diameters and
standard deviations) used for forming these distribu-
tions were the same as those used to initialize the
distribution for Claremont, as described in Jacobson
(1996). Finally, the interpolated concentrations
were scaled, with pressure, to the top of the morning
inversion layer.

To obtain the initial water content in each aerosol
size bin throughout the spatial grid, equilibrium cal-
culations were performed on each bin. During the
calculations, water content was determined with
a water equation, as described in Jacobson et al.
(1996b). Determining the initial liquid water content
was important for estimating the initial particle
number concentration. In sum, initial model aerosol
concentration within the basin and over the ocean
resembled SCAQS sampler data for the morning of 27
August 1987.

2.6. Boundary conditions

The variable horizontal inflow boundary condi-
tions for gases and meteorological parameters were
described in Jacobson et al. (1996a). For aerosols,
inflow concentrations were assumed to be the same as
the initial background concentrations at the center of
each edge of each layer of the model domain. The
aerosol concentrations used for inflow were assumed
to be constant over time. A sensitivity test was run to
test the effect of zero-inflow concentrations. Results
are discussed in Section 4.

Inflow concentrations of aerosols at the model top
(about 250 mb/10.3 km) were assumed to be zero.
Because the period of simulation (2 d) was short and
because emissions and gas-to-particle conversion
dominated aerosol concentrations, the vertical
boundary conditions for aerosols appeared to be a
reasonable choice in comparison to other possible ad
hoc boundary conditions.

2.7. Error checks

To determine model performance, error checks
were performed. These included checks for mean ab-
solute normalized gross error and normalized bias
(Tesche, 1988; DaMassa et al., 1992). While actual
station data were used to determine observed values
for error checks, bilinear interpolation of four sur-
rounding grid cell centers was used to determine
model variable values at the stations.

3. MODEL RESULTS

Here, results from a base-case simulation, which
included aerosol processes, are compared of SCAQS
data. In addition, a simulation was run without
the inclusion of aerosols to estimate the effects
of aerosols on temperatures and ozone mixing
ratios. Finally, five sensitivity simulations were
carried out.

All simulations were run for 04:30 PST, 27
August—0:30 PST, 29 August 1987. Table 3 shows
statistical results and Figs 1-91 show time-series com-
parisons of model results to data for the base-case
simulation. The figures represent, in most cases, the
best results from the base-case simulation. However,
for many parameters (e.g. total mass, elemental car-
bon, organic carbon, sulfate, sodium, formaldehyde,
surface solar radiation, light scattering, and light ab-
sorption) between 40-100% of all available figures
are shown; thus, both above- and below-average re-
sults are depicted. The statistics include gross error
and normalized bias for several parameters at two
specific times and for the entire simulation. The statis-
tics for the entire period indicate that gross errors for
sulfate, sodium, light absorption, surface solar radi-
ation, temperature, relative humidity, sulfur dioxide
gas, formaldehyde, and ozone were the lowest among
the parameters compared. Gross errors for elemental
carbon, organic carbon, total mass, ammonium, nitric
acid gas, and light scattering were larger, but often
relatively low at 14:30 on both days and at several
individual locations. Gross errors for nitrate and am-
monia gas were largest. Each parameter is discussed
in turn.

3.1. Total mass

The first parameter compared is total mass. Total
mass was measured with gravimetric techniques at
a relative humidity of about 45%. Total mass consis-
ted to the sum of all particle components in the
ambient atmosphere, however, the primary difference
between ambient and measured total mass was that
the liquid water was nearly absent in the latter case. In
order to crudely compare model mass at the ambient
relative humidity to observed mass at 45% humidity,
liquid water was removed from total model mass. The
removal of the model liquid water content was justi-
fied on the basis that the liquid water content of
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Table 3. Gross errors and normalized biases at 14:30 PST, 27 and 28 August and averaged over the entire 44-h model
simulatiion, for several aerosol, gas, meterological, and radiative parameters

14:30 27 August

14:30 28 August

44-h average

No. of Gross error  Bias No. of Gross error  Bias No. of Gross error  Bias

Parameter comparisons (%) (%) comparisons (%) (%) comparisons (%) (%)
Mass; o 8 314 —31.2 8 26.5 — 194 360 50.1 9.3
Mass, s 7 30.2 —30.2 8 31.6 —30.8 356 439 — 8.1
ECio 8 233 - 0.79 8 329 9.2 356 50.6 16.2
EC, s 8 19.9 13.3 8 39.0 233 356 57.5 29.9
OC,, 8 45.1 —45.1 8 36.9 — 327 352 45.4 0.33
0OC, s 8 533 — 533 8 62.5 —62.5 352 49.0 —44.1
Na,, 8 204 —15.6 8 42.1 —42.1 360 36.0 —30.2
NH#, 8 454 40.2 7 24.6 — 114 325 457 —0.15
NHZ2 7 54.1 —54.1 7 60.8 —472 321 55.2 — 523
S0?, 8 26.0 0.24 8 23.0 —225 360 26.3 —83
SO3 s 8 36.9 14.7 8 19.3 — 132 360 28.4 3.7
NO3, 8 26.8 14.0 8 57.8 427 360 69.8 18.4
NO3 s 8 55.6 —55.6 8 49.0 —27.7 360 67.8 - 20.7
Clyo 1 227 22.7 1 579 579 190 46.8 16.0
Os5(g) 34 20.9 - 122 32 239 - 8.7 571 27.8 - 6.6
SO, (g) 8 39.5 — 395 10 42.0 — 130 339 354 —242
NH; (g) 7 454 — 138 6 78.5 329 269 69.3 — 256
NHO;(g) 7 229 20.6 6 53.8 31.8 109 54.6 223
HCHO(g) 2 17.9 179 2 32.8 328 61 458 329
Temp. 14 0.61 0.29 14 0.92 0.59 628 0.63 0.09
Rel. hum. 8 16.4 135 8 12.6 —438 358 21.6 42
Solar rad. 2 43 —43 2 6.3 —-63 50 7.9 —-3.0
Osp 2 37.8 —30.1 2 229 —229 125 43.0 — 1338
Gap 6 22.4 16.5 S 49.3 49.3 255 3.98 16.3

Note. The subscripts (10) and (2.5) indicate the mass of the species that resides in particles < 10 um or <2.5um in
diameter, respectively. Mass is total particle mass, EC is elemental carbon, OC is organic carbon, solar rad is the sum of
surface solar radiation (W m~2)at < 5 um wavelength, o, is the extinction coefficient due to scattering by particles, and o,
is the extinction coefficient due to absorption by patticles. Cutoff mixing ratios were 50 ppbv for O;(g), 5 ppbv for SO,(g),
5 ppbv for HCHO(g), 1 ppbv for NH3(g), and 3 ppbv for HNOj;(g). Additional cutoff values were 0.5 ug m~ 3 for sub-10 ym
chloride, 2.0 ugm~2 for sub-2.5 yum ammonium, 0.02 km ™ for o,, 10 Wm~? for solar radiation, and 0 for all other

parameters.

* Indicates the comparison was made or 13:30 27 August since datum was unavailable for 14:30.

aerosols at 45% relative humidity is typically
<10 ugm™2 and frequently < 2 ugm™3, based on
equilibrium calculations (e.g. Pilinis et al., 1987, 1989)
while total non-water mass usually ranges from 50 to
150 ugm™3.

Table 3 shows that normalized gross errors for
total mass of both sub-10 um and sub-2.5 um particles
were between 26 and 32% at 14:30 on each of the two
days. The 44-h average total mass predictions differed
from the data by 44-50%, indicating that mass pre-
dictions in the afternoon were better compared to
those at other times of day. Figures 1-7 show time-
series plots of predicted vs observed total mass in both
size regimes at several locations.

3.2. Elemental carbon

Figures 8-14 show time-series plots of elemental
carbon predictions vs observations. Elemental carbon
(EC) gross errors were 19-23% at 14:30 on the first
day of simulation, but increased to 33-39% at 14:30
on the second day. The 44-h average EC error was
50-58%, with EC, errors less than EC, s errors. The
time-series plots show that EC,, concentrations at
some locations improved by the second day of simula-

tion (e.g. at Anaheim, Claremont), suggesting that
large errors at some stations overwhelmed smaller
errors at other stations. Elemental carbon concentra-
tions in the model were directly affected by emissions,
coagulation, deposition, and transport. Also, growth
of secondary material onto elemental carbon-contain-
ing particles caused EC-containing particles to in-
crease in size.

Significant uncertainty exists in the accuracy of the
particulate emissions inventory. For example, the
baseline particulate inventory summarized in Table 1
may be too high for elemental carbon and other
species (G. Cass, personal communication). The posit-
ive overall normalized bias for elemental carbon
shown in Table 3 appear to confirm that the baseline
inventory may be too high. Table 4 shows results
from a sensitivity test in which the baseline inventory
was cut to one-third its original value. This table
shows that, while elemental carbon gross errors did
not change significantly when emissions were reduced
by two-thirds, the normalized bias decreased signifi-
cantly. A possible conclusion is that true elemental
carbon emissions lie between baseline and the one-
third inventory emissions.
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Figs 1-91. Time-series comparisons of base-case model re-
sults to data. Locations of the different stations are shown in
Fig. 2 of Jacobson et al. (1996a). The time period for the
simulation was 04:30 PST 27 August—0:30 PST 29 August
1987. In the case of particulate matter, observational data
were often given as an average over a four-hour interval.
Thus, model predictions were averaged over the same inter-
nal. In the plots with three curves, Pred. aer. is the predicted
value curve with aerosol and gas processes turned on and
Pred. gas is the predicted value curve with gas, but not
aerosol processes turned on. In all cases where only two
curves are shown, Predicted is the predicted value with both
aerosol and gas processes turned on.
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Nevertheless, time-series plots for elemental carbon
and light absorption coefficient show good agreement
with the data for the baseline inventory at several
locations. Improvement in the accuracy of the base-
line inventory for elemental carbon is expected to
improve time-series comparisons of both elemental
carbon and particle absorption.

3.3. Organic carbon

While the 44-h gross error for sub-2.5 um organic
carbon (OC, 5) was less than that for EC, s, OC, s
predictions were biased much lower than were EC, 5
predictions. This was expected since insufficient ac-
count was taken in the model of secondary organic
particle formation. Secondary organic can comprise
greater from 15-50% or more of total organic mass
(Pandis et al., 1993). Further most of their contribu-
tion to total organic mass is in the submicron size
range (Pandis et al., 1993), especially since growth
does not significantly affect particles > 1 um dia-
meter (Whitby, 1978). For the simulations discussed
here, organic gases were treated as condensable
and/or soluble species. However, a significant number
of additional condensable organic (e.g. Pandis et al.,
1992) may need to be treated to account for the full
difference between predicted and observed OC, s con-
centrations. Thus, OC, s underpredictions in the
model were probably caused by insufficient treatment
of condensable organics.

An alternative hypothesis is that OC emissions
were underestimated. In fact, when all particulate
emissions were doubled in a second sensitivity test
(Table 4), the OC, s gross error decreased from 49 to
40.1% and the bias decreased from — 44.1% to
— 3.6%, indicating an improvement. However, the
OC,, gross error simultaneously increased from 45.4
to 100.4% and the bias increased from 0.33 to 88.5%.
Thus, the improvement in OC, s due to increasing
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emissions appears to have been for the wrong reason,
and treatment of secondary gas-to-particle conversion
of organic species should be improved in the model.
Figures 14-20 show time-series comparisons of OC
predictions to data.

3.4. Sodium

Sodium concentrations in the model depend signifi-
cantly on sea spray and less on land-based emissions.
Land-based emissions of sodium in August 1987, were
estimated from the inventory as about 5 t per day. The
primary sources were paved road dust and diesel
emissions. On the other hand, sodium is one of the
largest trace component of sea spray. Once emitted,
sodium in the model was affected by transport, depos-
ition, and growth of sodium-containing particles. Co-
agulation did not significantly affect the size-distribu-
tion of sodium-containing particles since sodium resi-
dues primarily in coarse-mode particles, which are not
affected significantly by coagulation.

Model predictions of sodium concentrations were

good. However such results were due to realistic in-
itialization of sodium concentrations in the model.
Figures 21-24 show that sodium concentrations were
fairly constant during the simulation period, through
both day and night. This factor indicates that initial
concentrations must be distributed relatively uni-
formly in the vertical; otherwise, during the afternoon
rise of the inversion base, sodium-free air from aloft
would dilute concentrations near the surface. This
factor was confirmed with a test simulation. During
this simulation, sodium concentrations were in-
itialized with a modestly decreasing gradient in the
vertical (concentrations reduced to about one-half
their surface values at 200 m in altitude). After noon
on the first day of simulation, sodium concentrations
were reduced by 50—-70% near the surface, causing an
overall gross error, after 44 h of 55%, with a bias of
—55%. By initializing sodium concentrations with
a nearly uniform vertical concentration in the bound-
ary layer, results improved drastically, so that the
gross error after 44 h fell to 36.0%, with a —30.2%
bias (Table 3).

3.5. Chloride

Chloride, like sodium, is emitted primarily in sea
spray and spume drops. However, while sodium’s
land-based sources totaled about 5td~!, those of
chloride were estimated to be about 21.5td™! in
August, 1987 (Table 1). The primary sources of land-
based chloride are forest burning, gasoline combus-
tion, agricultural burning, fireplace burning, chemical
manufacturing, and soil dust (CARB, 1988; Saxena
et al., 1993). Gaseous hydrochloric acid is also emitted
through coal combustion and waste incineration. In
fact, 98% of anthropogenic HCl(g) emissions are gen-
erally from coal combustion (Saxena et al., 1993).
Since HCI emissions are about 5% of SO, emissions
in the U.S. (Saxena et al., 1993) and since coal com-
bustion is not a major industry in the Los Angeles
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Basin, gaseous hydrochloric acid emissions were ig-
nored in the model.

Unlike sodium, chloride is volatile; consequently,
accurate predictions of chloride concentrations de-
pend on accurate predictions of both emission and
volatilization rates of chloride. Figures 25-27 show
time-series comparisons of sub-10 um chloride (Cl, )
predictions to data. The figures show that the ob-
served Cl;, mass decreased significantly during the
day. Because Cl, s data from SCAQS show that rela-
tively little chloride existed in sub-2.5 um particles for
the simulation period, most observed Cl;, mass re-
sided in particles between 2.5 and 10 ym in diameter.
Chloride did not exist in smaller particles because of
continuous presence of acids, particularly sulfuric
acid, in these particles. However, chloride was present
in coarse-mode particles during nighttime while it
disappeared from these particles during the day. Part
of the reason chloride disappeared from coarse-mode
particles during the day was because these large par-
ticles acidified during the day.

Acidification was caused in part because relative
humidity decreased as each day progressed, causing
liquid water content to decrease. The decrease in
liquid water content increased the concentration of
other acids, particularly nitric acid. In a competition
between nitric acid and hydrochloric acid, nitric acid
forces hydrochloric acid to the gas phase. Upon initial
observation of the effective Henry’s constant of HCI, it
is not obvious that HCI should be forced out of
solution by the presence of nitric acid. In fact, at
298 K, the effective Henry’s constant of hydrochloric
acid is similar to that of nitric acid. For example, the
equilibrium expressions for the two species can be
written as

- 2, -
MM Virer _ g~ 197x10° at298K (1)
PHCi(g)

2
M Mnos HINOs _ g~ 251x10° at 28K (2)
DPHNO3 (g)
where m is molality, p is partial pressure, y is the
activity coefficient, and K., is the effective Henry’s
constant, taken here from Kim et al. (1993). However,
a closer observation of the binary activity coefficient
of dissolved hydrochloric acid indicates that the coef-
ficient increases exponentially at high molalities
whereas the activity coefficient of dissolved nitric acid
remains moderately low at high molalities (e.g. Fig. 1
of Jacobson et al., 1996b). In a solution with multiple
components, the activity coefficient used in equations
(1) and (2) is not a binary activity coefficient but an
effective activity coefficient determined from a mixing
formula that depends on the binary activity coefficient
of all possible cation and anion pairs in the mixture.
Each binary activity coefficient used in the mixing
formula is determined by assuming that the molality
of the binary species results in the current ionic
strength of the mixture. Consequently, when the ionic
strength of a mixture is high, the binary activity
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coefficient of dissolved HCI to be used in the mixing
formula is large, and the mixing formula predicts
a large mixed activity coefficient of dissolved HCI,
forcing HCI towards the gas phase via equation (1).

In sum, as the ambient relative humidity decreased
during the day, observed chloride appears to have
been forced out of coarse-mode particles because of
the presence of nitrate in such particles. Although
coarse-particle nitrate concentrations generally
peaked in early morning and decayed during the day
due to decreased relative humidity and to increased
vertical mixing, nitrate concentrations did not de-
crease so rapidly as did chloride concentrations. Thus,
perturbations in relative humidity affected chloride
faster than they affected nitrate.

In the model, chloride concentrations were often,
but not always, predicted better during the night than
during the day. Errors in predicting daytime coarse-
mode chloride appear to be due to a combination of
errors in nitrate and relative humidity predictions.
Since nitrate concentrations were typically more than
five times greater than chloride concentrations, small
daytime underpredictions in nitrate may have, in
some cases, caused relatively large errors in daytime
chloride predictions. In other cases, the relative hu-
midity was predicted to be too high during the day.
allowing excess chloride mass to be retained within
particles.

3.6. Nitrate and nitric acid

Like chloride, nitrate is a volatile species. However,
its land-based emission rate is small (about 3.1 td ™!
from Table 1), and its sea spray emission rate is insig-
nificant. Particulate nitrate forms almost entirely by
dissolution or heterogeneous reaction of nitric acid
gas. In the model, nitrate concentrations were under-
predicted in sub-2.5 um particles. Part of the reason
for the underpredictions appears to be that am-
monium was underpredicted in fine particles. Since
sulfate often dominates fine-particle mass, additional
cations are needed in these particles if nitrate is to
dissolve. Sodium exists mostly in coarse particles and
its concentrations are fairly low; thus, sodium is un-
likely to balance nitrate concentrations in fine par-
ticles. Ammonium, on the other hand is volatile, and
its gas-phase precursor, ammonia, can be present in
high mixing ratios. Thus, ammonium is more likely to
accompany nitrate onto fine particles than is sodium.
Figures 28-38 show time-series comparisons of
model predictions of nitrate to data.

Gas-phase nitric acid in the model was overpre-
dicted. Nitric acid gas mixing ratios depend not only
on the rate of nitric acid transfer to and from particles,
but also on the gas-phase oxidation rate of nitrogen
dioxide, the deposition rate of nitric acid, and on
other vertical and horizontal transport processes. Ad-
ditional statistics from the base case simulation indi-
cates that the largest source of nitric acid gas was
gas-phase chemical reactions. Of all the nitric acid gas
produced by chemical reactions, about 15% depos-

ited directly to the ground and about 50% transferred
to the aerosol phase. However, the fact that fine-
particle nitrate predictions were too low and nitric
acid gas predictions were too high indicates that, on
average, fine particles in the model did not contain
enough ammonium, as discussed above. The dearth of
model ammonium decreased the rate of transfer of
some nitrate to fine particles. Figures 37 and 38 show
time-series plots of nitric acid gas predictions and
data of Long Beach City College.

3.7. Ammonium and ammonia

Figures 39-48 and 49-52 show time-series plots of
ammonium and ammonia gas predictions, respective-
ly, versus observations. Both ammonium and ammo-
nia gas concentrations were biased low in the model
(Table 3). Ammonia gas mixing ratios depend signifi-
cantly on emissions, gas-to-particle conversion, ad-
vection, and diffusion. However, gas-phase chemical
reactions do not affect ammonia mixing ratios signifi-
cantly. The ammonia gas emissions inventory used
(Section 2.4) dates back to 1982; consequently, some
discrepancies in the model may have been due to
changes in emission sources since that time. On the
other hand, the direct particulate ammonium emis-
sions rate was only about 1.1 td~?; thus, the partic-
ulate inventory did not affect model results signifi-
cantly.

Finally, Figs 49-52 show that the inclusion of aero-
sols in the model caused gas-phase ammonia gross
errors and mixing ratios to decrease. Table 5 shows
that the inclusion of aerosols caused mixing ratios to
decrease by 58.1%, resulting in better comparisons to
data (as shown in the figures). The improvement in
ammonia gas mixing ratio predictions was expected
since aerosols are a significant sink for ammonia,
a soluble gas.

3.8. Sulfate and sulfur dioxide

Sulfate in the atmosphere has several sources. The
baseline particulate inventory suggests that, in August
1987, approximately 54t sulfate d~' were emitted
from land-based sources, including cement produc-
tion, aircraft jet fuel combustion, petroleum refining,
and paved road dust. This number is most likely too
large (G. Cass, personal communication). Sea spray
also contributed to the atmospheric sulfate burden. In
addition, approximately 100 td ™! of sulfur dioxide
gas were emitted into Los Angeles. Much sulfur diox-
ide ended up as sulfate via gas-to-particle conversion
processes. In addition to being direct emitted, sulfate
entered model particles primarily by condensational
growth of sulfuric acid. As shown in Figs 53-64 and
Table 3, model predictions of fine and coarse sulfate
matched observations well at nearly all observation
sites in the basin.

Sulfur dioxide mixing ratios in the model were
generally predicted to be low, although relatively ac-
curate in comparison to several other species. How-
ever, SO, observations had a resolution of only



Table 5. Comparision of predicted parameter values, averaged over entire grid domain, when aerosols
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were not and were included in the model simulations

No. of Without With Percent change due
Parameter value aerosols aerosols to aerosols
Solar rad. (Wm™?2) 52 547.6 494.3 —-9.7
Peak solar rad (W m™?) 8 856.4 801.4 — 6.4
Daytime temp. (K) 252 300.649 300.571 —0.0259
Midday temp. (K) 112 302.380 302.300 — 0.0265
Nighttime temp. (K) 378 291.350 292.119 + 0.264
Overall temp. (K) 630 295.069 295.500 + 0.146
Wind speed (ms™!) 1452 2.575 2.580 +0.194
05 (g) (ppmv) 1662 0.0650 0.0637 —-20
PAN (g) 313 0.00248 0.00225 —-93
HNO; (g) 360 0.0111 0.00897 - 19.2
NH; (g) 360 0.00903 0.00378 — 58.1
SO, (g) 1026 0.007115 0.007103 -0.17
HCHO (g) 360 0.011026 0.01102 —0.054

Note. Solar radiation was averaged over all daytime hours, peak solar radiation was averaged from
11:30-13:30 over both days, daytime temperatures were averaged from 08:30 to 17:30 over both days,
midday temperatures were averaged from 11:30 to 15:30 over both days, and nighttime temperatures were
averaged from 18:30 to 07:30 over both nights. All other parameters were averaged over all 44 h of the

simulations.

0.01 ppmv, and typical mixing ratios at most locations
were close to this value; consequently, gross errors in
SO, mixing ratios were not the best indicator of
performance. Time-series plots, such as that shown in
Fig. 65, give a slightly better idea of performance in
some cases.

Finally, Table 5 and Fig. 65 show that the inclusion
of aerosols slightly decreased the ambient mixing ra-
tio of sulfur dioxide gas. The primary reason the SO,
mixing ratios did not decrease further was that little
fog was predicted or observed during the simulation
period. When aersols were included and the predicted
relative humidity exceeded 100%, size resolved fog
droplets were allowed to grow by condensation in the
model. Because fog was relatively absent, little SO,
could dissolve. However, the lack of predicted fog was
consistent with the data. For example, during the
simulation period, observed fog appeared after 10:30
p.m. on 28 August at the San Nicholas Island site
(SNI), at 5:30 a.m. on 27 August and 12:30 a.m. on 29
August at the Simi Valley site (SIMI), and from
4.30-7.30 a.m. on 27 August and 12:30-8:30 a.m. on
28 August at the El Rio site (ELRI). Thus, fog ap-
peared at only three locations, two of which (ELRI
and SIMI) were relatively close to each other. The
model predicted fog at Simi Valley at 5:30 a.m. on 27
August and 20 mile to the southeast of Simi Valley at
12:30 a.m. on 28 August (the last hour of simulation).
Further, a fog was nearly predicted at SNI and ELRI
at the remaining times that a fog was observed. In
sum, the small decrease in sulfur dioxide mixing ratios
that occurred when aerosol processes were included
was expected since little fog was observed or predicted
during the simulation period.

3.9. Light scattering and absorption

Two other indicators of aerosol module perfor-
mance are the prediction of particle absorption coef-

ficient (0,,) and particle scattering coefficient (osp).
The particle absorption coefficient depends on the
particle size distribution and the index of refraction of
elemental carbon. The scattering coefficient also de-
pends on size distribution and index of refraction. The
method of calculating particle scattering and absorp-
tion efficiencies and corresponding extinction coeffi-
cients in the model was discussed in Jacobson (1996).

Figures 66 and 67, and 68-70 show time-series
comparisons of light-scattering and absorption coeffi-
cients, respectively, to data for several locations. The
44-h gross errors were 43.0 and 39%, respectively. The
accuracy of time-series plots for light absorption coef-
ficient indicate that ambient elemental carbon predic-
tions in the model were not far off at these locations.

In the model, one source of error with respect to the
scattering coefficient was the fact that the predicted
scattering coefficients were obtained at the ambient
relative humidity while the observed coefficients were
obtained with a heated inlet nephelometer (e.g. Elder-
ing et al., 1994); thus, the effective relative humidity of
the observed distribution used for obtaining the ob-
served scattering coefficient was often lower than that
of the ambient distribution.

3.10. Surface solar radiation

Surface solar radiation predictions matched the
data well. Normalized gross errors for the two sites
measured were 4.3 and 6.3% at 14:30 PST on the first
day and second days of simulation, respectively. Fig-
ures 71 and 72 show corresponding time-series plots.
In these figures, solar radiation predictions are shown
for both the base case and for the case without aero-
sols. Table 5 shows that the presence of aerosols de-
creased surface solar radiation by 6.4% (55 Wm™?)
during peak daylight hours (11:30-13.30 each day)
and by 9.7% during all daylight hours. The predicted
decrease in surface solar radiation is consistent with
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that measured by Peterson et al. (1978), who found
a 6—8% decrease in solar radiation in Los Angeles in
comparison to a non-urban region.

Of the two stations for which solar radiation data
were compared, one (CM44) was near Riverside and
the other (CM62) was near Temecula, in the south
basin. Thus, radiation at the CM44 site was measured
through a heavy aerosol loading while that at the
CM62 site was measured through a slightly lighter
loading. Figures 71 and 72 show that the inclusion of
aerosol processes affected solar radiation at CM44
more than it did at CM62, which is expected, given the
locations of the stations.

3.11. Temperature and relative humidity

Figures 73-75, and 76 and 77 show time-series
comparisons of temperature and relative humidity
predictions, respectively, to data. Table 3 shows that
the gross error for temperature predictions was 0.63%
(1.85K), on average. Similarly, that for relative hu-
midity predictions was 22% (14.0% r.h.). Table 5
shows results when the base-case simulation was run
without the inclusion of aerosols. The table shows
that daytime temperatures decreased by 0.0259%
(0.078 K) whereas nighttime temperatures increased
by 0.264% (0.77 K). Over both day and night, temper-
atures increased, on average, 0.146% (0.43 K). The
increase in nightime temperatures is easily explained
by the fact that aerosols increase the downward in-
frared flux of radiation to the surface, decreasing the
nocturnal cooling rate of the surface (Zdunkowski
et al, 1976). A test case for the conditions at
Claremont was performed to estimate the downward
infrared flux and other parameters, during both day
and night. Results are presented in Table 6. The table
shows a predicted increase in nighttime downward
infrared flux of 13 Wm™2 due to the presence of
aerosols. This number compares to a predicted in-
crease of 15 W m~2 by Estournel et al. (1983) from
a simulation of another case.

During the day, aerosols increase the downward
infrared flux to the surface more than they do during
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the night. Table 6 shows an increase in daytime
downward radiative flux of 19 Wm™2 predicted by
the present model. This compares to an increase of
22-25 Wm~2 predicted by Estournell et al. (1983),
The increase in downward infrared radiation in-
creases heating rates at the bottom atmospheric layer.
For the test case, the model predicted a shortwave
daytime heating rate of + 0.52°C h™! when aerosols
were present at Claremont. This compare to
0.55°Ch~! given by Binenko and Harshvardhan
(1993) for another location. When aerosols were ab-
sent, the model predicted a short wave daytime heat-
ing rate of + 0.25°Ch~ 1.

In sum, predicted air temperatures just above the
surface increased during the night when aerosols were
accounted for because they increased the downward
flux of infrared radiation to the surface. As the sun
rose in the morning, absorption and reemission by
aerosols continued. However, during the day, aerosols
attenuated direct solar radiation to the ground sur-
face by about 6—-10%, cooling the surface relative to
the no-aerosol case. Although less solar radiation
reached the surface during the day, the residual radi-
ation was redistributed to other layers of the atmo-
sphere by scattering and absorption/reemissions.
Such redistribution prevented layers of air above the
surface from cooling significantly. In fact, such layers
warmed up, increasing the temperatures at the base
and top of the inversion layer at each location. How-
ever, the reduction in surface radiation was sufficient
to cause a net cooling of the bottom layer of air above
the ground surface during the day. Since elevated
layers warmed and the surface layer cooled, stability
of the atmosphere increased and the inversion base
height decreased slightly during the day due to the
presence of aerosols.

Predicted temperatures just above the ground sur-
face, averaged over day and night, were higher when
aerosols were present compared to when they were
not. Such net warming occurred because nighttime
warming lasted for more hours and was stronger than
daytime cooling.

Table 6. Comparison of values obtained from a test case to those obtained from other authors when a one-dimensional
simulation was performed under conditions at Claremont

Parameter

Results from this work Results from other authors

Change in surface solar radiation due to aerosols
Change in daytime downward IR flux to surface due

to aerosols

Change in nighttime downward IR flux to surface due to
aerosols

Daytime heating rate of bottom atmospheric layer in
presence of aerosols

—58Wm™2(—6.5%) — 6-8%*

+19Wm™ 2 (+21.8%) +22-25Wm™ %}
+13Wm™ 2 (+ 15.0%) +15Wm™%

+0.52°Ch~! +0.55°Ch™'t

Note. Nighttime computational were performed for 04:30 and daytime computations were performed for 12:00. The
calculations were instantaneous (not time dependent). Results from other authors were under different conditions. Thus, the

comparisons provide only ballpark validation.
* Peterson et al. (1978).
1 Estournel et al. (1982).
{ Binenko and Harshvardhan (1993).
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3.12. Ozone

Figures 79-88 show comparisons of predicted vs
measured ozone mixing ratios, with and without the
inclusion of aerosols. Table 5 shows that ozone mix-
ing ratios decreased by about 2.0% when aerosols
were included in the simulations. Aerosols affect
ozone mixing ratios in at least three ways. First, they
affect air temperatures, which affect chemical reaction
rates, atmospheric stability, air pressure, and wind
velocities. These parameters subsequently affect
ozone mixing ratios. Second, aerosols remove some
soluble organic gas precursors to ozone formation.
However, aerosols do not significantly affect NO and
NO, mixing ratios since these gases are relatively
insoluble. Finally, aerosols affect ozone mixing ratios
by directly attenuating solar radiation, which causes
photodissociation rates to decrease. Since the model
did not treat significant organic removal by aerosols,
such removal was unlikely to be the major source of
ozone reduction here. Also, the average temperature
decrease of 0.43 K due to the presence of aerosols may
be too small to cause ozone mixing ratios to decrease
by 2%. On the other hand, the decrease in surface
solar radiation by 6-10% appeared sufficient enough
to have the greatest effect on the reduction in ozone
mixing ratios.

3.13. Formaldehyde

An additional species compared was formaldehyde
gas. Formaldehyde is not so soluble as HCl, HNO;,
or H,SO,; however, a fair fraction of it dissolves in
fog-sized drops. Formaldehyde is emitted directly and
undergoes chemical reactions with several species.
Figures 89-91 show time series comparisons of pre-
dicted vs measured formaldehyde gas mixing ratio.
The figures show predicted values, with and without
the inclusion of aerosols in the model. The figures and
corresponding statistics indicate that the predictions
(with the inclusion of aerosols) were in good agree-
ment with the data at Claremont and in fairly good
agreement at Long Beach City College. Furthermore,
for the given episode, aerosols did not absorb signifi-
cant formaldehyde. This finding is expected for the
same reason that aerosols did not absorb significant
sulfur dioxide.

4. SENSITIVITY TESTS

In addition to the simulation without aerosols, five
sensitivity cases were run. In the first, the CARB
particulate emissions inventory was cut to one-third
its original value. In the second, the particulate emis-
sions inventory was doubled. In the third, aerosol
concentrations entering the model domain from all
lateral boundaries were set equal to zero. In the
fourth, lateral and initial concentrations of both gases
and aerosols were set to zero. In the last, meteorology
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was started 24 h prior to the rest of the processes.
Table 4 shows gross errors and biases, averaged over
44 h, for each of the sensitivity cases. These should be
compared to base case results shown in the last two
columns of Table 3.

First, cutting the particulate emissions inventory
to one-third its original value increased gross errors
but not significantly; however, it caused normalized
biases to decrease significantly for many species. As
mentioned in Section 3.2, baseline particulate emis-
sion estimates may be too high for many species.
However, because the error in emissions for each
species differs, a blanket reduction in all emissions by
two-thirds probably does not adequately account for
the errors in the inventory.

Second, doubling the particulate emissions inven-
tory worsened results for every parameter except
OC, s and Na, . However, as discussed in Section 3.3,
the improvements in OC, s prediction were mislead-
ing. Similarly, since original errors in sodium concen-
trations were probably due to underestimates in
ocean, and not land based, emission rates, the im-
provements in Na,, predictions resulting from this
test were also misleading. Ocean emission rates were
not doubled for this simulation.

Third, setting particulate concentrations outside
the lateral boundaries to zero did not change results
significantly for most species. For example, average
changes were less than + 1% for most species. How-
ever, sodium and chloride prediction errors after 44 h
increased from 36.0 to 47.4% and 46.8 to 55.5%,
respectively, when lateral boundary conditions were
set to zero. After the first 20 h, sodium prediction
errors increased from 252 to only 26.3%; thus,
boundary conditions did not affect results during the
first day. Errors increased, however, during the sec-
ond day. Thus, uncertainty in the boundary condi-
tions affected results significantly over two days for
those species with a high background concentration
over the ocean.

Fourth, setting lateral and initial concentrations to
zero for both gases and aerosols caused results to
degrade for most parameters. For example, Table 4
shows that ozone mixing ratio gross errors increased
by over 50 percentage points when this sensitivity test
was run, indicating that ozone mixing ratios were
strongly dependent on initial distributions, especially
of reactive organic gases. In addition, fine sulfate
prediction errors doubled, and errors for several other
particulate components increased significantly. How-
ever, total mass and elemental carbon errors did not
change significantly. In fact, Mass;o concentrations
improved slightly. However, in the base case, Mass;o
was overpredicted by 9.3% while in the sensitivity
test, it was underpredicted by 28.4%. Similarly,
elemental carbon biases decreased in the sensitivity
test. Thus, the removal of lateral boundary and initial
values turned overpredictions into underpredictions
for some species, but caused severe degradation in
prediction results for most. Consequently, initializing
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concentrations with realistic values is important for
improving model accuracy.

Finally, starting meteorology 24h in advance
worsened simulation results for most species. In
order to perform this sensitivity test, radiation
calculations from GATOR were decoupled from
the MMTD for the first 24 h of simulation. During
this time, radiation in the MMTD was calculated
with its original parameterization. At 4:30 a.m. on
the 27th, the rest of the model was activated and
radiation from GATOR was recoupled to the
MMTD. A comparison of results from Table 4 to
those from Table 3 indicate that predictions of eight
parameters (e.g. OC,s, Na;o, NHg;0, NHyys,
NOs, 9, HNO3(g), HCHO(g), and relative humidity)
improved when meteorology was started early, but
those of the remaining 16 parameters in the table
degraded. Consequently, spinning up the meteorologi-
cal model did not improve results. In fact, it caused
overall results to degrade in this case. Such a finding is
expected since model errors accumulate and cannot
un-accumulated over time.

5. COMPUTER TIMINGS

Simulations were run on both a Cray 90 and Cray
J916 computer. The average speed of the program on
a Cray 90 was 365 megaflops, and the average speed
on the J916 was about one-fifth the speed on the Cray
90. A forty-four hour model simulation with aerosol
processes required 23 h on the Cray 90. The corres-
ponding time on a J916 was 115 h. Simulations on
either computer required 52 megawords of central
memory.

6. CONCLUSION

The GATOR/MMTD air pollution model was
applied to the study of aerosol buildup in the
Los Angeles Basin. Predictions of aerosol concentra-
tions, gas mixing ratios, radiative parameters,
temperature, and humidity were compared to data.
Overall gross errors for sulfate, sodium, light
absorption, temperature, surface solar radiation,
sulfur dioxide gas, formaldehyde gas, and ozone
were lowest among parameters compared (1-40%).
Gross errors for elemental carbon, organic carbon,
total particulate mass, ammonium, nitric acid gas,
and light scattering, ammonia gas, and nitrate were
larger.

Simulations were performed with and without
aerosol processes included in the model. The presence
of aerosols reduced peak daytime surface solar radi-
ation by approximately 6.4% (55 W m~?), increased
nighttime surface air temperatures by about 0.77 K,
decreased daytime temperatures by about 0.08 K, and
increased overall temperatures (day plus night) by

0.43 K. The presence of aerosols also caused ozone
mixing ratios to decrease by 2%.

Sensitivity analyses were run. Reducing the baseline
particulate emissions inventory to one-third its orig-
inal value increased underpredictions of many para-
meters without affecting gross errors significantly.
Doubling the inventory cause gross errors of nearly
all particulate species to escalate rapidly. Also, assum-
ing aerosol concentrations outside the lateral bound-
aries were zero did not affect most species concentra-
tions much after 44 h. However, sodium and chloride
prediction accuracy decreased by 10% in this case.
Further, setting gas and aerosol initial and boundary
concentrations to zero caused severe degradation of
results. Finally, spinning up the meteorological model
24 h in advance provided no advantage and, in fact,
decreased prediction accuracy for most species.
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