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[11 The Model of Aerosol Dynamics, Reaction, Ionization and Dissolution (MADRID)
with three improved gas/particle mass transfer approaches (i.e., bulk equilibrium (EQUI),
hybrid (HYBR), and kinetic (KINE)) has been incorporated into the Weather Research
and Forecast/Chemistry Model (WRF/Chem) (referred to as WRF/Chem-MADRID) and
evaluated with a 5-day episode from the 2000 Texas Air Quality Study (TexAQS2000).
WRF/Chem-MADRID demonstrates an overall good skill in simulating surface/aloft
meteorological parameters and chemical concentrations of O; and PM, s, tropospheric O;
residuals, and aerosol optical depths. The discrepancies can be attributed to inaccuracies
in meteorological predictions (e.g., overprediction in mid-day boundary layer height),
sensitivity to meteorological schemes used (e.g., boundary layer and land-surface
schemes), inaccurate total emissions or their hourly variations (e.g., HCHO, olefins, other
inorganic aerosols) or uncounted wildfire emissions, uncertainties in initial and boundary
conditions for some species (e.g., other inorganic aerosols, CO, and O3) at surface and
aloft, and some missing/inactivated model treatments for this application (e.g., chlorine
chemistry and secondary organic aerosol formation). Major differences in the results among
the three gas/particle mass transfer approaches occur over coastal areas, where EQUI
predicts higher PM, 5 than HYBR and KINE due to improperly redistributing condensed
nitrate from chloride depletion process to fine PM mode. The net direct, semi-direct, and
indirect effects of PM, 5 decrease domainwide shortwave radiation by 11.2-14.4 W m 2
(or 4.1-5.6%) and near-surface temperature by 0.06—0.14°C (or 0.2-0.4%), lead to 125

to 796 cm > cloud condensation nuclei at a supersaturation of 0.1%, produce cloud
droplet numbers as high as 2064 cm >, and reduce domainwide mean precipitation by

0.22-0.59 mm day .
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1. Introduction

[2] Atmospheric aerosols affect climate through directly
absorbing and scattering of solar radiations (i.e., direct
effects) and indirectly changing planetary boundary layer
(PBL) meteorology variables that depend on radiation (i.e.,
semi-direct effects) and altering the formation of clouds and
precipitation by serving as cloud condensation nuclei (CCN)
(i.e., indirect effects). Their distributions and formation
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mechanisms are governed by many atmospheric processes
including gas-phase chemistry, aerosol thermodynamic and
dynamic processes, cloud processes, and dry and wet depo-
sition. Among these processes, gas/particle mass transfer
process plays an important role in determining aerosol mass
concentrations. Three gas/particle mass transfer approaches
(i.e., bulk equilibrium, kinetic (or dynamic), and hybrid)
are commonly used in three dimensional (3-D) Air Quality
Models (AQMs). The bulk equilibrium and hybrid approaches
are computationally more efficient but less accurate under
certain conditions (e.g., when the concentrations of reactive
coarse particles are high), whereas the kinetic approach is
more accurate but computationally is slow [Zhang et al.,
1999; Hu et al., 2008]. Several studies compared the dif-
ferences between two or three gas/particle mass transfer
approaches using a box model [e.g., Capaldo et al., 2000; Hu
et al., 2008], a 1-D model [e.g., Koo et al., 2003], and 3-D
models [e.g., Gaydos et al., 2003; Tombette and Sportisse,
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2007]. The studies examining sensitivity of model predic-
tions to the three approaches using 3-D models, however,
are limited to a few episodes and geographical domains (e.g.,
the southern California and France), and the use of offline-
coupled models. Computationally efficient yet accurate
kinetic approaches have been developed in several studies
[e.g., Jacobson, 2005; Hu et al., 2008; Zaveri et al., 2008].

[3] Unlike most 3-D AQMs, the Weather Research and
Forecast/Chemistry Model (WRF/Chem) is an online-coupled
meteorology-air quality model that can simulate meteorology-
chemistry-aerosol-cloud-radiation feedbacks via direct, semi-
direct, and indirect effects. WRF/Chem version 3.0 includes
several gas-phase mechanisms (e.g., Regional Acid Deposi-
tion Model, version 2 (RADM?2) [Stockwell et al., 1990] and
Carbon-Bond Mechanism version Z (CBM-Z) [Zaveri and
Peters, 1999]) and several aerosol modules (e.g., the Modal
Aerosol Dynamics Model for Europe (MADE) with the sec-
ondary organic aerosol model (SORGAM) of Schell et al.
[2001] (referred to as MADE/SORGAM) and the Model for
Simulating Aerosol Interactions and Chemistry (MOSAIC)
[Zaveri et al., 2008]). WRF/Chem with RADM?2 and
MADE/SORGAM was first applied for the summer 2002
NEAQS filed study and demonstrated a better skill in fore-
casting O; than MM5/Chem [Grell et al., 2005]. It has also
been used for the ensemble forecast of O3 [McKeen et al.,
2005] and PM, 5 [McKeen et al., 2007] and for the evalua-
tion of the impacts of emission reductions on O3 in the eastern
U.S. [Frost et al., 2006]. WRF/Chem with CBM-Z and
MOSAIC has been applied to a 5-day episode from the
2000 Texas Air Quality Study (TexAQS) (referred to as
TexAQS2000) and demonstrated a good skill in simulating
O; and aerosols and aerosol shortwave radiative forcing
[Fast et al., 2006]. In this work, the improved version of the
model of aerosol dynamics, reaction, ionization and disso-
lution (MADRID) of Zhang et al. [2004] as described by
Hu et al. [2008] and Hu [2008] has been incorporated into
WRF/Chem v3.0 (released in April 2008) and evaluated
using the same TexAQS2000 episode of Fast et al. [2006]
over the Houston-Galveston, Texas area. Our objectives are
to improve WRF/Chem’s capabilities in simulating aerosols,
evaluate WRF/Chem-MADRID using the TexAQS2000
observations, examine the sensitivity of aerosol predictions
to different gas/particle mass transfer approaches, and dem-
onstrate the model’s capability in estimating aerosol direct
and indirect effects.

2. Description of the Episode, Model,
and Evaluation Protocol

2.1.

[4] Houston, Texas is the 4th most populous city in the
U.S. with four-million people. Traffic and other local
anthropogenic sources such as the Houston Ship Channel
and petrochemical industries result in high emission rates
of nitrogen oxides (NOy) and volatile organic compounds
(VOCs). 40% of the world’s production capacity of low
molecular weight alkenes is estimated to be produced in the
Houston-Galveston area [Daum et al., 2004]. Depending on
the wind direction, the emissions of isoprene and mono-
terpenes from the forested regions in the northeast of Houston
and sea-salt emissions from the Gulf of Mexico also con-
tribute to the total emissions in this area. The O3 mixing ratios
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in Houston often exceed the 1-h National Ambient Air
Quality Standard (NAAQS) of 120 ppb [Daum et al., 2003]
and the 8-h NAAQS of 80 ppb. Under favorable weather
conditions, the O3 formation in Houston is rather rapid and
some high O3 events are observed even when background O3
level is modest [Daum et al., 2004], making the O5; problem in
Houston rather unique. Exceedance of an annual PM, s
NAAQS of 15 ug m ~ has also been a concern [Russell et al.,
2004]. Direct emissions in this area contribute to ~40-50%
of particulate matter with aerodynamic diameters equal to or
less than 2.5 pum (PM, 5) while secondary sources account
for 50-60% of PM, 5 with inorganic species dominating the
secondary PM [Russell and Allen, 2004; Pavlovic et al.,
2006; Allen and Fraser, 2006].

[5] In August and September of 2000, the TexAQS2000
was conducted to improve the understanding of the forma-
tion and transport of the pollutants such as O; and PM, s
along the Gulf Coast of the southeastern TX. Intensive
measurements of gaseous, PM, and hazardous air pollutants
were made at ~20 ground stations, located throughout the
eastern half of TX. The characteristics of air pollutants have
been examined through both field [e.g., Kleinman et al.,
2002, 2005; Ryerson et al., 2003; Wert et al., 2003; Daum
et al., 2003; Karl et al., 2003; Russell et al., 2004; Banta
et al., 2005; Murphy and Allen, 2005; Allen and Fraser,
2006; Webster et al., 2007] and modeling studies [e.g.,
Chang et al., 2002; Tanaka et al., 2003; Jiang and Fast,
2004; Darby, 2005; Nam et al., 2006; Chang and Allen,
2006; Fast et al., 2006; Misenis and Zhang, 2010].

[6] In this study, a 5-day (1200 GMT August 28-0600
GMT September 2) episode from the TexAQS2000 is used
as an initial testbed for the evaluation of WRF/Chem-
MADRID. There are several reasons for selecting this
5-day period. First, more than 20 1-h O; exceedances were
observed during this period in the Houston-Galveston-
Brazoria area, 6 of them exceeded 150 ppb. Second, sea
breezes were observed during August 29-31, 2000, which
are typically associated with high O; events in the Houston
area [Banta et al., 2005; Darby, 2005]. Such events would
provide the most stringent case to test the model’s capa-
bility in replicating the frequent occurrences of sea breezes
and their impact on elevated Os. Third, some gas/particle
mass transfer approaches may fail to predict the distribution
of semi-volatile species for areas where anthropogenic emis-
sions are mixed with sea-salt emission. The high percentage
of secondary PM and the mixing of sea-salt and anthropo-
genic emissions during this episode make the TexAQS2000
episode a good testbed to compare the three gas/particle mass
transfer approaches in WRF/Chem-MADRID.

2.2. Model Description

[7] MADRID is an aerosol module that treats all major
aerosol chemical and microphysical processes including
inorganic aerosol thermodynamic equilibrium, secondary
organic aerosol (SOA) formation, nucleation, condensation,
gas/particle mass transfer, and coagulation. As described by
Zhang et al. [2004], ISORROPIA v1.6 of Nenes et al. [1998]
is used to simulate inorganic aerosol thermodynamic equi-
librium. SOA formation is treated using two formulations:
an empirical representation (referred to as MADRID 1) that
is based on a reversible absorption theory and smog
chamber data, and a mechanistic representation (referred to
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as MADRID 2) that simulates both hydrophilic and hydro-
phobic particles. The number of condensable species is 38
in MADRID 1 and 42 in MADRID 2. The homogeneous
binary nucleation of sulfuric acid and water vapor is simu-
lated using the approach of McMurry and Friedlander [1979]
that accounts for the competition between nucleation and
condensation. Gas/particle mass transfer is simulated with
three algorithms: a bulk equilibrium approach that assumes
full equilibrium between gas and particulate phases, a hybrid
approach that treats mass transfer explicitly for coarse particles
and assumes full equilibrium for fine particles, and a kinetic
approach that solves the full aerosol dynamic equation. Con-
densation is implicitly treated by allocating the transferred
mass to different size sections based on the condensational
growth law in the bulk equilibrium approach but explicitly
simulated based on the growth law of Capaldo et al. [2000]
in the hybrid and the kinetic approaches. The growth of
particles over sections with fixed size boundaries due to
various growth processes (e.g., condensation, and aqueous-
phase chemistry) in all three approaches is simulated using
the moving-center scheme of Jacobson [2005]. Hu et al.
[2008] updated ISORROPIA v1.6 to v1.7 in MADRID and
adapted the noniterative, unconditionally stable analytical
predictor of condensation (APC) of Jacobson [2005] to replace
the condensational growth law of Capaldo et al. [2000].

[8] An updated version of MADRID that was described
by Zhang et al. [2004, 2010a] and Hu et al. [2008] has
been incorporated into WRF/Chem v3.0 and coupled with
several gas-phase mechanisms such as CBM-Z, the 2005
Carbon Bond Mechanism (CB05), and the 1999 Statewide
Air Pollution Research Center (SAPRC) mechanism and the
Carnegie Mellon University (CMU) aqueous-phase chemistry.
Compared with previous versions, several major modifica-
tions have been made in MADRID in this study. First, the
number of surrogates of SOA compounds has been reduced
from 38 (4 anthropogenic and 34 biogenic) to 25 (7 anthro-
pogenic and 18 biogenic) based on Pun et al. [2005] to
simulate SOA more efficiently. SOA formation from the
oxidation of isoprene, monoterpenes, and sesquiterpene is
accounted for. Second, the coagulation algorithm of Jacobson
et al. [1994] has been incorporated into MADRID 1 to pro-
vide a more realistic representation of PM, s number con-
centrations and size distribution as described by Zhang
et al. [2010a]. This coagulation code conserves total particle
volume and volume concentration and is positive-definite,
non-iterative, and stable. Third, different from Hu et al.
[2008] in which nucleation process was deactivated and
water vapor was assumed to instantly equilibrates with par-
ticles, the updated MADRID in this study simulates binary
nucleation of sulfuric acid and water vapor and explicitly
treats condensation/evaporation for water vapor. Compared
with MADE/SORGAM that uses a modal size representation
in WRF/Chem, MADRID uses a sectional size representation
and differs in nearly all aspects in terms of aerosol thermo-
dynamic and dynamic treatments. Compared with MOSAIC
that also uses a sectional size representation and a dynamic
approach for gas/particle mass transfer but does not yet
simulate SOA, MADRID uses different modules for simulat-
ing inorganic aerosol thermodynamics, nucleation, condensa-
tion, and subsequent growth, simulates SOA, and offers three
approaches to simulate gas/particle mass transfer. MADRID
uses the same aqueous-phase chemistry and aerosol direct
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and indirect effect treatments as those for MOSIAC as
described by Fast et al. [2006] and Chapman et al. [2008].

2.3. Model Setup and Evaluation Protocol

[9] WRF/Chem-MADRID simulations are conducted for
a region of 1056 x 1056 km? with a 12-km horizontal grid
spacing and 56 layers from surface to 100 mb. Twenty-eight
layers are used from surface to 2.85 km to resolve boundary
layer meteorological processes. Model input data (i.e., emis-
sions and meteorological and chemical initial and boundary
conditions (ICONs and BCONSs)) are based on Fast et al.
[2006]. ICONs and BCONs for PM, 5 concentrations within
2 km above the surface are set to be 8 g m > based on
available measurements, which is proportionally reduced
above 2 km. They are set horizontally homogeneous, which is
justified because PM, 5 concentrations and composition are
found to be generally spatially homogeneous throughout the
southeastern TX on a seasonal average [Russell et al., 2004;
Allen and Fraser, 2006]. As indicated by Fast et al. [2006],
the size of this domain does not account for long-range
transport (LRT) of pollutants; however, observed pollution
was largely caused by local anthropogenic and biogenic
emission sources because the meteorological conditions
during this period were not favorable for LRT (although LRT
may affect the abundance of pollutants in upper troposphere).
The gaseous emissions including those from the offshore
stationary sources and maritime traffic were provided by the
Texas Commission on Environmental Quality (TCEQ). The
PM emissions were obtained from the EPA’s 1999 National
Emissions Inventory (NEI) version 3. Eight size sections over
0.0215 pum-10 pm are used to represent the aerosol size
distribution. Major physics options used include the Goddard
shortwave radiation scheme, the rapid and accurate radiative
transfer model (RRTM) for longwave radiation, the Fast-J
photolysis rate scheme, the Yonsei University (YSU) plane-
tary boundary layer (PBL) scheme, and the National Center
for Environmental Prediction, Oregon State University, Air
Force, and Hydrologic Research Lab’s (NOAH) land-surface
scheme, the modified Purdue Lin microphysics module, and
the Grell-Devenyi cumulus parameterization. The CBM-Z
gas-phase mechanism, the MADRID aerosol module, and the
CMU aqueous-phase chemistry are used. The coupling of
CBM-Z with MADRID does not allow the simulation of
SOA in this study because SOA condensable precursors
cannot be directly added into CBM-Z that is hard-wired in
WRF/Chem. Simulations are conducted with three gas/
particle mass transfer approaches, i.e., the bulk equilib-
rium, hybrid/APC, and kinetic/APC approaches (referred to
as WRF/Chem-MADRID (EQUI), (HYBR), and (KINE),
respectively). All simulations include aerosol direct and
indirect effects. While EQUI is considered as a baseline
simulation, the results from HYBR and KINE will provide the
sensitivity of the model predictions to different gas/particle
mass transfer processes. An additional simulation that does
not treat acrosol emissions and its microphysical and chem-
ical processes is conducted to examine the aerosol feedbacks
into radiation, PBL meteorology, and cloud and precipitation
formation. The differences in model predictions between this
additional simulation and the baseline simulation are caused
by cloud-aerosol interactions and differences in the auto-
conversion scheme used in both simulations.
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Table 1. Observational Data Sets Used for Model Evaluation
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Networks Variables or Species Data Frequency Number of Sites
AIRS? 03 1-h 102
CASTNET" 05 1-h 2
TCEQ* Wind speed and direction at 10-m 1-h 32 sites for T2; 31 sites for WS10
(WS10 and WD10), temperature and WDI10; 7 sites for RH2;
and relative humidity at 2-m 5 for PBLH; 60 for Oj;
(T2 and RH2), PBL height (PBLH), 15 for PM, 5
03, PMy 5
NCDC WS10, T2, RH2, and Precip Daily average for WS10, T2, 93 sites
and RH2, Daily total for Precip
NOAA/NCAR Vertical profiles of temperature, 1-s N/A
Electra aircraft relative humidity,
CO, NO, NO,, O3
NARR? Precipitation, WS10, WD10, T2, and RH2 3-h Domainwide
AERONET? Aerosol optical depth (AOD) 1-h 1
MODIS*® AOD One data at 10:30 A.M. per day Domainwide
TOMS?* Tropospheric Ozone Residue (TOR) 1-day Domainwide

“AERONET: Aerosol Robotic Network; AIRS: the Aerometric Information Retrieval System; CASTNET: the Clean Air Status and Trends Network;
MODIS: the MODerate resolution Imaging Spectroradiometer; NARR: the North American Regional Reanalysis; TCEQ: the Texas Commission on
Environmental Quality; NCDC: National Climatic Data Center; TOMS/SBUV: Total Ozone Mapping Spectrometer/Solar Backscattered UltraViolet.

®MODIS data used in this study is taken from the Terra satellite. Its overpass time is at 10:30 A.M., LST.

[10] The observational data used for model evaluation are
summarized in Table 1. The data sets include meteorological
and chemical measurements from TeXAQS2000 provided
by the TCEQ, meteorological measurements from National
Climatic Data Center (NCDC), surface chemical data from
the U.S. EPA’s routine networks such as the Aerometric
Information Retrieval System (AIRS) and the Clean Air
Status and Trends Network (CASTNET), aircraft measure-
ments from the NOAA/NCAR Electra during TeXAQS2000,
remote-sensed measurements including the Total Ozone
Mapping Spectrometer (TOMS)/Solar Backscattered Ultra-
Violet (SBUV), the MODerate resolution Imaging Spectro-
radiometer (MODIS), and the lidar-based Aerosol Robotic
Network (AERONET). The variables evaluated include
meteorological variables such as temperature at 2-m (T2),
relative humidity at 2-m (RH2), wind speed and wind
direction at 10 m (WS10 and WD10), daily precipitation
(Precip), and PBL height (PBLH), the surface concentrations
of O5 and PM, s, the vertical profiles of temperature, RH, and
mixing ratios of CO, NO, NO,, and Os, as well as Tropo-
spheric Ozone Residual (TOR) and Aerosol optical depth
(AOD). Most published model applications to TeXAQS2000
largely focused on surface and near-surface variables, fewer
studies assessed the model’s capability in reproducing verti-
cal profiles of meteorological and chemical variables. The
simulated profiles of meteorological variables and chemical
concentrations are extracted along the flight tracks to com-
pare with their observed vertical profiles from the NOAA/
NCAR Electra aircraft during TeXAQS 2000. The flight
observations below 4 km were made within half an hour in
coastal areas. Simulated profiles are extracted from the hourly
model output that is the closest to the time of observations in
different grid cells along the flight track. No study evaluated
the column variables such as TOR and AOD from satellite
data and examined aerosol indirect studies during this epi-
sode. AODs at a wavelength of 0.55 um are retrieved from
the level 3 MODIS/Terra products with a grid resolution of
10 x 10 km? and used to compare with model predictions. In
this work, model predictions at 10:00 A.M. and 11:00 A.M.

local standard time (LST) are extracted and averaged to
obtain predictions at 10:30 A.M. for comparison with the
MODIS-derived AODs from Terra that has an overpass time
of 10:30 A.M. LST. In addition, the assimilated meteoro-
logical predictions of wind fields, temperatures, RHs, and
precipitation from the North American Regional Reanalysis
(NARR) as well as wind field observations from literature
are also used for model evaluation.

[11] Figure 1 shows the modeling domain and locations
of all observational sites for meteorology, surface O3, and
PM, 5 by the TCEQ. The evaluation is conducted in terms
of spatial distribution, temporal variation, vertical profile,
and performance statistics. The main statistical metrics used
for model evaluation include: correlation coefficient (corr),
mean bias (MB), root mean square error (RMSE), normalized
mean bias (NMB), and normalized mean error (NME), mean
normalized bias (MNB), and mean normalized gross error
(MNGE). Formulas for these metrics are given by Seigneur
et al. [2000] and Zhang et al. [2006].

3. Evaluation of Baseline Simulation Results
From WRF/Chem-MADRID (EQUI)

3.1.

[12] Several studies have indicated that the meteorological
processes (e.g., sea breeze, low-level jets) play a vital role in
O3 events in Houston [Banta et al., 2005; Darby, 2005].
Meteorological predictions are therefore evaluated to assess
the model’s capability to accurately reproduce observations,
which will affect its performance in capturing the O; events
in terms of time of occurrence, location, and peak values.
Different simulations (i.e., EQUI, HYBR, and KINE) will
give different meteorology due to different aerosol direct
and indirect feedbacks. Such feedbacks, however, are overall
similar, therefore only the meteorological predictions from
EQUI are evaluated.

[13] Daum et al. [2003] showed an observed dominance
of the westerly in the Houston-Galveston area in the morning.
A sea breeze developed around noon time. The front of the

Meteorological Predictions
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Figure 1. The 12-km modeling domain and locations of meteorology, O3, and PM, 5 observational sites
(32, 60, and 15, respectively) from the TCEQ in (top) the modeling domain and (bottom) in the Houston-
Galveston area. The symbols are as follows: circles, O; only sites; squares, PM only sites; diamonds, O;
and PM co-located sites; and pluses, meteorological sites.

sea breeze reached the Houston area at 12 CST and a con-
fluence line formed, when the wind field was nearly stagnant
in this area. The sea breeze continued to develop in the
afternoon, with its front reaching further inland until 18 CST.
Figure 2 shows simulated surface wind fields at §, 10, 12, 16,
and 18 central standard time (CST) on August 29. The
observed sea breeze development throughout August 29 is
well reproduced by EQUI, although the predicted strength of
the sea breeze is not as strong as that from observations. Lack
of penetration of the sea breeze is also reported from other
model simulations [e.g., Angevine et al., 2006; Fast et al.,
2006]. The bias of the predicted sea breezes is shown to be
partially caused by improper grid resolution [Colby, 2004]. A
horizontal grid resolution of 12 km used here may be too
coarse to capture the local-scale atmospheric thermodynam-
ics and dynamics around the Houston area. Such a coarse
resolution also cannot well represent land use and land cover,
which is critical to accurately predict the PBL meteorology
[Grossman-Clarke et al., 2005]. Discrepancies between the
actual land use and that used in the model are suspected to
contribute to the model biases in the predictions of land-sea

temperature, winds, and PBLH reported by Bao et al. [2005].
WRF/Chem uses the 24-category U.S. Geological Survey
(USGS) land use and land cover data set. Because the use
of a coarse grid resolution, the division of land mask and
land use does not match exactly with the coastal line,
especially around Galveston Bay (e.g., some land areas are
modeled as water area and vice versa) (not shown). This
mismatching will lower the model skill in capturing the sea
breezes, especially over Houston where the coastline is rather
inhomogeneous.

[14] Figure 3 shows the temporal variations of wind vectors
at 10-m height at 10 sites selected from 31 sites: Continuous
Ambient Monitoring Station 56 in Denton Airport South,
Dallas-Fort Worth (CMASS56), Conroe (CONR), Houston
Aldine (HALC), Houston Bayland Park (BAYP), Houston
East (HOEA), Clinton (C35C), Houston Deer Park (DRPA),
LaPorte (HO8H), Texas City (TLMC), and Galveston Airport
(GALC). Most sites are located in Houston or its vicinity
(within 15 miles of downtown Houston) except that CMAS56
and CONR are located 279.1 and 40.6 miles, respectively,
northwest of Houston, and TLMC and GALC are located
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Figure 2. Predicted wind fields by WRF/Chem-MADRID (EQUI) on Aug. 29, 2000. The locations of
meteorological sites in the Houston-Galveston area shown in Figures 3—5 are plotted in the background.
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Figure 3. Observed and simulated temporal variations of wind vectors at 10 sites. The simulated results
are from WRF/Chem-MADRID (EQUI).
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8 %) 5o 2w S _S+d— g g % i% ~40.3 and ~50.5 miles southeast of Houston. CMAS56,
< % SsTsTSTLTH 2 2‘ EH4 HALC, BAYP, HOEA, and DRPA represent urban/suburban
! = 2 E sites, CONR and C35C represent rural sites, HOSH and TLMC
= 8z = E represent coastal sites in the Galveston Bay, and GALC is
= SER P y
€8 |cnF wgmmmnnl o 2 _g located in the Galveston Island on the Gulf Coast. The model
g5 SARc==848&8 |58 § 8 captures well the diurnal variations of the wind at most sites.
= =g 3 Z It reproduces well the observed sea breezes at most sites
2 B (e.g., HALC, BAYP, HOEA, C35C, DRPA, HO8H, TLMC,
Ao s ‘§ £ and GALC) on August 29 and at TLMC and GALC on
‘e 8 =2 g = August 30-31, although it fails on some days at some sites
= I oA é 4 = g g Yy
20|83 8andgds|(zS 3 (e.g., HALC, BAYP, HOEA, C35C, DRPA and HO8H on
dof R - 1~ - 3 August 30 and 31) and gives higher wind speeds than
zF ;? s 5 3 observations (e.g., TLMC). Table 2 shows overall domain-
em 5 & wide performance statistics. On average, wind speeds at
o S€ = 2 31 sites are overpredicted by 0.3 m s! (or 11.6%) at the
o= s =
S 2 £ = TCEQ sites and —2.4 m's ' (or —43.9%) at the NCDC sites.
& 28 - 3 Mean observed wind direction is south-southwesterly
= s= & . . . . .
g‘g - + wnwno| S5 T B while the simulated wind is biased to be more westerly by
@:2 B R ! gE|E s 2 ; 20.5. degrees. The nighttime wind biases are larger than
U g & 8 daytime (e.g., an NMB of 44.9% versus —9.4% at the TCE
+ g8 = F 'y)d likely to the well-known defici £
5% = & sites), due likely to the well-known deficiency of meteoro-
§ < g ; g logical models in accurately simulating nocturnal turbulent
E" Z 8 § mixing near the surface [Bao et al., 2005].
3 < o 2 2 [15] Figures 4 and 5 show the temporal variations of T2 at
o T M2 o B the above 10 sites and RH2 at 6 sites (i.e., HALC, CAMSS56,
2% Q v ~z 2 o
SEB|GR9gS8-0< E E Ly Zg 5 BAYP, C35C, GALC, DRPA). The model captures well the
& g Zleenlen—a T 2 S diurnal variation of T2 at most sites, but tends to overpredict
= Eﬁ g ; 5 nighttime temperatures at some sites on some days (e.g.,
. ES 3 % CMASS56, BAYP, HO8H). It also gives much weaker diur-
Eolos _a  __|3% £ °© nal variations than the observations at GALC and TLMC,
= B8 nes822 -3 |23 8 E partially because of the model’s incapability in capturing the
pE|m-fex=oE——|8E 3 = small scale land-sea circulations and the mismatching of
S ~ g2 s = . . . g
= 2% H 32 land use and land mask at these sites, i.e., having a land
8 2y ég k of 2 ( ) instead of 1 (land) in the simulati
= S & mark o ocean) instead o and) in the simulation.
= 5 2 N . . .
E é’n ol owna T:; § A s Domainwide T2 at 32 sites shows a high correlation of 0.9
S SB|SgEnilelil|c s S and is overpredicted by 0.5°C (with an NMB of 1.7%) at the
~ “E|ladNcnScATacnor~ | g5 0 . . . .
a g o8 & B TCEQ sites but a low correlation of 0.5 and is overpredicted
< = g = = . rp .
S 2e 8 % by 1.1°C (with an NMB of 3.5%) at Fhe NCDC sites. While
£ o o - 22 % % the model captures the diurnal variation of RH2, it tends to
50 o 8 CaBeNn3RS2 E, 2 e % underpredict RH2 at the TCEQ sites with a domainwide MB
o I B U il g £ 3 of —18.3% and an NMB of —29.2% but overpredict RH2 at
g y T s the NCDC sites with a domainwide MB of 5.7% and an
> g g SR DU R R & g N NMB of 16%. Large MNB and MNGE values (120.1% and
- Elda@ssicRre | B - 8 131.5%, respectively) occur for RH2 at the NCDC sites, due
8 Fo & % to division of small observed values in calculating MNB and
% Rlwo Now T i 5 i % MNGE. For daily precipitation, the NMB and NME values
Slgl O|lu-¥Rnvowanm| g 5 8 are 15.2% and 210.5%. The observations contain many zero
8 Zz|onTooown e =] N g :
o =0 g g values whereas the simulated values are not always zero,
2 Ss & @9 . . . Yy
5 I o - o 88 2 8 which leads to infinite MNB and MNGE and also a very
s Bladgae=dazs2 |3 E‘ s 7 poor correlation between observed and simulated Precip.
B sleyEeiaiona Za & é [16] Figure 6 shows the temporal variation of observed and
3 s 2 g8 = simulated PBLH at 5 sites (i.e., Wharton (WHAR), Ellington
= @] 8 g Q © . g
z BlE28un—muaca 52 % 8 Field (ELLF), Southwest Houston (HSWH), Liberty (LBTY),
Slol z|7rme—dnnTe g8 05 and LaMarque (LMRQ)) around Houston. While the model
©n | o E g 5.8 >Z . q .
813 S5 8EEZ is able to capture the daytime development and the growth
15 QlaeS e |2 235 of the PBLH at most sites on most days, it significantly
g OlmmB238S=G3a g 88 overpredicts the daytime PBLHs (except at LMRQ on
5 E :g = § 20 August 29) with an NMB of 70.9%. Different methods in
= - S| E&% § = ?é E determining PBLHs used in observations and the PBL
e g < 5 " SSETE 2 & 3 238 schemes may cause the discrepancies to some extent [Seibert
% g & e tmd % E 2 (27 BE2ED %;5 % et al., 2000; Fast et al., 2006]. The YSU PBL scheme used
= S5>5285%2255 5z & & in WRF/Chem defines the PBLH as the level at which
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Figure 4. Observed and simulated temporal variations of temperatures at two meters (T2) at 10 sites.
The simulated results are from the baseline simulation using WRF/Chem-MADRID (EQUI).
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Figure 5. Observed and simulated temporal variations of relative humidity at two meters (RH2) at 6 sites.
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Figure 6. Observed and simulated temporal variations of PBL height at 5 sites. The simulated results are

from WRF/Chem-MADRID (EQUI).

minimum flux exists (numerically judged by a zero critical
bulk Richardson number) [Hong et al., 2006]. The observed
PBLHs are derived from the signal-to-noise ratio measured
by radar wind profilers [Fast et al., 2006], which may not
provide the best estimation (usually biased low) because
vertical profiles of winds are more affected by atmospheric
dynamics than PBL mixing [Fast et al., 2006]. PBLH at a
site in Houston for the same episode was also overpredicted
by MMS5/Chem [Bao et al., 2005], in which the biases of
PBLH were attributed to the errors of grid resolvable model
state (wind, temperature, and moisture), the parameteriza-

tions of surface-layer fluxes, soil thermal processes and tur-
bulent mixing within the PBL.

[17] In addition to the evaluation of surface meteorological
predictions, the simulated vertical profiles of temperature and
RH are also evaluated against the observed profiles below
4 km from the NOAA/NCAR Electra aircraft on August 28,
30, and September 1 along with the flight tracks, as shown
in Figure 7. Overall the model reproduces the observed
temperature lapse rates, but it fails to capture the observed
inversion layers between PBL and free troposphere on
August 30 and September 1 due to the imperfect PBL scheme
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Figure 7. Comparison of simulated and observed vertical profiles of temperature and relative humidity
and corresponding flight tracks of the NOAA/NCAR Electra aircraft. The simulated results are from

WRF/Chem-MADRID (EQUI).

and land-surface module used. The simulated RH profile
matches reasonably well with observations on August 28
below 2800 m and those above 1200 m on September 1 but
poorly at all heights on August 30. Misenis and Zhang
[2010] examined the sensitivity of WRF/Chem model pre-
dictions to various PBL schemes and land-surface modules
in WRF/Chem and found that the vertical profiles of tem-
perature and RH are very sensitive to different schemes.

3.2. Chemical Predictions

3.2.1. Surface O3z Predictions
[18] The evaluation of simulated O3 mixing ratios focuses
on the peak 1-h O; values because of frequent exceedances

of the max 1-h O3 NAAQS during summer 2000. Figure 8
shows the spatial distributions of daily maximum 1-h Oj
mixing ratios from EQUI and observations from TCEQ,
AIRS, and CASTNET. High Oz mixing ratios occurred at a
cluster of sites around Houston and a few sites near the
border between TX and Louisiana (LA) and in LA on all
four days. The observed high O; plumes originated from the
Houston Ship Channel due to extremely high VOCs (e.g.,
observed formaldehyde (HCHO) mixing ratio was as high
as 25 ppb in the Ship Channel whereas they are generally
less than 5 ppb in downtown Houston or its vicinity) [Daum
et al., 2003]. During late afternoons and early evenings, a
sea breeze brought accumulated O; and precursors from the
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Figure 8. Overlay of observed and predicted max 1-h O3 spatial distributions. The observed max 1-h O;
values are indicated by the colored dots. The simulation results are based on WRF/Chem-MADRID

(EQUI).

Ship Channel to the east side of Houston, leading to the
exceedance of the maximum 1-h O3 NAAQS. The domain-
wide NMB for predicted hourly O3 mixing ratios is 1.4%
from EQUI (see Table 2), with NMBs of —1.7% and 10.9%
for daytime and nighttime O; mixing ratios, respectively,
indicating that the model captures O3 formation better during
daytime than at night. During nighttime the predicted hourly

O; mixing ratio is biased high by 2.3 ppb which may be
due to several possible factors such as an insufficient titration
by NO resulted from underestimated NO emissions or a
simulated nocturnal PBLH that is not sufficiently shallow.
Figure 9 shows the observed and simulated hourly O; mixing
ratios at 16 out of a total of 60 TCEQ sites: C56 and C401
from the Dallas-Fort Worth area, C59 from the San Antonio
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Figure 9. Observed and simulated temporal variations of O; mixing ratios at 16 sites in TX. The sim-
ulation results are based on WRF/Chem-MADRID (EQUI).
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area, CONR, HALC, Houston Northwest Harris Co.
(HNWA), Lang C408 (HLAA) from the northwest of
Houston, BAYP from the west of Houston, HOEA, C35C,
and DRPA from Houston, HO8H from the east of Houston,
TLMC and GALC from the southeast of Houston, C64 from
Beaumont, and C4 from Corpus Christi. The model captures
the diurnal variations and magnitudes of surface O3 mixing
ratios quite well at most sites; it tends to overpredict night-
time O; mixing ratios at several sites including C56, C401,
C59, CONR, and HNWA for the aforementioned reasons
and underpredict both daytime and nighttime Oz mixing
ratios at C4 due likely to a lack of local sources in the
emissions used. The model significantly underpredicts some
observed peak O values at some sites in/near Houston, ¢.g.,
133 ppb on August 31 at HALC, 137 ppb on August 30 and
167 ppb on August 31 at HOEA, 175 ppb on August 30,
and 168 ppb on August 31 at DRPA, 199 ppb on August 30
and 167 ppb on August 31 at HO8H. These severe O;
exceedance events have been previously investigated and
the industry-emitted ethene and propene could explain the
unique O characteristic in Houston [e.g., Kleinman et al.,
2002; Ryerson et al., 2003; Wert et al., 2003; Daum et al.,
2003; Karl et al., 2003]. Most exceedances resulted from
substantial and rapid O3 production in a single day, which
is a unique characteristic of the O3 problem in Houston, while

in other U.S. cities the highest O3 mixing ratios generally
result from a slower accumulation of O; over several days
[Ryerson et al., 2003].

[19] Several possible factors may contribute to the model’s
failure of capturing the observed peak O; values at some
sites (e.g., HALC, DRPA, BAYP, C35C, HO8H) over the
Houston-Galveston area. First, the emissions of light olefins
(e.g., ethene, propene) are underestimated and their episodic
hourly variations may not be accurately represented in the
emission inventories [Wert et al., 2003; Ryerson et al., 2003;
Jiang and Fast, 2004]. The oxidation of light olefins pro-
duces HCHO, an important precursor of O3. As indicated by
Zhang et al. [2009], O; chemistry in Houston region is
VOC-limited during summer conditions, i.e., high mixing
ratios of VOCs will result in high O3 mixing ratios. HCHO
and O; measurements are analyzed in Figure 10 along with
simulated values at LaPorte (HO8H), a coastal site located
next to the Houston Ship Channel and affected by the
petrochemically produced plumes which produce much
higher HCHO mixing ratios than mobile sources and power
plant plumes [Wert et al., 2003]. Considering the formation
of O; may lag behind the emission/formation of HCHO, a
1-h lag correlation is shown between observed HCHO and
O; mixing ratios and between simulated HCHO and O;
mixing ratios (i.e., HCHO versus Oz at 1-h later). The
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correlation coefficient is 0.89 between observed HCHO and
O3 at 1-h later, indicating that HCHO-involved reactions
play a critical role in O; formation at LaPorte during this
episode. A high correlation between observed HCHO and
O3 mixing ratios is also found at other in situ sites during
TexAQS2000 in the Houston area [Wert et al., 2003]. For
example, a plume of very high olefin (>100 ppb) emitted
from around 2.5 km north of DRPA at around 10:40 A.M.
on August 30, 2000 was detected by a NOAA aircraft
[Vizuete, 2005]. Giving the northwesterly wind around this
time, some downwind sites, e.g., DRPA and LaPorte (HOSH)
(~7.5 km southeast to DRPA), were affected by this emission
event. High O; mixing ratios were observed at DRPA and
HO8H on August 30. The simulated mixing ratios of HCHO
and O; at 1-h later, however, are poorly correlated (with a
correlation coefficient is —0.1). As shown in Figure 10c, the
hourly mixing ratios of HCHO peak during late night on
August 31 and early morning on September 1 (rather than
mid-to-late afternoons when the O; formation rate is the
highest). The misalignment of peak mixing ratios of HCHO
emitted or produced via chemical reactions, resulted from
incorrect hourly HCHO and its precursors’ emission profiles
(not shown), as well as the VOC-limited O; chemistry in this
region, explain in part the failure of the model in capturing
the peak O3 on both days as shown in Figure 9. Second,
intense wildfire emissions of NO,, CO, and VOCs during
this time period reported by Junquera et al. [2005] were not
represented in the emissions used. Third, meteorological
conditions are not accurately captured, in particular, the
overpredictions in the daytime PBLH and sea/bay breezes.
For example, the observed wind changes during sea/bay
breezes from northwesterly to southerly at HACL, HOEA,
DRPA, and HO8H on August 30 and 31 are not well captured
by the model due to the lack of penetration of simulated sea
breeze (see Figure 3), which is believed to partially cause O3
bias on this day. Four, a coarse grid resolution of 12-km may
also be responsible for the model’s failure in reproducing the
peak O3 mixing ratios due to a use of grid-averaged emissions
and concentrations that often cannot well resolve their small-
scale gradients needed to reproduce point-wise peak O;
mixing ratios. Finally, missing gas-phase reactions in the
model may also contribute to the underestimation of peak O;
mixing ratios on some days at some sites. For example, recent
research has shown that chlorine radical chemistry has the
potential to enhance O; formation [Chang et al., 2002;
Tanaka et al., 2003; Chang and Allen, 2006; Sarwar et al.,
2008]. Simulated peak 1-h O3 mixing ratios around the
Houston area during TexAQS-2000 may be lowered by 5 ppb
if chlorine chemistry were excluded [Chang and Allen, 2006],
implying that neglecting chlorine chemistry in the CBM-Z
gas phase mechanism may have contributed to the under-
prediction in peak O3 values.
3.2.2. Surface PM, 5 Predictions

[20] Annual mean PM, 5 concentration in the southeastern
TX is close to the NAAQS of 15 ug m > and tends to be
higher near urban and industrial areas of Houston [Russell
et al., 2004]. Observed daily average PM, 5 concentrations
are overlaid with the predictions from EQUIL, HYBR, and
KINE in Figure 11. EQUI simulates well the observed
concentrations in the north and west of the domain on
August 30-31, and most of the domain on September 1, but
tends to overpredict PM, 5 concentrations over the down-
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town Houston and its vicinity on August 29-31. As shown
in Table 2, EQUI overpredicts surface PM, 5 by 26.4% in
terms of NMB. The values of NME, MNB, and MNGE are
59.9%, 142.8%, and 161.2%, respectively. Large values of
MNB, and MNGE are caused by division of small observed
values in their calculation, which do not occur for the cal-
culation of NMB/NME. The background PM, 5 values of
8 ug m > used in the simulation may be too high, partially
responsible for the overprediction in PM, 5 concentrations
at night [Fast et al., 2006]. Other uncertainties include pos-
sible overestimation in primary PM, 5 emissions, in particular,
the emissions of other inorganic aerosols (OIN) and inaccuracy
in simulated meteorology (e.g., shallower nocturnal PBLH
than observations), which may result in overpredictions in
the concentrations of primary PM, s and the precursors of
secondary PM, s. Figure 12 shows the observed and simulated
PM, 5 temporal variations at 15 sites. The hourly observed
data were collected with the Ruptrecht and Patshinck Partisol
Model 2025 Sequential Air Samplers except at two super-
sites: Williams Tower (WT), where the Tapered Element
Oscillating Microbalance (TEOM) samplers were used and
LaPorte where the Scanning Mobility Particle Sizer and
Aerodynamic Particle Sizer tandem (SMPS-APS) were used.
TEOM measured PM, 5 concentrations may have negative
biases due to the evaporation of semi-volatile species as a
result of using heating method to remove condensed water
during the collection process; in some cases the underesti-
mation may be as high as —50% [Lee et al., 2005]. The model
captures reasonably well the temporal variations and/or
magnitudes at several sites during most of time (e.g., GALC,
WT, CONR, C64, and C302), but large discrepancies exist
at some sites during some periods (e.g., at HO8H, C66, and
C4 on all days, at C301, C94, C401, C56, and C59 on
August 28-29, and at HOEA and DRPA on August 30-31),
due to the uncertainties in the local emissions of primary
PM and the precursors of secondary PM, ICONs and BCONs
of PM, s, as well as in the PM, 5 measurements due to the
loss of volatile masses. Unlike O3 mixing ratio that only
has one peak in its daily variation, two peaks in the observed
diurnal variation of PM, 5 concentrations often occur at most
sites [Russell et al., 2004], which can be shown clearly and
compared with simulated mean diurnal variation of PM, s
concentrations in Figure 13. Strong traffic sources, low
PBLHs, nitrate formation due to ammonia excesses and low
temperatures, and bursts of photochemical activity associated
with sunrise may explain the early morning peak [Russell
et al., 2004; Paviovic et al., 2006]. The afternoon peak may
reflect a contribution from secondary sources (e.g., from
biogenic SOA at CONR [Lemire et al., 2002]) and strong
traffic sources, as well as the impact of reduced PBLH.

[21] Figure 14 compares the simulated and observed
concentrations of PM, s components at LaPorte (HO8H)
where the observed speciated PM, s concentrations were
measured using the Particle Composition Monitor (PCM).
PCM collects PM, 5 samples on discrete time scales between
6 and 24 h depending on pollution level [Lee et al., 2005].
Note that OIN is not directly measured, which is derived as
the difference between measured PM, 5 and a sum of total
mass of other measured species (i.e., sulfate (SO3 ), nitrate
(NO3), ammonium (NHj), sodium (Na"), chloride (CI"),
elemental carbon (EC), organic matter (OM)). Thus, the bias
of directly measured species may accumulate into the bias
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Figure 11. Overlay of observed and simulated daily average spatial distributions of PM, 5 mass concen-
trations. Observed PM, s concentrations are indicated by the circles.

of OIN. As shown, the model overpredicts total PM, 5 con-
centrations significantly on August 30-31 and September 1
at LaPorte mainly due to the overprediction of OIN. The
other species concentrations are predicted reasonably well.
In addition to the underestimate in the nocturnal PBLH, the
overprediction of OIN may be due to uncertainties in its

emissions and improper initial condition. As described in
Fast et al. [2006], 3.48 out of 8 ;ug m " is assigned to OIN as
initial condition. In addition, 75% of total PM, s emissions
used in the simulation are assumed to be OIN, which may be
too high. According to Russell et al. [2004], on the average,
SO3", OM, and NHj are the largest components in the

16 of 32



D18202

ZHANG ET AL.:. WRF/CHEM-MADRID

Houston East (HOEA)

D18202

PM,s, ug m?
3

40
30
20
10

PM, 5, ug m®

50
40
30
20
10

PM, 5, ug m®

PM,s, ug m?
3

21
18
15
12

PM, 5, ug m®

o wo©

PM,s, ug m?
3

40
30
20
10

PM, s, g m*®

-10

PM, 5, ug m®

Denton Airport South (C56)

—————— K

PM,g, ng m*

8/29 8/30

Dallas Hinton St. (C401)

8/31 9/01 9/02 8/29 8/30

Houston Deer Park (DRPA)

j . ‘T’E
E o
= =
E N , z
ELY, o, oot w o
T T T T T
8/29 8/30 8/31 9/01 9/02 8/29 8/30 8/31 9/01 9/02
Midlothian Wyatt Road (C302) LaPorte (HO8H)

3 L] @

E =
= (=)
E . ES
E [ ) o ° o \ i
3 ) (X % A/ =
E g o

T T T T T
8/29 8/30 8/31 9/01 9/02 8/29 8/30 8/31 9/01 9/02
Midlothian Tower (C94) Galveston Airport (GALC)

E o ®

E 1S
. e 2
?‘N"“’ .-‘, Np o o

T

T
8/29 8/30

Calaveras Lake (C59)

8/29 8/30

Hamshire (C64)

AP

PM, 5, ug m®

8/29 8/30

Selma (C301)

(o [
T T .

8/31 9/01 9/02 8/29 8/30
Laredo Bridge (C66)

ol lggbon bl

PM,s, ug m®

PM,s, pg m®

= b
'] 2
d .nvv P Py A o
T e T T T T
8/29 8/30 8/31 9/01 9/02
Conroe (CONR)
5
: T T T

8/29 8/30

Williams Tower, 175m

8/29 8/30

Figure 12. Observed and simulated temporal variations of PM, 5 concentrations at 15 sites.

8/31 9/01 9/02

17 of 32




D18202
2 Williams Tower, 175m Mean diurnal PM, 5 variation
e 2t =
> 18 -
= 15
S 12 5
z o
6 T T T T T
0 4 8 12 16 20 24
LST (GMT-6)
Houston East (HOEA) Mean diurnal PM, 5 variation
50 —
@ E Y
£ 40 ,/' N
Q30 < 2
& 20 . =e |
510—;...00‘ eeoo0 0"’ o0
0 T T T T T
0 4 8 12 16 20 24
LST (GMT-6)
‘0 Houston Deer Park (DRPA) Mean diurnal PM, 5 variation
@ 35 4 _2s
E 30 3
2 25 3 S
5 20 3 °
& 15 3 = . °
§1gé--o.o...... ..o"
L B s e e L e a
0 4 8 12 16 20 24
LST (GMT-6)
o LaPorte (HO8H) Mean diurnal PM, 5 variation
e % —
o 28 3
= 24 4
< 20
E 16 4 K
12 5 T
0 4 8 12 16 20 24
LST (GMT-6)

ZHANG ET AL.:. WRF/CHEM-MADRID

D18202

Galveston Airport (GALC) Mean diurnal PM, 5 variation

24 — S
@_ 214
€ 153 - S i
214 T e T,
5 12 3
& 9
E 63 @ ° °

3 T T T T T

0 4 8 12 16 20 24
LST (GMT-6)

Conroe (CONR) Mean diurnal PM, 5 variation

PM, 5, ug m*
3

N
ngliobii bl

8 L]
4 t T
0 4 8 12 16 20 24
LST (GMT-6)
2 Selma (C301) Mean diurnal PM, 5 variation
@ 18 3
E 45 3
2 14 3
& 12 3
S 10 4
E 8 3
6 T T T ™ T
0 4 8 12 16 20 24
LST (GMT-6)
Dallas Hinton St. (C401) Mean diurnal PM, 5 variation
21 o
e 18 * 17N\
o 15
=12 4
S 9
E 6 4 e g0 000
3 7 T T [ T T
0 4 8 12 16 20 24
LST (GMT-6)

Figure 13. Mean diurnal pattern of PM, 5 mass concentrations at 8 observational sites.

southeast Texas and account for 32%, 30%, and 9% of total
PM,; s, respectively. Since OIN in PM, 5 is treated to be
non-reactive and its removal rate is relatively low (because
the deposition rate for PM, 5 is relatively low), the lifetime
of OIN in PM, s may be longer than what it should be.
OM concentrations are overpredicted on August 29 and 31
but underpredicted on August 30 and September 1. OM
makes up ~25-30% of total PM, 5. primary emissions are its
dominant source around the Houston area [Russell and Allen,
2004; Allen and Fraser, 2006]. The discrepancies between
simulated and observed OM are therefore most likely due to
uncertainties in primary OM emissions (e.g., uncounted
wildfire emissions on August 30 and September 1), although
a lack of SOA formation may also contribute to the OM
underpredictions.
3.2.3. Predictions Aloft

[22] The simulated and observed profiles of CO, NO,
NO,, and O3 mixing ratios from the NOAA/NCAR Electra
aircraft are compared in Figure 15. Overall the model cap-
tured reasonably well the observed vertical distributions.
However, the observed profiles of all four species peaked at
~1 km above ground on August 28, which are not captured
by model simulations. Since the model predicts the meteo-
rological parameters well along the flight track (see Figure 7),
indicating that the biases in these vertical profiles may not
come from the biases in meteorological predictions. The
model underpredicts the observed mixing ratios at ~1 km for

CO and NO, on all days, but overpredicts those for O3 on
August 28 and 30, indicating that there may be some local
emission events such as wildfires that occurred at this altitude
but were not captured by the model. On August 30 and
September 1, larger discrepancies occur between simulated
and observed chemical profiles in the PBL than in the free
troposphere, indicating that the chemical and physical pro-
cesses in the PBL are more complicated than in free tropo-
sphere due largely to the uncertainties of emissions and the
current model treatments in PBL processes and land-surface
interaction. The observed temperature inversion layer at the
top of PBL is not reproduced by the model, which may par-
tially contribute to the biases in chemical predictions. In
addition, the vertical profiles of these species are sensitive to
various PBL schemes and land-surface modules [Misenis and
Zhang, 2010]. In free/upper troposphere, the differences
between observed and simulated CO and O; profiles on
Sept. 1 are larger than those on other days, indicating a larger
impact by long range transport on this day. Such differences
are caused by the uncertainty in the upper layer boundary
conditions for CO and Os. For example, boundary conditions
for CO are set to be 70 ppb at the top layer and 80 ppb
throughout the troposphere for all simulations, which may be
lower than what was observed on Sept. 1. A sensitivity
simulation is conducted using a CO boundary condition of
120 ppb throughout the troposphere. The results show
improved CO mixing ratios aloft [Misenis and Zhang, 2010].
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and its component at LaPorte, TX.

[23] Figure 16 shows the comparison between simulated
and observed TORs from TOMS/SBUV on August 29—
September 1, 2000. While the simulated TOR values are
within the range of observations, large discrepancies exist in
their spatial distributions. In particular, the observed TORs
show high values in the northern portion of the domain on
August 29 and the eastern portion on the rest of days,
whereas the simulated values peak in the southeastern LA
on August 29 and in the triangle areas covering Houston,
TX, Shreveport, LA, and Lafayette, LA, and a portion of
the Gulf of Mexico on August 30-31, and extend northwest
into Dallas and Fort Worth areas on September 1. The dis-

ZHANG ET AL.:. WRF/CHEM-MADRID

D18202

agreement in spatial distribution is attributed to a poor rep-
resentation of O; aloft that is more affected by large scale
transport rather than local emissions and chemistry and that
dominates TORs. A constant chemical BCON of 168 ppb
for the top model layers (for layers with an altitude above
12.1 km or pressure less than 250 mb) is, however, used for
O; in WRF/Chem. Zhang et al. [2010b] performed simula-
tions over the U.S. using different BCONs for O3 in upper
layers and found a high sensitivity in simulated TORs.

[24] Figure 17 compares the MODIS-retrieved AODs on
August 29 to September 1 with the total column AOD
simulated by EQUI. On August 29 and 30, simulated AOD
captures the spatial gradient of MODIS-derived AODs,
despite underpredictions in the eastern domain. On August
31 and September 1, some discrepancies occur between
simulated and observed AODs. The area with high AODs
simulated by WRF/Chem on September 1 is mostly over
oceanic areas whereas the MODIS AODs show high values
along the coast of TX, the southwest corner of Missouri
(MO), and most areas in LA. The NMB and the correlation
coefficient between the simulated and MODIS-retrieved
AODs on August 29—September 1 are —23.2% and 0.75,
respectively. Several studies reported that MODIS AODs
correlate highly with surface PM, s concentrations in the
eastern U.S., thus providing a good indicator of PM, 5 level
[e.g., Hutchison et al., 2008]. The accurate derivation of
ground-level PM from MODIS may be possible given the
detailed aerosol vertical distributions [Chu et al., 2003].
Figure 18 compares observed versus simulated AODs and
surface PM, s concentrations at 10:30 A.M. at HEOA,
HO8H/DRPA, and GALC during August 28—September 1,
2009. While large discrepancies between simulated and
observed PM, 5 concentrations exist, those between simu-
lated and observed AODs are smaller except on August 30
at GALC and on September 1 at HOEA (note that the
observed and simulated AODs and simulated PM, 5 con-
centrations at HO8H and DRPA are the same because they
fall into the same 12-km grid cell). At HEOA, while the
simulated surface PM, 5 concentrations are much higher than
observations on all days, simulated and observed AODs are
much closer during August 28-31. The simulated AODs on
August 29 and September 1 are lower than observations,
despite higher simulated surface PM, 5 concentrations, indi-
cating an underestimation in PM, 5 concentrations aloft. At
GALC, a good agreement is found between simulated and
observed AODs on August 28, 29, and 31 and between
simulated and observed PM, 5 concentrations on August 28—
30 but substantial inconsistencies exist between these values
on August 30 and 31. Unlike HOEA and DRPA, simulated
PM, 5 concentrations are much lower than observations
except for August 31 at HO8H, which has been compensated
by PM, s concentrations aloft to some extent to result in a
reversed trend between simulated and observed AODs on
August 28 and 30. No consistent trend exists between
them at HO8H, but a more consistent trend can be found at
DRPA. The correlation coefficients between observed AODs
and PM, 5 concentrations are 0.72, 0.63, 0.23, and 0.96 at
HOEA, GALC, HO8H, and DRPA, respectively, and those
between simulated AODs and PM, s concentrations are 0.61,
0.48, 0.83, and 0.83 at those sites, respectively, indicating a
strong spatial/temporal variability in their correlations. Such
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Figure 16. Comparison between simulated Tropospheric Ozone Residuals (TOR) and observed TORs
from TOMS/SBUV. The simulated results are from WRF/Chem-MADRID (EQUI).
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Figure 17. MODIS-derived AOD and simulated total column AOD from WRF/Chem-MADRID. The
blank areas in the MODIS AOD plots contain no MODIS data. The simulated results are from WREF/

Chem-MADRID (EQUI).
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Figure 18. Simulated versus observed AODs and PM, 5 concentrations at HOEA, GALC, HO8H, and
DRPA. The simulated results are from WRF/Chem-MADRID (EQUI). The observed AODs and PM, s
concentrations are based on MODIS and TCEQ measurements. The simulated AODs and PM, s concen-
trations are the same at HOS8H and DRPA, because they fall into the same 12-km grid cell in the simu-
lation. The observed AODs at HO8H and DRPA are also the same because the MODIS-derived AOD
database has a grid resolution of 10-km, and they fall into the same 12-km grid cell that maps the original

MODIS AODs into the model simulation domain.

variabilities must be accounted for when using MODIS
AQODs to indicate surface PM, s.

[25] The discrepancies between observed and simulated
AOQODs are likely due to the biases from both MODIS data
and the model. MODIS AODs have bias [Heald et al., 2006]
and their retrieval algorithm may need improvements [Levy
et al., 2007]. MODIS AODs cannot be retrieved (or have a
large uncertainty) under certain conditions such as cloudy,
strong sun glint from bodies of water, and over snow/ice and
bright desert areas [4/-Saadi et al., 2005]. The bias of sim-
ulated AODs is directly associated to the bias of PM vertical
profile, which may be attributed to several factors. For
example, Junquera et al. [2005] reported intense wildfires
in the southeast Texas during August and September 2000
that emitted a large amount of CO, VOCs, NO,, and PM; s.
The uncounted wildfires emissions can lead to an under-
prediction in AODs. In addition, a constant, homogeneous
PM, s BCON of 8 pg m > within 2-km of the surface and of
values proportionally reduced above 2-km may not repre-
sent the large scale chemical transport events that affect the

model’s capability in reproducing AODs, consistent with
recent studies on the impacts of BCONs on chemical pre-
dictions [Tang et al., 2007; Jimenez et al., 2007]. Figure 19
shows the comparison between simulated total column AODs
and observations from AERONET at four wavelengths (i.e.,
0.3,0.4,0.6, 1.0 yum) and MODIS at a wavelength of 0.55 ym
at Stennis, Mississippi (N 30 22" 04,” W 89 37’ 01"). The
AERONET AODs at a wavelength of 0.6 um are fairly
consistent with MODIS AODs except on August 29. The
model significantly underpredicts observed AODs at all
wavelengths on August 28-29 and those at 0.3, 0.4, and
0.6 pm on August 31, for similar reasons stated previously.

4. Sensitivity Studies

4.1. Sensitivity of the Model Predictions to Gas/Particle
Mass Transfer Approaches

[26] Although HYBR and KINE give an agreement
between observed and simulated values that is similar to that
for EQUI as shown in Figure 11 and the differences among
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Figure 19. Simulated total column AOD versus observations from AERONET at four wavelengths
(ie., 0.3, 0.4, 0.6, 1.0 yum) and MODIS at one wavelength (i.e., 0.55 pm) at Stennis, Mississippi
(N 30 22" 04,” W 89 37" 01"). The simulated results are from WRF/Chem-MADRID (EQUI).

the three sets of predictions with different gas/particle mass
transfer approaches are small over the inland area, larger
differences among them are found in the coastal area and
over the sea. In particular, the simulation EQUI gives much
higher PM, 5 in the plume originating from Houston than
those from HYBR and KINE. This trend can also be found
in Figures 13 and 14, in which the three sets of predictions
are close to each other at most sites except at GALC where
EQUI gives the highest PM, s.

[27] The high PM,s predictions by the equilibrium
approach are attributed to high fine nitrate plume originating
from the Houston area. The corresponding coarse nitrate
concentrations are much lower than those predicted by the
hybrid and kinetic approaches, as shown for August 30 in
Figure 20. The coarse nitrate plume predicted by HYBR and
KINE matches well with the coarse sodium (Na") plume.
Na' is a tracer of sea-salt and it is emitted together with
CI" from the ocean into the coarse mode using an online
parameterization of Gong et al. [1997] that calculates sea-
salt emissions as a function of WS10 in WRF/Chem. Several
studies have reported that nitrate dominates in the coarse
mode over coastal areas [Zhuang et al., 1999; Bates et al.,
2008]. Nitrate can enter particulate phase through the chlo-
ride depletion process as follows [Zhuang et al., 1999]:

(Rl) HNOg(g) +ClI” « NO; + HC1<g)

The predicted coarse mode nitrate plume can thus be
explained as the results of reactions between sea-salt and
anthropogenic pollutant plume, which contains high con-
centrations of nitric acid (HNO3) (resulted from the oxidation
of industry-emitted NO,). The high correlation between
coarse mode nitrate and sodium predicted by HYBR and
KINE indicates the occurrence of (R1). (R1) is included in
the thermodynamic model ISORROPIA, which is used in
MADRID. Since the hybrid and kinetic approaches both

solve the mass transfer for coarse particles kinetically, the
CI" depletion process is correctly simulated. In the equi-
librium approach, however, the particulate phase is treated
together to equilibrate with the gas phase. Even though (R1)
can still be simulated by the equilibrium approach, the
transferred mass into particulate phase will be redistributed
among each section based on initial sulfate distribution. Since
most sulfate are in the accumulation mode, the transferred
nitrate from the Cl  depletion process will be artificially
redistributed mostly to the accumulation mode, leading to
high fine nitrate plume (rather than high coarse nitrate plume)
originating from the Houston area by EQUI. The reason
explained above could be further confirmed by the simu-
lated size-resolved PM composition distributions at a coastal
site, GALC, where sea-salt emissions are high, although
observed size-resolved composition is not available from
TexAQS2000. As shown in Figure 21, chloride depletion
process is captured correctly for the coarse sections with
higher coarse nitrate that are solved kinetically in the hybrid
and kinetic approaches. The equilibrium approach redistributes
significant amounts of nitrate into fine mode, which artificially
increases total PM, 5 concentrations (see Figure 11). Capaldo
et al. [2000] and Athanasopoulou et al. [2008] also found
such improper mass accumulation in the fine mode from
predictions with the bulk equilibrium approach, while the
kinetic approach is found to correctly predict nitrate pre-
dominantly in the coarse mode for the area affected by sea-
salt emissions [Nolte et al., 2008]. There are some sodium in
section 6 (1.0-2.15 pum) at GALC, where the hybrid approach
predicts less volatile species (i.e., nitrate and chloride) than
the kinetic approach since the bulk equilibrium is used for
the first 6 sections in the hybrid approach. Reducing the
threshold cutoff diameter from 2.15 to 1 um may improve the
performance of hybrid approach as shown by Hu et al.
[2008]. On the other hand, as shown in Figure 14, since
LaPorte is less impacted by sea-salt emissions and ammo-
nium sulfate dominates the inorganic aerosol, no discernable
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Figure 20. Daily average spatial distributions of simulated coarse nitrate concentrations on August 30,
2000 from WRF/Chem-MADRID (EQUI), (HYBR), and (KINE) and sodium mass concentrations from

WRF/Chem-MADRID (KINE).

differences can be found in the simulated nitrate and chloride
concentrations by different mass transfer approaches.

4.2. Aerosol Direct and Indirect Effects

[28] The presence of aerosols in the atmosphere will
change the PBL meteorology and radiation budget through
direct and indirect effects. As an online-coupled meteorology

and chemistry model, WRF/Chem can simulate such aerosol
feedbacks and the net effects of acrosols can be obtained by
conducting two simulations: with and without emissions of
primary aerosols and formation of secondary aerosols.
Figure 22 shows the difference in simulated net aerosol
effects on September 1 which has the highest cloud coverage
over domain during this episode. The net shortwave fluxes
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at surface are reduced by more than 10 W m 2 (or >3%)
over the most of the areas with a domainwide mean reduction
of 14.4 W m 2 (or >14.4%). Increases of >10 W m > occur
over some land (e.g., central Mississippi) or oceanic areas.
This is mainly due to reduced cloud optical depths (as a result
of reduced cloud coverage) during daytime. Near-surface
temperatures are affected by several processes including net
radiation at surface, convection and advection of air, and
conductive heat transfer between surface and air. They either
increase (up to 1.4°C) or decrease (up to —1.3°C) in certain
areas due to changes in these processes on September 1, with
a net domainwide mean decrease of 0.06°C. While the
decrease indicates a dominance of the effects due to reduced
shortwave radiation, the increase indicates a dominance of
the effect due to an increase in soil temperature as a result of
decreased latent heat fluxes (thus an increase in the sensible
heat flux from surface). Figure 23 shows the net effect of
aerosols on vertical profile of temperatures at three sites in
the Houston-Galveston area. At HOEA and HO8H, tem-
peratures decrease due to the cooling effect of aerosols at
surface and below 600-800 mb but increase due to the
warming effect of absorbing aerosols above 600-800 mb,
such changes stabilize PBL and further exacerbate air pol-
lution in this area. At GALC, temperatures at surface and
below 600—800 mb also reduce but to a lesser extent on all
days, indicating the effects of local sea-breezes and land-sea
circulation on temperature profiles. In responses to increases
or decreases in soil and air temperatures, soil moisture and
water vapor in the air decrease or increase, respectively.
Precipitation is affected by many cloud microphysical pro-
cesses including the condensation of water vapor in clouds,
collision and coalescence among the droplets, and turbulent
mixing and entrainment in clouds and cloud-aerosol inter-
actions such as activation of aerosols by cloud droplets. Large
number concentration of small CCN in clouds (thus smaller
mean drop size) may suppress precipitation, whereas giant
CCN may enhance precipitation. As a net result, precipitation
decreases or increases in some areas. Simulated surface
CCN concentrations range from 125 to 796 cm ° at a
supersaturation of 0.1%, and from 2060 to 53440 cm > at a
supersaturation of 1%, which is qualitatively consistent with
the measured CCN concentrations over continents and oceans
[Seinfeld and Pandis, 2006, and references therein]. The areas
with high CCN coincide with areas with high PM, 5 con-
centrations as shown in Figure 11. The cloud droplet number
concentrations (CDNC) can reach 2064 cm > on August 29—
September 1 (see those on August 31 and September 1 in
Figure 24). Simulated cloud coverage is much higher on
August 31 and September 1 than on August 29-30, resulting
in higher CDNC on both days, as shown in Figure 24.

5. Conclusions

[29] The aerosol module MADRID with improved gas/
particle mass transfer approaches has been incorporated into
WRF/Chem. The resulting model, WRF/Chem-MADRID,
has been tested and evaluated with a 5-day episode from the
TexAQS2000. WRF/Chem-MADRID simulates meteoro-
logical parameters reasonably well with MBs of 0.5-0.9°C
for T2, —18.3% to 5.7% for RH2, 0.3 to 2.4 m s for
WS10, 20.5 degree for WD10, 0.06 mm day ' for Precip,
and 826.1 m for the daytime PBLH. The larger positive
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Figure 23. Vertical profiles of PM, 5 simulated by WRF/Chem-MADRID (KINE) and vertical profiles
of absolute difference of T and QV between simulations of WRF/Chem-MADRID and WRF only at four
sites: HOEA, DPRA (or LaPorte), and GALC.
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Figure 24. Simulated daily mean cloud fraction, cloud condensation nuclei, and cloud droplet number
concentrations from WRF/Chem-MADRID (KINE) on August 31 and September 1, 2000.
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biases in PBLH can be partially attributed to a possible
underestimation due to the measurements obtained from
wind profilers, in addition to uncertainties in model PBL
treatments. The performance of some parameters (e.g., T2
and WS10) at night is worse than that during daytime.
Sea/bay breeze development is overall captured by WRF/
Chem-MADRID but with a weaker penetration strength
than observations. Simulated hourly O3 shows a high corre-
lation coefficient (0.8) with observations and the overall
mean bias is about 0.6 ppb. Some daily peak O3 mixing
ratios are underpredicted, due possibly to uncertainties in
the emissions of light olefins and their hourly variation,
uncounted wildfire emissions, inaccurate predictions of small
scale meteorological processes (e.g., mid-day PBLH and sea
breezes), and missing of chlorine chemistry in the gas phase
mechanism. WRF/Chem-MADRID simulations with differ-
ent gas/particle mass transfer approaches (EQUI, HYBR, and
KINE) overpredict PM, 5 concentrations by 26.4%, 25.1%,
and 28.1%, respectively. Simulated vertical profiles of tem-
perature, RH, and concentrations of CO, NO, NO,, and O3
are compared with aircraft measurements. The upper layer
and column predictions such as TORs and AODs are also
compared with satellite observations. While the model shows
a reasonably good skill for predictions aloft, some large dis-
crepancies exist between model results and observations,
due to imperfectness in model treatments for upper layer
meteorology, PBL processes and land-surface interactions,
dynamics, and chemistry, uncounted wildfire emissions, and
uncertainties in [CONs and BCONSs aloft. The performance
statistics for surface or near surface meteorological and
chemical predictions are either similar or better than other
modeling studies for the same episode using the same obser-
vational data set [e.g., Fast et al., 2006], although the domains
and horizontal resolutions for model evaluation were some-
what different among these studies. For example, the mean
biases for T2, RH2, WS10, WD10, hourly O3 mixing ratio,
and hourly PM, 5 concentrations simulated at the TCEQ sites
are 0.9°C, —16.7%, 2.5 ms ', 38.4°, 2 ppb, and 4 pig m >,
respectively, in the work by Fast et al. [2006], they are 0.5°C,
-18.3%, 0.3 m s ', and 20.5°, 0.6 ppb, and 2.7 pug m >,
respectively, in this work.

[30] The three gas/particle mass transfer approaches pre-
dict similar PM concentrations inland but EQUI predicts
higher PM, 5 concentrations than HYBR and KINE over
coastal areas, due to improperly redistributing condensed
nitrate from the chloride depletion process to fine PM mode.
Size-resolved aerosol measurements are not available from
this episode to directly assess the performance in reproducing
observed PM size distribution from the three gas/particle
mass transfer approaches. WRF/Chem-MADRID has also
been applied to the 2004 New England Air Quality Study
(NEAQS) episode, for which the size-resolved aerosol mea-
surements are available for model evaluation. This NEAQS
application shows better skills with hybrid and kinetic
approaches in reproducing aerosol size/composition distri-
bution over coastal areas, which will be presented in a sepa-
rate paper. The CPU costs are 6.1, 8.4, and 10.2 h per
simulation day for EQUI, HYBR, and KINE, respectively
for this TeXAQS episode. The kinetic/APC and hybrid/
APC approaches are therefore more accurate than EQUI yet
sufficiently fast to provide accurate predictions of size-
resolved PM, 5 over areas where anthropogenic emissions
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mix with sea-salt emissions or sources for other reactive
coarse PM (e.g., high emissions of dust).

[31] The presence of aerosols affects a number of radiative
and meteorological variables. During the 5-day episode, the
net shortwave fluxes at surface are reduced by more than
8 W m 2 (or >3%) over most of the areas with a domain-
mean reduction of 11.2-14.4 W m ™2 (or 4.1-5.6%) during
this episode. Increases of >10 W m > occur over some
land or oceanic areas due mainly to reduced daytime cloud
optical depths. Near-surface temperatures either increase or
decrease with a net domainwide mean decrease of 0.06 to
0.14°C (0.2-0.42%) and up to 0.5°C at the individual sites
in the Houston area during the episode, reflecting a dom-
inance of the effects due to reduced shortwave radiation over
the effect due to an increase in soil temperature. Simulated
surface CCN concentrations range from 125 to 796 cm " ata
supersaturation of 0.1% and 2060 to 53440 cm° at a super-
saturation of 1%. Simulated CDNC can reach 2064 cm >
on August 29-September 1. As a net effect of changes in
cloud properties, precipitation decreases or increases with a
domainwide mean reduction of 0.22-0.59 mm day . While
these results show importance of aerosol direct and indirect
effects, uncertainties may exist in their magnitudes and signs
as the biases in simulated PM, 5 mass concentrations and
size-resolved compositions may propagate into simulated
aerosol effects. Although the simulated feedback effects on a
short time scale may differ from feedbacks on a longer time
scale, they indicate the importance of quantifying aerosol
direct and indirect effects to better understand their roles in
climate change.
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