ABSTRACT
HU, XIAOMING. Incorporation of the Model of Aerosol Dynamics, Reaction,
Ionization, and Dissolution (MADRID) into the Weather Research and Forecasting
Model with Chemistry (WRF/Chem): Model Development and Retrospective
Applications. (Under the direction of Yang Zhang.)
Gas/particle mass transfer process plays an important role in determining aerosol
mass concentrations and shaping aerosol size distribution.

Its treatments in three

dimensional (3-D) Air Quality Models (AQMs), however, are largely uncertain. In this
thesis work, the gas/particle mass transfer approaches in an aerosol module are improved
and evaluated to identify an accurate yet computationally efficient approach for use in 3D AQMs. The aerosol module with the improved gas/particle mass transfer approaches
has been incorporated into a state-of-science air quality forecasting (AQF) system and
evaluated with two 3-D applications.
Several stand alone condensation schemes used in AQMs are first evaluated with
a hypothetical condensation-only case. The original formulation of the Bott scheme as
implemented in several AQMs is found to be subject to upstream diffusion thus does not
warrant continuous use without modifications. The analytical predictor of condensation
with a moving center approach (APC_MC) is shown to be more accurate than the Bott
and Trajectory-Grid (T-G) condensation schemes, thus has been incorporated into the
Model of Aerosol Dynamics, Reaction, Ionization and Dissolution (MADRID) to solve
the gas/particle mass transfer process explicitly.

The improved hybrid (i.e.,

hybrid/APC_MC) and kinetic (i.e., kinetic/APC_MC) approaches and the pre-existing
bulk equilibrium approach in MADRID are tested using observational data.

The

hybrid/APC_MC and kinetic/APC_MC are recommended for 3-D applications due to the
best compromise between accuracy and computational efficiency.

The improved MADRID has been incorporated into WRF/Chem (referred to as
WRF/Chem-MADRID hereafter). WRF/Chem-MADRID with three gas/particle mass
transfer approaches (i.e., bulk equilibrium (EQUI), hybrid/APC_MC (HYBR), and
kinetic/APC_MC (KINE)) has been tested and evaluated with a 5-day episode from the
TexAQS-2000. WRF/Chem-MADRID simulates meteorological parameters fairly well.
Simulated hourly O3 shows a high correlation coefficient (0.83) with observations and the
overall bias is about -1.8 ppb. Some daily peak O3 mixing ratios are underpredicted,
which is possibly due to uncertainties in emissions, inaccurate predictions of small scale
meteorological processes, and missing of an OH source and chlorine chemistry in the gas
phase mechanism.
WRF/Chem-MADRID (EQUI), (HYBR), and (KINE) overpredict PM2.5 by
37.1%, 35.8%, and 36.5%, respectively. Major differences in simulation results by three
gas/particle mass transfer approaches occur over coastal areas, where WRF/ChemMADRID (EQUI) predicts higher PM2.5 concentrations than those predicted by
WRF/Chem-MADRID (HYBR) and (KINE) due to improperly redistributing condensed
nitrate from the chloride depletion process to fine mode. In comparison, WRF/ChemMADRID (KINE) correctly predicts chloride depletion process. WRF/Chem-MADRID
(HYBR) predicts chloride depletion process correctly for the last two sections (sections 7
and 8), which are solved by the kinetic approach, while the predictions for section 6 may
be still biased due to the use of bulk equilibrium approach. In addition to its surface
concentration, the column abundance of aerosol is also evaluated. WRF/Chem-MADRID
captures the regional-scale AOD distribution and its day-to-day variability while biases
exist over certain areas.
For the application to the 2004 NEAQS episode, WRF/Chem-MADRID gives

comparable overall O3 performance as other AQMs and better O3 performance than some
other AQM over certain areas possibly due to the more realistic convective mixing
treatment in the model.

WRF/Chem-MADRID (HYBR) and WRF/Chem-MADRID

(KINE) show better skill than WRF/Chem-MADRID (EQUI) in terms of nitrate
predictions over coastal areas.

Model simulations confirmed that NEI99 v3

overestimates the actual emissions in 2004, particularly over urban areas.
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1. INTRODUCTION

1.1 Background and Objectives
Atmospheric pollutants, including both gaseous and aerosol species, have adverse
effects on human health and visibility, in addition to playing an important role in climate
changes.

An understanding of the pollutants‘ ambient concentrations and governing

processes is essential for the development of effective control strategies to reduce their
adverse impacts.

Air quality models (AQMs) combine pollutants‘ emissions and their

chemical transformations, meteorology, and geography to simulate their concentrations and
deposition fluxes, providing a fundamental tool to investigate the formation and fate of air
pollutants.
The existing three dimensional (3-D) models have several limitations in their
treatments of aerosols, which should be addressed to improve the reliability of their results
for policy or regulatory applications. For example, the areas that need improvements include
the treatment of secondary particular matter (PM) formation (e.g., sulfate (SO42-), nitrate
(NO3-) and secondary organic aerosol (SOA)) and subgrid-scale plume treatment (Seinfeld,
2004; Russell and Dennis, 2000; Seigneur, 2001, 2005).

Currently, 24-hr average

concentrations of PM with an aerodynamic diameter less than or equal to 2.5 m (PM2.5)
appear to be predicted within 50% for urban/regional scales (Seigneur, 2001). Although the
overall biases may be relatively small because of compensation of under- and over-prediction
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for individual PM species, the biases for some species may be larger than 50% (e.g. nitrate
and organic carbons) (Seigneur, 2001).
The objectives of this PhD study are to
1. Improve treatments for aerosol dynamics in 3-D AQMs. Since the gas/particle
mass transfer process plays the most important role among aerosol dynamic processes for
determining aerosol mass concentrations (Wexler et al., 1994; Lurmann et al., 1997; Sun and
Wexler, 1998; Russell and Dennis, 2000; Seinfeld, 2004) and significant uncertainties are
associated with the its treatment in AQMs (Wexler and Seinfeld, 1990; Koo et al., 2003; Hu
et al., 2008), improving the treatment of gas/particle mass transfer will be the focus of this
study.
2. Incorporate the improved aerosol module into a state-of-science AQM and develop
a research-grade air quality forecasting (AQF) system capable of forecasting gaseous and PM
species from urban to continental scales. The proposed AQF system will be extensively
evaluated and applied for research-grade studies and real-time operational AQF.
3. Identify and recommend the gas/particle mass transfer approach that provides the
best compromise between numerical accuracy and computational efficiency.
1.2 Proposed Research and Overall Approach
The Model of Aerosol Dynamics, Reaction, Ionization and Dissolution (MADRID)
(Zhang et al., 2004) is based on a sectional representation of the particle size distribution and
includes a detailed treatment of aerosol dynamics and SOA formation. MADRID has been
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incorporated into the Models-3 Community Multiscale Air Quality (CMAQ) Modeling
System and the resulting CMAQ-MADRID has been publicly used since October 2002
(Zhang et al., 2002). It has been applied in a few studies (Pun et al., 2006; Knipping et al.,
2006; Karamchandani et al., 2006; Bailey et al., 2007; Pun et al., 2008). The pre-existing
gas/particle mass transfer approaches in MADRID are either inaccurate due to its bulk
equilibrium assumption or computationally unaffordable for 3-D applications due to its slow
condensation solver (Zhang et al., 2004; Hu et al., 2005). MADRID will be improved in
terms of the treatments of gas/particle mass transfer process and incorporated into the
Weather Research and Forecast/Chemistry Model (WRF/Chem). The resulted modeling
system is referred to as WRF/Chem-MADRID hereafter. The improvement of MADRID
will be first tested in box model simulations with a few case studies before a comprehensive
evaluation of WRF/Chem-MADRID with a few 3-D applications. The 3-D host model used
in the study, WRF/Chem, is an online-coupled meteorology and chemistry model.

Its

meteorological model, WRF Model, is believed to be a next-generation mesoscale numerical
weather prediction model (Michalakes et al., 1998). WRF/Chem simulates meteorology and
chemistry simultaneously and the climate-chemistry-aerosol-cloud-radiation feedbacks are
considered.
The resulting AQF system, WRF/Chem-MADRID, will be initially tested with the
Texas Air Quality Study (TexAQS) 2000 episode (August 28 to September 2, 2000) and then
applied to the New England Air Quality Study (NEAQS) 2004 episode (July 2004), during
which large, collaborative, and intensive atmospheric measurements and model comparisons
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were undertaken (Ryerson et al., 2003; Allen and Fraser 2006; Fehsenfeld et al., 2006).
Model evaluation against observations and results from other AQF models will be conducted.
Diagnostic and sensitivity simulations will also be conducted to identify the likely causes for
the inaccurate model predictions.

4

REFERENCES
Allen, D. T., and M. P. Fraser (2006), An overview of the Gulf Coast Aerosol Research and
Characterization Study: the Houston PM Supersite, J. Air Waste Manage. Assoc., 56,
456–466.
Bailey, E. M., L. L. Gautney, J. J. Kelsoe, M. E. Jacobs, Q. Mao, J. W. Condrey, B. Pun, S.Y. Wu, C. Seigneur, S. Douglas, J. Haney, and N. Kumar (2007), A comparison of the
performance of four air quality models for the Southern Oxidants Study episode in July
1999, J. Geophys. Res., 112, D05306, doi:10.1029/2005JD007021.
Fehsenfeld, F. C., G. Ancellet, T. S. Bates, A. H. Goldstein, R. M. Hardesty, R. Honrath, K.
S. Law, A. C. Lewis, R. Leaitch, S. McKeen, J. Meagher, D. D. Parrish, A. A. P.
Pszenny, P. B. Russell, H. Schlager, J. Seinfeld, R. Talbot, and R. Zbinden (2006),
International Consortium for Atmospheric Research on Transport and Transformation
(ICARTT): North America to Europe—Overview of the 2004 summer field study, J.
Geophys. Res., 111, D23S01, doi:10.1029/2006JD007829.
Hu, X.-M., Y. Zhang, and M. Z. Jacobson (2005), Evaluation of the trajectory-grid and the
Bott schemes for solving aerosol condensation and evaporation equations, Proceedings
of the 4th Annual CMAS Models-3 User's Conference, September 26-28, Chapel Hill,
NC.

5

Hu, X.-M., Y. Zhang, M. Z. Jacobson, and C. K. Chan (2008), Coupling and evaluating
gas/particle mass transfer treatments for aerosol simulation and forecast, J. Geophys.
Res., doi:10.1029/2007JD009588, in press.
Karamchandani, P., K. Vijayaraghavan, S. Y. Chen, C. Seigneur, and E. S. Edgerton (2006),
Plume-in-grid modeling for particulate matter, Atmos. Environ., 40 (38), 7280–7297.
Knipping, E. M., N. Kumar, B. K. Pun, C. Seigneur, S.-Y. Wu, and B. A. Schichtel (2006),
Modeling regional haze during the BRAVO study using CMAQ-MADRID: 2. Source
region attribution of particulate sulfate compounds, J. Geophys. Res., 111, D06303,
doi:10.1029/2004JD005609.
Koo, B., T. M. Gaydos, and S. N. Pandis (2003), Evaluation of the equilibrium, dynamic, and
hybrid aerosol modeling approaches, Aerosol Sci. Technol., 37, 53-64.
Lurmann, F. W., A. S. Wexler, S. N. Pandis, S. Musarra, N. Kumar, and J. H. Seinfeld
(1997), Modeling Urban and Regional Aerosols-II. Application to California‘s South
Coast Air Basin, Atmos. Environ., 31, 2695-2715.
Michalakes, J., J. Dudhia, D. Gill, J. Klemp, and W. Skamarock (1998), Design of a nextgeneration regional weather research and forecast model : Towards Teracomputing,
World Scientific, River Edge, New Jersey, 117-124.

6

Pun, B. K., C. Seigneur, K. Vijayaraghavan, S.-Y. Wu, S.-Y. Chen, E. M. Knipping, and N.
Kumar (2006), Modeling regional haze in the BRAVO study using CMAQ-MADRID: 1.
Model evaluation, J. Geophys. Res., 111, D06302, doi:10.1029/2004JD005608.
Pun, B. K., C. Seigneur, E. M. Bailey, L. L. Gautney, S. G . Douglas, J. L. Haney, and N.
Kumar (2008), Response of atmospheric particulate matter to changes in precursor
emissions: A comparison of three air quality models, Environ. Sci. Technol., 42, 831837.
Russell, A. G., and R. Dennis (2000), NARSTO critical review of photochemical models and
modeling, Atmos. Environ., 34, 2283– 2324.
Ryerson, T. B., M. Trainer, W. M. Angevine, C. A. Brock, R. W. Dissly,F. C. Fehsenfeld, G.
J. Frost, P. D. Goldan, J. S. Holloway, G. Hubler, R. O. Jakoubek, W. C. Kuster, J. A.
Neuman, D. K. Nicks Jr., D. D. Parrish, J. M. Roberts, D. T. Sueper, E. L. Atlas, S. G.
Donnelly, F. Flocke, A. Fried, W. T. Potter, S. Schauffler, V. Stroud, A. J. Weinheimer,
B. P. Wert, C. Wiedinmyer, R. J. Alvarez, R. M. Banta, L. S. Darby, and C. J. Senff
(2003), Effect of petrochemical industrial emissions of reactive alkenes and NOx on
tropospheric ozone formation in Houston, Texas, J. Geophys. Res., 108(D8), 4249,
doi:10.1029/2002JD003070.
Seigneur, C. (2001), Current status of air quality modeling for particulate matter, J. Air
Waste Manage. Assoc., 51, 1508– 1821.

7

Seigneur, C. (2005), Air pollution: current challenges and future opportunities, AIChE
Journal, 51(2), 356-364.
Seinfeld, J. (2004), Air pollution: a half century of progress, AIChE Journal, 50(6), 10961108.
Sun, Q., and A. S. Wexler (1998), Modeling Urban and Regional Aerosols-Condensation and
Evaporation near Acid Neutrality, Atmos. Environ., 32, 3527-3531.
Wexler, A. S., and J. H. Seinfeld (1990), The distribution of ammonium salts among a size
and composition dispersed aerosol, Atmos. Environ., 24A, 1231-1246.
Wexler, A. S., F. W. Lurmann, and J. H. Seinfeld (1994), Modeling urban and regional
aerosols. 1. Model development, Atmos. Environ., 28(3), 531–546.
Zhang, Y., Pun, B., K. Vijayaraghavan, S.-Y. Wu, and C. Seigneur (2002), Community
Multiscale Air Quality – Model of Aerosol Dynamics, Reaction, Ionization, and
Dissolution (CMAQ-MADRID): Technical Documentation, Electric Power Research
Institute, Palo Alto , California , 1005239.
Zhang, Y., B. Pun, K. Vijayaraghavan, S.-Y. Wu, C. Seigneur, S. Pandis, M. Jacobson, A.
Nenes, and J. H. Seinfeld (2004), Development and application of the model of aerosol
dynamics, reaction, ionization and dissolution (MADRID), J. Geophys. Res., 109,
D01202, doi:10.1029/2003JD003501.

8

2. LITERATURE REVIEW

2.1 Background of Gas/Particle Mass Transfer
Modeling the size/composition distribution of atmospheric aerosols is important for
assessing the impacts of human activities on air quality and climate change. Simulating
gas/particle mass transfer is essential for accurately predicting aerosol size/composition
distributions since secondary aerosol (SA) accounts for a significant fraction of total aerosol
mass (Wexler et al., 1994; Lurmann et al., 1997; Sun and Wexler, 1998). Most of the mass
of PM2.5 is composed of SA (Wexler et al., 1994; Zhang et al., 2007). In some cases more
than 90% of the PM2.5 mass may be attributed to SA (Plessow et al., 2005). Gas/particle
mass transfer also affects the deposition rates of trace species, which are highly dependent on
the phase state of the species. The treatment of gas/particle mass transfer in 3-D AQMs,
however, represents one of the major challenges for hindcasting and forecasting air quality.
Three main approaches (i.e., equilibrium, kinetic (or dynamic), and hybrid) have been used to
simulate gas/particle mass transfer in AQMs. Inorganic aerosol thermodynamic models are
used in all the three gas/particle mass transfer approaches to predict equilibrium phase state,
composition in aerosol phase, and equilibrium gaseous concentrations. In the equilibrium
approach, multiple aerosol phases (if any) are in equilibrium and ambient gas concentrations
reach equilibrium gas concentrations at the particle surface instantaneously. In the kinetic
approach, the difference between the equilibrium gaseous concentrations at the particle
surface and the ambient gaseous concentrations provides the driving force for the gas/particle
mass transfer process and a condensation solver is used to calculate the gas/particle mass
9

transfer explicitly. Hybrid approach uses the kinetic approach for coarse particles and the
equilibrium approach for fine particles.

Thus an aerosol thermodynamic model is an

essential part of all three gas/particle mass transfer approaches. The following section will
focus on the history of thermodynamic models before further discussions about the three
gas/particle mass transfer approaches.
2.1.1 Inorganic Aerosol Thermodynamic Models
Aerosol thermodynamic equilibrium models have been developed since the 1980s
(Seinfeld, 2004). Some recent studies still focus on the improvement or development of
more advanced thermodynamic models. Thermodynamic models can be divided into two
types, i.e., equation-based approach and Gibbs free energy minimization approach (Ansari
and Pandis, 1999a; Amundson et al., 2006).

In the equation-based approach, a set of

reactions is assumed to occur in the atmospheric chemical system (including both gas phase
and aerosol phase). The equilibrium state is predicted through the solution of the nonlinear
equations system. In the Gibbs free energy minimization approach, the equilibrium state of
the aerosol system is predicted through the solution of minimization of the Gibbs free energy
of the system (Wexler and Seinfeld, 1991). In the Gibbs free energy minimization approach,
the assumption used in the equation-based approach, i.e., only certain reactions occur, is
eliminated. However searching of solution in the Gibbs free energy minimization approach
may be computationally-slow (Ansari and Pandis, 1999a). The reviews of two types of
aerosol thermodynamic models will be separated into the following two paragraphs.
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Equation-based aerosol thermodynamic models in early years included EQUIL
(Bassett and Seinfeld, 1983), KEQUIL (Bassett and Seinfeld, 1984), and Model for an
Aerosol Reacting System (MARS) (Saxena et al., 1986).

These models only consider

sulfate, nitrate, ammonium and water. Sodium and chloride, which are major components of
sea salt aerosols, are considered later in the Sectional Equilibrium Model (SEQUILIB)
(Pilinis and Seinfeld, 1987), and the Simulating Composition of Atmospheric Particles at
Equilibrium (SCAPE) (Kim et al., 1993). Kim and Seinfeld (1995) and Meng et al. (1995)
incorporated crustal species and carbonates into SCAPE2. Jacobson et al. (1996a) developed
the Equilibrium Solver (EQUISOLV), which solves the equilibrium equations iteratively
until all the equations have converged. Using this approach, the incorporation of new
reactions and species into the equilibrium solver is easy.

EQUISOLV is upgraded to

EQUISOLV II by Jacobson (1999), where crustal species and carbonate are included and the
Kelvin effect is considered. Also the numerical scheme in EQUISOLV II is updated to a
more computationally-efficient method. Nenes et al. (1998) developed ISORROPIA, which
has a rigorous mutual deliquescence treatment and is computationally-efficient because of
minimizing the equations that need a numerical solution through the use of the subdomain
separation method and the use of the precalculated binary activity coefficients as internal
database, i.e., lookup table in the model. ISORROPIA is extended to include crustal species
by Fountoukis and Nenes (2007).

Metzger et al. (2002) developed the Equilibrium

Simplified Aerosol Model (EQSAM) which is computationally-efficient because an
approximate method for the activity coefficient calculation is introduced. The approximation
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directly relates activity coefficient to the relative humidity. With this approximation, the
gas/aerosol equilibrium partitioning could be solved noniteratively to improve the
computational efficiency. EQSAM was extended to EQSAM2 by including lumped organic
acids (Metzger et al. 2006). Metzger et al. (2006) showed that only if organic acids are
accounted for, the partitioning of semi-volatile species could be accurately-reproduced for
some specific cases.

Metzger and Lelieveld (2007) reformulated atmospheric aerosol

thermodynamics to consistently include water.
EQSAM3.

The new concept was incorporated into

EQSAM3 could solve thermodynamic equilibrium analytically and non-

iteratively. Multicomponent Equilibrium Solver for Aerosols (MESA) was developed by
Zaveri et al. (2005a). MESA uses an adaptive time-stepping scheme to integrate the ordinary
differential equation and a newly-developed MTEM (Multicomponent Taylor Expansion
Method) module for activity coefficients calculation. MTEM (Zaver et al. 2005b) is an
extension of highly-efficient approach proposed by Metzger et al. (2002). MESA seems to
be both accurate and computationally-efficient, however the code is hard-wired for the
specific system, and thus the incorporation of new species and reactions may not be a trivial
effort (Zaveri et al., 2005a).
Aerosol thermodynamic models that use Gibbs free energy minimization approach
include the Aerosol Inorganic Model (AIM) (Wexler and Seinfeld, 1991; Clegg and Pitzer,
1992; Clegg et al., 1992), the Gibbs Free Energy Minimization (GFEMN) model (Ansari and
Pandis, 1999a), the Aerosol Diameter Dependent Equilibrium Model (ADDEM) (Topping et
al., 2005a), and the gas-aerosol equilibrium model developed by University of Houston
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(UHAERO) (Amundson et al., 2006).

AIM considers temperature dependence of

deliquescence and mutual deliquescence relative humidities, which is superior to the previous
aerosol thermodynamic models such as MARS and SEQUILIB (Wexler and Seinfeld, 1991).
Wexler and Clegg (2002) extended AIM to include double salts and for low temperature
conditions (as low as 180K).

The inclusion of double salts may be valuable for the

application over coastal areas where double salts (e.g. Na2SO4∙ (NH4)2SO4∙4H2O,
3NH4NO3∙(NH4)2SO4) may form (Ling and Chan, 2007). GFEMN can predict multistate
aerosol behavior and is shown to be more accurate than SCAPE2 and SEQUILIB but more
computationally-expensive and may not be feasible to be used in large-scale transport models
(Ansari and Pandis, 1999a). ADDEM considers the Kelvin effect and is extended to include
organic compounds by Topping et al. (2005b). UHAERO treats efflorescence (i.e., the loss
of water of crystallization from a hydrated or solvated salt) based on liquid-solid nucleation
theory, thus it can represent the phase transition and state of atmospheric aerosols over the
full range of relative humidity regimes (Amundson et al., 2006). Amundson et al. (2007a)
extended UHAERO to include organic species, in which a hybrid approach for activity
coefficients is used. In the hybrid approach, Pitzer, Simmonson, Clegg (PSC) mole-fractionbased model is used to calculate activity coefficients for inorganic species, while the
UNIquac Functional-group Activity Coefficient (UNIFAC) model (Fredenslund et al., 1975,
1977) is used for organic species.
Some of the thermodynamic models mentioned above have been compared and
evaluated by Ansari and Pandis (1999b); Zhang et al. (2000); Yu et al. (2005); Trebs et al.
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(2005); and Metzger et al. (2006). Major characteristics of five aerosol thermodynamic
models (i.e., MARS-A, SEQUILIB, SCAPE2, EQUISOLV II, and AIM2) are summarized in
Table 1 of Zhang et al. (2000). As a supplementary, the major characteristics of GFEMN,
ISORROPIA, EQSAM, MESA, ADDEM, and UHAERO are shown in Table 2.1.
2.1.2

Three Gas/Particle Mass Transfer Approaches: Equilibrium, Kinetic, and
Hybrid
A short description of the three gas/particle mass transfer approaches, i.e.,

equilibrium, kinetic, and hybrid, is summarized in Table 2.2.
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Table 2.1. Major characteristics of GFEMN, ISORROPIA, EQSAM, MESA, ADDEM, and UHAERO1
ISORROPIA

MESA

EQSAM

GFEMN

ADDEM

UHAERO

Method used to
obtain solution to
thermodynamic
equilibrium

Solve the reaction equation system

Minimize the Gibbs free energy

Chemical species
treated

Sulfate, nitrate, ammonium,
chloride, sodium (Calcium,
potassium and magnesium are
included in ISORROPIA II)

Sulfate, bisulfate,
nitrate, ammonium,
chloride, sodium,
calcium

Sulfate, nitrate,
ammonium EQSAM1,
sodium, calcium,
potassium, magnesium
and lumped organic acids
are included in EQSAM2
and EQSAM3

Sulfate, nitrate,
ammonium,
chloride,
sodium

Sulfate, nitrate, ammonium,
chloride, sodium (organic
compounds are included in
ADDEM II)

Sulfate, nitrate,
ammonium,
chloride, sodium

Activity coefficients

Bromley

MTEM

Parameterization of
activity coefficient-RH
relationship

Clegg et al.
(1997)

Pitzer, Simonson and Clegg
(PSC) mole fraction based
approach

Choice of PSC,
ExUNIQUAC

3-D applications

Byun and Schere (2006), Zhang et
al. (2004a, 2004b), Schaap et al.
(2004), Morris et al. (2005), Tulet
et al. (2005), Sartelet et al. (2006,
2007), Gaydos et al. (2007)

Fast et al. (2006),
Zaveri et al. (2008)

Metzger et al. (2002),
Metzger and Lelieveld
(2007), Bauer et al. (2007)

N/A

N/A

Cheng et al.,
(2007)

References

Nenes et al. (1998), Fountoukis
and Nenes (2007)

Zaveri et al. (2005)

Metzger et al. (2002,
2006), Metzger and
Lelieveld (2007)

Ansari and
Pandis (1999a)

Topping et al. (2005a,
2005b)

Amundson et al.
(2006, 2007a,
2007b)

1.

GFEMN: Gibbs Free Energy Minimization; ISORROPIA: ―equilibrium‖ in Greek, EQSAM: Equilibrium Simplified Aerosol Model;
MESA: Multicomponent Taylor Expansion Method; ADDEM: Aerosol Diameter Dependent Equilibrium Model; and UHAERO: gas-

aerosol equilibrium model developed by University of Houston.
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Table 2.2. Three approaches to simulate gas/particle mass transfer process
Approaches

Description

Rely on
internal
mixture

Equilibrium holds?

Solvers for
condensation/evaporation
equation

Kinetic

Simulates gas/particle mass transfer for
each size section explicitly

Yes

No

Yes, for all bins

Equilibrium

Assumes an instantaneous chemical
equilibrium between the gas and the
particulate phases

Yes

Yes, between the gas phase and bulk
aerosol phase

No

Hybrid

Combines both kinetic and equilibrium
approaches

Yes

No for the sections where gas/particle
mass transfer is solved kinetically, yes
for the other sections

Yes, for coarse bins only
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The equilibrium approach assumes equilibrium between bulk gas and liquid/solid
phases and can be divided further into bulk and size-resolved equilibrium approaches
(Bassett and Seinfeld, 1983, 1984). An aerosol thermodynamic model is used alone to
determine the partitioning of semi-volatile species between gas phase and liquid/solid phase.
In the bulk equilibrium approach, the same chemical composition is assumed for all
particles over all size ranges (i.e., internal mixture) and the bulk aerosol phase is
instantaneously equilibrated with the gas phase. The bulk equilibrium approach has been
widely used in 3-D AQM applications (Russell et al. 1983; Pilinis et al. 1987; Russell et al.,
1988; Binkowski and Shankar, 1995; Lurmann et al., 1997; Kleeman and Cass, 1998; Pai et
al., 2000; Binkowski and Roselle, 2003; Zhang et al., 2004a, 2006; Gaydos et al., 2007;
Tarasick et al., 2007; Karydis et al., 2007) because of its computational efficiency. These
models, either assume mono-dispersed aerosols, or use bulk equilibrium with redistribution
of the bulk material to different particle sizes following the equilibrium calculation (Pandis et
al., 1993; Lumann et al., 1997; Capaldo et al., 2000; Pai et al., 2000; Zhang et al., 2004a;
Debry et al., 2007; Guillaume et al., 2007). Both methods neglect the differences in chemical
driving forces for different aerosol sections (or bins) by assuming an internal mixture with a
potential mixing of acidic particles with alkaline particles that may introduce errors (Ansari
and Pandis, 1999b; Moya et al., 2001; Kerminen et al., 2001; Myhre et al., 2006). In other
words, the calculation of composition in each section is not based on the thermodynamic
properties of that section. Instead, it is based on the thermodynamic computation of the bulk
liquid/solid phases.
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Size-resolved equilibrium simulates equilibrium between bulk gas phase and
individual size sections (e.g., Pilinis and Seinfeld, 1987; Moya et al., 2002), without
assuming an internal mixture over the entire size range. It, however, may not have a unique
solution in some cases (e.g., a solid forming from two gases (e.g., NH4NO3(s) or NH4Cl(s)))
(Wexler and Seinfeld, 1990; Jacobson, 1999). Both the bulk and size-resolved equilibrium
approaches rely on the instantaneous bulk equilibrium assumption that may be invalid under
some atmospheric conditions (e.g., under conditions with high coarse particle concentrations
and cold temperatures) (Wexler and Seinfeld, 1990). Measurements in the northeast Pacific
Ocean environment shows that fully-neutralized aerosol particles are not in equilibrium with
the gas phase (Quinn et al., 1992).

Zhang et al. (2002) found that thermodynamic

equilibrium may not hold for inorganic PM2.5 according to the observed values during the
Atlanta Supersite Experiment.

Kerminen and Wexler (1995) also found that kinetic

gas/particle mass transfer approach is required to reproduce the gas/particle concentrations in
plumes from industrial point sources.
The kinetic approach does not rely on the instantaneous equilibrium assumption. In
this approach, the gas/particle mass transfer due to the difference between the ambient gas
concentration and equilibrium gas concentration is explicitly simulated for each size section
(e.g., Meng and Seinfeld, 1996; Jacobson 1997a, b; Meng et al., 1998; Sun and Wexler 1998;
Pilinis et al., 2000). Since no equilibrium assumptions are made and the magnitude of the
chemical driving force may vary with size sections, this approach provides the most accurate
solution when an appropriate numerical solver and a sufficiently fine size resolution are used
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(Zhang et al., 1999). However, its computational demands hinder its wide applications in 3D AQMs. For a long time, gas/particle mass transfer in 3-D AQM has not been kinetically
solved (Debry and Sportisse, 2006). Existing kinetic approaches are applied primarily in box
models (e.g., Meng and Seinfeld, 1996; Pilinis et al., 2000; Grini et al., 2005) although there
exist a few 3-D applications for episodes of a few days (e.g., Meng et al., 1998). Jacobson
(2005) developed the Predictor of Nonequilibrium Growth (PNG)-EQUISOLV II scheme to
reduce the computational cost of the kinetic gas/particle mass transfer treatment, which has
not been used for most 3-D AQMs.
The hybrid approach provides a compromise between accuracy and efficiency by
using the equilibrium approach for fine particles and the kinetic approach for coarse
particles; but uncertainties exist in the selection of the cutoff size (i.e., threshold diameter)
between the two approaches and it has only been tested with limited episodes (e.g., Capoldo
et al., 2000; Koo et al., 2003; Gaydos et al., 2003; Tombette and Sportisse, 2007; Sartelet et
al., 2008).
The lack of an efficient yet accurate kinetic gas/particle mass transfer treatment for
aerosol simulation and forecast in 3-D AQMs warrants its further development,
improvement, and evaluation. In addition, the above approaches have seldom been evaluated
using observational data largely due to the lack of such data for rigorous testing of those
model treatments.
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Table 2.3. Three approaches to solve the redistribution term in the condensation equation

Descriptions

Lagrangian

Moving sectional method is used
to simulate the growth/shrinkage
of the particle mass along the size
coordinate

Eulerian

Mass flux between the adjacent
sections is calculated in a fixedgrid size distribution

Movingcenter

Size bin boundaries are fixed
while the mean diameter of
particles is allowed to vary with in
the size bin

Move of
bound of
each bin?

Interpolation
needed

Suffer from
diffusion/dispersion?

Applications

Yes

Yes, if
implement in
3-D models

Yes, the significance of
the diffusion depends on
the order of the individual
schemes

Capaldo et al.,
2000

No

No

Yes, the significance of
the diffusion depends on
the order of the individual
schemes

Meng et al.,
1998

No

No

Yes, during the merging
stage

Jacobson,
1997a
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2.2 Condensation and Evaporation Schemes
The

kinetic

gas/particle

mass

transfer

approach

solves

the

following

condensation/evaporation equation explicitly:

pi
t

Gi Ri

Hi p

1 Hpi
3

(1)
where Gi and Ri denote the growth and redistribution terms, respectively. pi is the mass
distribution of species i , H i is the gas/particle mass transfer rate of species i ,

is the log of

the diameter of the particle, p is the total mass concentration, and H is the total gas/particle
mass transfer rate. The Gi and Ri terms can be solved by means of operator splitting because
the growth process occurs on a faster scale than the scale over which they shift (Sun and
Wexler 1998).
The redistribution term, Ri, is mathematically similar to the advection term; it can be
solved with three major numerical techniques: Lagrangian, Eulerian, and moving-center
(Seigneur, 2001; Zhang et al., 2004a). Their main characteristics are summarized in Table
2.3. The Lagrangian approach (also referred to as the full-moving approach, e.g., Chock et
al., 1996, 2000, 2005; Jacobson, 1997a) uses a moving-sectional method to simulate the
growth/shrinkage of the particle mass along the size coordinate. Interpolation is needed to
obtain a fixed-grid distribution when the Lagrangian approach is applied with other processes
(e.g., nucleation, and transport) (Debry et al., 2007). In such a case the Lagrangian approach
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becomes a semi-Lagrangian approach. The interpolation may introduce some errors that may
be propagated into the model predictions. The semi-Lagrangian approach may therefore not
conserve mass. The Eulerian approach (e.g., Bott, 1989; Walcek, 1998, 2000; Nguyen and
Dabdub, 2002) calculates the mass flux between the adjacent sections using a fixed-grid size
representation. The Eulerian approach is of advantage because of mass conservation upon
the satisfaction of the Courant criterion, but it requires a small time-step to satisfy this
criterion.

The moving-center approach (e.g., Jacobson (1997a)) uses fixed size bin

boundaries but allows the mean diameter of particles to vary within the size bin. It has nearly
the same accuracy as the full-moving approach while retaining the advantage of being able to
couple with the treatments of coagulation, nucleation, emission, and transport of particles
since the size bin structures do not change from time to time or location to location.
However, numerical diffusion may still occur during growth, transport, or size-averaging
processes.
The growth term, Gi, can be solved by several methods. For example, forward Euler
method (Dhaniyala and Wexler, 1996; Sun and Wexler, 1998; Chock and Winkler, 2000;
Nguyen and Dabdub, 2002; Gaydos et al., 2003), which assumes constant condensation rates
during the integration time step and requires the use of a small time step. Some other
ordinary differential equations (ODEs) solvers (e.g., Sparse-Matrix Vectorized Gear Code
(SMVGEAR) II (Jacobson, 1995), Livermore Solver for Ordinary Differential Equations
(LSODE), the variable coefficient ODE solver (DVODE)) are used to solve the ODE system
composed of Gi for each aerosol size section and each aerosol species and the mass
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conservation equation for the gas species (Jacobson, 1997b; Pilinis et al., 2000). Iterations
are needed for the solvers to obtain a solution. Jacobson (1997b) introduced a noniterative,
unconditionally-stable analytical predictor of condensation (APC) to solve the growth term
which allows the use of a larger time-step (up to 15 seconds) without sacrifice of accuracy.
In an aerosol module, condensation schemes need to be coupled with an equilibrium
solver to compute the condensation rate, which is computationally-expensive.

The

computational efficiency of the condensation scheme itself thus does not play an important
role in the aerosol condensation and evaporation calculation since the computational time is
dominated by the equilibrium solver (Wexler et al., 1994). The time step allowed by the
condensation schemes, however, makes the difference for the computational cost of this
calculation.

The use of a larger time step (i.e., time interval between growth and

equilibrium) in the APC scheme reduces the times to invoke an equilibrium solver, which
speeds up the aerosol calculations.
2.3 Three Dimensional Air Quality Models
Air quality models (AQMs) serve as a numerical laboratory and integrate our
knowledge on how physical and chemical processes affect pollutant concentrations (Russell,
1997).

AQMs could be divided into two categories based on their reference frame:

Lagrangian and grid-based Eulerian models. The Lagrangian models have simple structure
and low requirement for computational resources (e.g., memory), but have limitations in their
formulation and results may have significant errors (Russell and Dennis, 2000). They are still
used today under some circumstance (e.g., the computational resources are limited). The
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grid-based Eulerian models involve the least-restrictive assumptions and are potentially the
most powerful (Russell and Dennis, 2000). Thus, they have become the dominant AQMs of
use. One of the main objectives of this thesis is to incorporate the improved gas/particle
mass transfer approaches into a grid-based Eulerian models then test, and evaluate them in 3D applications. Existing grid-based Eulerian models are reviewed in this section to provide a
base to select a 3-D host model for such an implementation and testing (Lagrangian models
will be excluded). This review will focus on models at urban/regional scales. Global AQMs
are another active area of atmospheric science research. A review of some global AQMs can
be found in Peters et al. (1995).
The grid-based Eulerian models can be further divided into two types based on the
coupling between the meteorology (or dynamics) and chemistry in the model: offline vs.
online. In the offline models the meteorology representation/simulation is conducted prior to
the simulation of chemistry. The offline models use either prescribed observation-based or
prescribed model-based meteorological fields at discrete times (normally hourly) to drive the
chemistry models. The Meteorology fields are interpolated to the appropriate transport time
and coordinate frame for the use of chemistry simulation in the offline models. In the online
models, the meteorology and chemistry are simulated simultaneously in one coordinate
frame. The offline models are computationally efficient and one set of meteorology data can
be used to drive multiple chemistry simulations, however they are incapable to simulate
chemistry feedback to meteorology. In the real atmosphere, chemical and meteorological
processes closely interact through climate-chemistry-aerosol-cloud-radiation feedbacks
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(Zhang, 2008). Such feedbacks include: (1) aerosols may warm or cool the atmosphere by
directly absorbing and scattering solar and terrestrial radiation; (2) aerosols may also
indirectly affect cloud microphysics such as formation, albedo, lifetime, and precipitation
through serving as cloud condensation nuclei (CCN).

Those feedbacks are important;

however they can not be simulated in the offline models because of the decoupled treatments
of meteorology and chemistry. The offline models are traditionally used for air quality
modeling due to the historical separation of meteorology and air quality communities, as well
as our limited understanding of the climate-chemistry-aerosol-cloud-radiation feedbacks
(Zhang, 2008).

The online models make it possible to simulate the complex climate-

chemistry-aerosol-cloud-radiation feedbacks given their closely-coupled structure and
treatments. In addition to the possible consideration of climate-chemistry-aerosol-cloudradiation feedbacks in the online models, the online models can utilize the detail
meteorological process to drive chemistry simulation without interpolation. Martilli et al.
(2002) found that if the model is run in an offline mode, significant model errors may come
from the low updating frequency of meteorological input since some meteorological
processes may occur in a time scale less than an hour. Mathur et al. (2008) found out that the
systematic errors in model predictions of PM2.5 may be partially due to the decoupled
treatment between meteorology and chemistry simulation.

The advantages and

disadvantages of offline and online models are summarized in Table 2.4.
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Table 2.4. Advantages and disadvantages of online and offline air quality models (Langmann, 2000; Grell et al., 2005; Zhang, 2008).

Offline models
Advantages

Online models

1. It is computationally-efficient since once
meteorological dataset could drive many chemical
transport simulations
2. Meteorology field is fixed, thus the model
sensitivities to chemistry schemes can be easily
isolated to facilitate the sensitivity study

Disadvantages 1. The information of short time scale meteorological
process (e.g., turbulence and moist convection) may
be absent
2. Uncertainties may be introduced during
interpolation between meteorological data‘s
coordinate to chemistry model‘s coordinate
3. The chemical-dynamical feedbacks can not be
simulated
4. A high amount of data storage is needed save the
meteorological date to drive subsequent chemical
simulation
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1. Chemistry is simulated simultaneously with
dynamics. The update frequency of input of
metrological parameters to chemistry simulation
could be as short as minutes.
2. Since the same coordinate is used for both
chemistry and dynamics simulation. No
interpolation is needed.
3. The chemical-dynamical feedbacks can be
simulated.
1. It is computationally more expensive since both
dynamics and chemistry need to be simulated.

Peters et al. (1995) summarized the Eulerian AQMs developed thus far and
categorized AQMs into three generations.

The first-generation models are defined as

relatively simple models, in which dry deposition processes are not included. The secondgeneration models are defined as models that included deposition processes and have
expanded chemical mechanisms in terms of both chemical species and reactions, and use
improved numerical integration schemes. Both the first-generation and second-generation
AQMs defined by Peters et al. (1995) belong to offline model category. The offline models
developed in the United States (U.S.) include the Sulfur Transport Eulerian Model-I (STEMI & II) (Carmichael et al., 1986, 1991), the Regional Oxidant Model (ROM) (Lamb, 1983),
the Urban Airshed Model with Carbon Bond IV (UAM-IV) (Reynolds et al., 1973), the
Urban Airshed Model with Variable Grid (UAM-V) (Morris et al., 1991), the Acid
Deposition and Oxidant Model (ADOM) (Venkatram et al., 1988), the Regional Acid
Deposition Model (RADM) (Chang et al., 1987), the Community Multiscale Air Quality
(CMAQ) Modeling System (Byun and Ching, 1999; Binkowski and Roselle, 2003),
SARMAP air quality model (SAQM) (Chang et al., 1997a,b), the Multiscale Air Quality
SImulation Program (MAQSIP, Mathur et al., 2005), and the Urban-to-Regional Multiscale
model (URM) (Kumar et al., 1994).

ROM, UAM-IV, UAM-V, and CMAQ were

recommended by the U.S. EPA for regulatory applications. Several European regional
AQMs compared in Hass et al. (1997) are also offline models, including the European
Monitoring and Evaluation Programme (EMEP) model (Simpson, 1992, 1993), the European
Air Pollution Dispersion (EURAD) model (Hass et al., 1993), the Long-Term Ozone
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Simulation (LOTOS) model (Builtjes et al., 1988), and the Regional Eulerian Model with
three different chemistry schemes (REM3) (Stern, 1994). Detailed comparisons of some of
the aforementioned models can be found in Peters et al. (1995), Hanna et al. (1996), and
Russell and Dennis (2000). Peters et al. (1995) envisioned that the third-generation model
should be online model, in which the interactions among chemistry and meteorology will be
treated. The development of such models is still ongoing at present and will continue to be a
focus of AQM improvements in the coming years (Sportisse, 2007; Zhang, 2008).
Some simple online models were developed since 1960‘s (e.g., Hunt, 1969) (Zhang,
2008). However, most of those coupling between meteorology and chemistry were largely
incomplete and only limited to a very few prognostic gaseous species (Zhang, 2008).
Jacobson (1994, 1996b, 1997a, 1997c) developed the first online fully-coupled meteorologyair quality model (i.e., the Gas Aerosol, Transport, and Radiation AQM with a Mesoscale
Meteorological and Tracer Dispersion model (referred to as GATOR/MMTD)), which solves
meteorological and chemical processes simultaneously and considers the two-way feedback
between air quality and meteorological parameters (Jacobson, 2006b; Zhang, 2008).

The

application of GATOR/MMTD for the Southern California Air Quality Study shows that the
presence of aerosols reduced peak solar radiation by 6.4% (Jacobson, 1997c). Langmann
(2000) applied an online model, REMO (Regional MOdel), for a summer smog episode over
Europe and the online model is shown to reproduce the measured surface concentration
better than an offline model. Clappier et al. (2000) also simulated dynamic and chemical
modules simultaneously in their model to study the effect of sea breeze on O3 in Athens.
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Grell et al. (2000) conducted simulations with MM5 and RADM2 gas-phase mechanism in a
coupled mode to simulate the concentration field of atmospheric pollutants in the Alpine
valleys. The same model is also used in Kim and Stockwell (2007), and they concluded that
online model is necessary for applications over mountain areas since the meteorology
parameters vary over a very short time period (Kim and Stockwell, 2007). Bauer and
Langmann applied an online model over Germany and the meteorological and chemical
simulations under urban conditions are shown to be excellent (2002). Tulet et al. (2005)
applied an online model to a coastal region and their results show a good agreement between
observations and simulations. Arteta et al. (2006) used an online model to study the impact
of two chemistry mechanisms on the distribution of atmospheric pollutants over the southeast
France.
The first community online coupled meteorology-air quality model in U.S.,
WRF/Chem (Grell et al., 2005), is developed through the collaborative effort of several
research institutes, agencies and Universities (Zhang, 2008). This model is an extension of
the earlier MM5/Chem regional-scale chemical transport model of Grell et al. (2000).
Instead of using MM5 as the meteorology component, WRF/Chem is based on the state-ofthe-art Weather Research and Forecast (WRF) model. Some key features of WRF include:
(1) fully compressible non-hydrostatic equations; (2) several choices for physical
parameterizations of meteorology processes, which enable the model to be applicable on
different scales ranging from meters to thousands of kilometers; (3) mass- and scalarconservation; (4) nesting capability; (5) positive-definite advection option in addition to
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others.

(http://www.mmm.ucar.edu/wrf/users/docs/user_guide/users_guide_chap1.html).

Since 2000, various chemical modules have been implemented into WRF, expanding the
National Oceanic & Atmospheric Administration (NOAA) Earth System Research
Laboratory (EMSL)‘s online WRF/Chem. In WRF/Chem, the air quality component is fully
consistent with the meteorology component, both of which use the same transport scheme,
same gridding and same physics (Grell at al., 2005). The coupling between meteorology and
chemistry components in WRF/Chem is comprehensive, and will become more complete
with further contributions from the air quality research community (Zhang, 2008). To date,
WRF/Chem includes four gas-phase mechanisms (i.e., Regional Acid Deposition Model,
version 2 (RADM2) (Stockwell et al., 1990), the Regional Atmospheric Chemistry
Mechanism (RACM) (Stockwell et al., 1997), Carbon-Bond Mechanism version Z (CBM-Z)
(Zaveri and Peters, 1999), and the 2005 version of Carbon Bond mechanism (CB05)
(Yarwood et al., 2005)) and three aerosol modules (i.e., the Modal Aerosol Dynamics Model
for Europe (MADE) (Ackermann et al., 1998) with the secondary organic aerosol model
(SORGAM) (Schell et al., 2001) (referred to as MADE/SORGAM), Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al., 2008), and MADRID (Zhang
et al., 2004a)) (Zhang, 2008).

At this time, RADM2 and RACM are coupled with

MADE/SORGAM while CBM-Z and CB05 are coupled with MOSAIC and MADRID.
Major processes and features of the aerosol modules and their corresponding gas phase
mechanisms are listed in Table 2.5.
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Table 2.5. Aerosol modules and their corresponding gas-phase mechanism in WRF/Chem (modified from Zhang et al., 2005).
Process
Gas-phase
mechanism
size distribution
inorganic species

organic species

MOSIAC

MADRID

RADM2, RACM

CBM-Z, CB05

CBM-Z, CB05

Three modes over 0.01 – 10 m

Eight sections over 0.039 – 10 m

Eight sections over 0.0216 – 10 m

Thermodynamic equilibrium for sulfate,
nitrate, ammonium, and water with MARS-A

Thermodynamic equilibrium for
sulfate, nitrate, ammonium, sodium,
calcium, chloride and water with
MESA-MTEM
ongoing

Thermodynamic equilibrium for sulfate, nitrate,
ammonium, sodium, chloride and water with
ISORROPIA

Reversible absorption parameterization for
products of 8 classes of VOC precursors

MADRID 1: Reversible absorption for 38
condensable species1
MADRID 2: Reversible absorption & dissolution
for 42 condensable VOCs grouped into 5
hydrophobic and 5 hydrophilic surrogate
secondary organic aerosols
Binary (McMurry and Friedlander, 1979)

nucleation

Binary (Kulmala et al., 1998)

Binary (Wexler et al., 1994)

coagulation

Modal approach (Whitby et al., 1991)

Sectional approach (Jacobson et al.,
1994)
Sectional approach with ASTEEM

Sectional approach (Jacobson et al., 1994)2

Dynamic approach with ASTEEM

1. Bulk equilibrium approach
2. Hybrid approach
3. Dynamic approach

condensational
growth/shrinkage by
volatilization
gas/particle mass
transfer
1

MADE/SORGAM

Modal approach

Full equilibrium approach with two chemical
regimes: sulfate-poor and sulfate-rich

Sectional approach with implicit or explicit
approach, coupled with the moving center
method for particle growth

SOA module is not activated in the simulations in this thesis. 2 off in baseline, and on in sensitivity run for TexAQS2000 case and off for NEAQS2004 case.
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RADM2 and MADE/SORGAM are used in the first WRF/Chem application for the
summer 2002 NEAQS filed study.

In that study WRF/Chem‘s forecasts are evaluated

relative to MM5/Chem‘s forecasts. The same gas phase mechanism and emissions are used
by both models but some other model configurations are different (e.g., advection, land
surface model, and microphysics schems). The evaluation shows that WRF/Chem‘s skill is
statistically better in forecasting O3 than MM5/Chem (Grell et al., 2005). WRF/Chem with
RADM2 is also used in the O3 ensemble forecast (McKeen et al., 2005; Wilczak et al., 2006),
in addition to being used with MADE/SORGAM for PM2.5 ensemble forecast (McKeen et
al., 2007). The budget of chemical oxidants in Mexico City is investigated using WRF/Chem
with the RADM2 gas phase mechanism (Tie et al., 2007). The same model was used to
investigate the impacts of emission decreases on O3 concentration in the eastern U.S. (Frost
et al., 2006). The CBM-Z mechanism and MOSAIC aerosol module were implemented in
WRF/Chem and applied to the 5-day 2000 Texas Air Quality Study (TexAQS) episode (Fast
et al., 2006). The predicted gas and aerosol distributions were qualitatively similar to the
surface and aircraft measurements and the model was shown to be capable to simulate
aerosol-radiative interactions over urban to regional scales (Fast et al., 2006). MADRID has
been incorporated into WRF/Chem (referred to as WRF/Chem-MADRID) (Zhang et al.,
2005; Hu and Zhang, 2006). WRF/Chem-MADRID has been applied to the 2000 TexAQS
episode (Zhang et al., 2005; Hu and Zhang, 2006), 2001 Continental U.S. episode (Huang et
al., 2006; Hu and Zhang, 2007; Zhang et al., 2007, 2008) and 2004 NEAQS episode (Hu et
al., 2007). An updated and expanded Carbon Bond mechanism (CB05), which is shown to
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perform better than Carbon Bond IV (CB-IV) mechanism under high altitude conditions and
rural areas for O3 (Sarwar et al., 2008), has been incorporated into WRF/Chem (Huang et al.,
2006; Pan et al., 2008). More details about current status of gas phase and aerosol modules
in WRF/Chem can be found in Zhang (2008).
The gas/particle mass transfer approaches in the aerosol module MADRID will be
improved and evaluated in the next chapter, which will be followed by the presentations of
the development and applications of a air quality forecasting system, i.e., WRF/ChemMADRID, in the subsequent chapters (i.e., Chapters 4, 5). This thesis will be concluded in
Chapter 6.
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3. IMPROVEMENT OF GAS/PARTICLE MASS TRANSFER TREATMENTS IN BOX
MADRID

Simulating gas/particle mass transfer in three-dimensional (3-D) air quality models
(AQMs) represents one of the major challenges for both hindcasting and forecasting. The
lack of an efficient yet accurate gas/particle mass transfer treatment for aerosol simulation
and forecast in 3-D AQMs warrants its development, improvement, and evaluation. In this
chapter, several condensation/evaporation schemes reported in literatures are first tested in a
hypothetical

condensation-only

case.

The

identified

numerically

accurate

and

computationally efficient condensation/evaporation schemes are then incorporated into the
Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution (MADRID) (Zhang et al.,
2004) to solve the gas/particle mass transfer process explicitly. The resulted improved
gas/particle mass transfer approaches (i.e., hybrid, and kinetic) and the pre-existing approach
(i.e., equilibrium) in MADRID are tested and evaluated with measurement data at three sites
with representative meteorological and emission characteristics to identify the strengths and
weaknesses of each gas/particle mass transfer approach.

3.1 Evaluation of Stand Alone Condensation Schemes

In this section, five stand alone condensation/evaporation schemes (without coupling
to an equilibrium solver) are tested for a simple case, in which sulfuric acid (H2SO4) is the
only condensing species. Since the saturation vapor pressure of sulfuric acid is very small, it
is assumed to be zero. The condensation schemes tested include the Bott, the Chock (or
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Trajectory-Grid (T-G)), the Walcek, and the analytical predictor of condensation (APC)
schemes. Two methods are used to solve for the redistribution equation in the APC scheme:
moving center and full-moving approaches (referred to as APC_MC and APC_FM,
respectively). The full-moving approach is actually another name for Lagrangian approach,
which uses a moving-sectional method to simulate the growth/shrinkage of the particles
along the particle size coordinate.

The moving center approach uses fixed size bin

boundaries but allows the mean diameter of particles to vary within the size bin. The
methods for solving growth and redistribution equations used in the five schemes are
summarized in Table 3.1.

Table 3.1. The numerical condensation schemes tested in this work.
Condensation schemes
T-G
Bott; Walcek

Redistribution term
Lagrangian approach (T-G)
Eulerian approaches (Bott; Walcek)

APC_MC

Moving-center approach

APC_FM

Lagrangian approach

Growth term
Forward Euler method
Forward Euler method
Mass-conserving, noniterative
analytical solution
Mass-conserving, noniterative
analytical solution

The Bott scheme is a high order accurate, positive definite scheme (Bott, 1989) that
has been used widely for solving advection equations. Bott scheme is initially tested up to
fourth-order (Bott, 1989) and is extended to higher orders of 5-7 (Costa and Sampio, 1997;
Huang, 1997).

The fourth-order Bott scheme is commonly used in air quality models

(Dhaniyala and Wexler, 1996; Sun and Wexler, 1998; Langmann, 2000), thus will be tested
in this study.

The T-G scheme assigns the spatial locations of points on a given

concentration profile to a set of concentration pulses; then tracks the pulses as they undergo
growth/shrinkage (Chock et al., 1996; Chock and Winkler, 2000). It is more accurate than
the Bott scheme for the condensation test (Hu et al., 2005). The Walcek scheme uses a
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second-order accurate, upstream approximation with monotone limiters and adjusts fluxes at
two cell edges around local extremes, which is shown to be more accurate and more
computationally-efficient than the 4th order Bott scheme (Walcek, 1998; 2000). The Bott, TG, and Walcek schemes use the forward Euler method to solve the growth term in the
condensation equation.

They differ in terms of redistribution methods with a semi-

Lagrangian approach for the T-G scheme and an Eulerian approach for the Bott and Walcek
schemes. APC uses a mass-conserving, noniterative analytical solution to a discretized form
of the growth/evaporation equation between the gas phase and multiple size bins.
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Figure 3.1. Simulations of condensation for hazy conditions with a condensation rate of 5.5
µm3 cm-3 per 12-h using different condensation schemes: the Bott, T-G, Walcek,
APC_MC, and APC_FM schemes, where APC_MC and APC_FM denote the APC
scheme with the moving center and full-moving approaches for redistribution.

The test case is taken from Seigneur et al. (1986) and Zhang et al. (1999) for the hazy
conditions with an H2SO4 condensation rate of 5.5 µm3 cm-3 12 h-1. 12 sections are used for
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all schemes in the test simulations. Two pulses are used in each section for the T-G scheme.
Figure 3.1 shows predictions from the Bott, T-G, Walcek, APC_MC, and APC_FM schemes.
The “exact” solution, obtained with the APC_FM scheme with 500 sections by Zhang et al.
(1999) shows two distinct modes in the fine particle range, one centered at 0.09 m, and one
centered at 0.21 m. Compared with the “exact” solution, the Bott scheme is significantly
diffusive in the ultrafine sections (so-called upstream diffusion). The T-G scheme with a
total of 12 bins and 2 pulses per bin is also diffusive, overpredicting the concentration for the
bin centered at 0.07 µm. The Walcek and APC schemes are much less diffusive than the
Bott and T-G schemes in this case. The distinct nuclei mode in the “exact” solution is nearly
replicated by the APC_FM scheme, but not so well by the APC_MC scheme with 12 bins.
While the APC_FM scheme simulates well the two bins bounding the peak of the
accumulation mode (at 0.21 m) of the “exact” solution, the APC_MC scheme reproduces
the peak of the accumulation mode better than the APC_FM scheme, as a result of averaging
diameters of particles from adjacent bins around the peak. When other size resolutions are
used (e.g., 8 size sections), averaging diameters of adjacent bins does not always yield a
good agreement with the peak of the accumulation mode, and in such cases the APC_FM
scheme gives a closer agreement to the peak than the APC_MC scheme (Figure 3.2). A more
quantitative method of evaluation is to calculate the normalized mean error (NME) over the
diameter range of 0.01 – 2.15 m following the approach of Zhang et al. (1999). The NMEs
are 41.7, 15.1, 20.0, 8.3, and 11.1% for the Bott, T-G, Walcek, APC_FM, and APC_MC,
respectively, when 12 sections are used. Among the five condensation schemes tested using
a 12-section resolution, the APC_FM, APC_MC, and Walcek schemes give overall best
predictions in terms of both simulated size distribution and NMEs. The T-G scheme gives a
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smaller NME than that of the Walcek scheme, but it is subject to upstream numerical
diffusion in the size range of 0.05-0.1

m. The Bott scheme gives the least accurate

performance.
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Figure 3.2. Simulations of condensation for the same case as in Figure 3.1 using APC_MC
and APC_FM schemes with 8 size bins.

To examine the sensitivity of predictions to the total number of the sections and
pulses used, additional simulations are conducted with the APC_FM using 8 and 30 size
sections and with T-G schemes using 12 size sections with 4 pulses per section and 30 size
sections with 2 and 4 pulses per section for the T-G scheme (Figure 3.3). Compared with
results with 12 sections, the APC_FM scheme with 8 sections predicts better the peak of the
accumulation mode but completely misses the narrow nucleation mode, whereas the use of
30 sections can reproduce precisely the aerosol size distribution of the “exact” solution. The
CPU increases less than linearly (0.038, 0.054, 0.118 seconds for simulations with 8, 12, and
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30 sections, respectively) when the total number of section increases from 8 to 30. For the TG scheme with 2 pulses per section, increasing the total number of sections from 12 to 30
gives a better prediction for the nuclei mode but still fails to replicate fully the narrow peak
of this mode. While increasing pulses from 2 to 4 per section at a size resolution of 12
sections shows no improvement, it greatly improves the prediction for the narrow nuclei
mode with slight numerical dispersion at a size resolution of 30 sections. Those results
indicate that the pulse resolution in the T-G scheme is more critical than the size resolution at
a higher size resolution under the test condition. Compared with the T-G scheme with 12
sections and 2 pulses per section, the CPU time increases by 1.18 seconds (4.4%) when
increasing pulse resolution alone to 4 pulses, by 37.9 seconds (142.4%) when increasing size
resolution alone to 30 sections, and by 40.7 seconds (153.2%) when increasing both size and
pulse resolutions for the T-G scheme.
In addition to a relatively poor performance in the condensation test, the kinetic mass
transfer approaches with the Bott and T-G schemes also require small time steps (e.g., 0.5
second) with a CPU time two orders of magnitude higher than the equilibrium approach in
the box model with a hypothetical test case for gas/particle mass transfer of Zhang et al.
(1999) (Hu et al., 2005), which is not desirable for most 3-D applications.

The APC_MC

scheme, on the other hand, may be a better candidate for 3-D applications; it is therefore
further tested in the kinetic approach in MADRID using available observations. The Walcek
scheme also takes similar CPU to that of the Bott and T-G schemes, but it is the most
accurate scheme among those that require a small time step tested here. It is therefore also
selected for the gas/particle mass transfer testing.
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Figure 3.3. Sensitivity of (a) the APC_FM scheme to the aerosol size resolution and (b)
trajectory-grid (T-G) scheme to the aerosol size resolution and pulses used in each bin
for the same test case as for Figure 3.1.
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3.2 Coupling and Improvement of Gas/Particle Mass Transfer Approaches

The existing kinetic approach in MADRID uses the Bott scheme for
condensation/evaporation. It is not operational in 3-D applications because of its high CPU
cost. In this work, the Walcek and APC_MC condensation schemes have been implemented
into MADRID to replace Bott’s scheme in the kinetic approach to explicitly solve
condensation/evaporation during the gas/particle mass transfer process (referred to as
kinetic/Walcek and kinetic/APC_MC, respectively). Both schemes are coupled with an
aerosol thermodynamic model (i.e., the latest version (v1.7) of ISORROPIA of Nenes et al.
(1998; 1999)) in MADRID, which predicts the physical state of the particles (i.e., liquid or
solid) and computes the surface vapor pressure of species given aerosol composition if the
particles

are

wet.

condensation/evaporation

The
rate

surface
at

vapor

every

pressure

time

step.

is

used
For

to

calculate

the

dry

particles,

the

condensation/evaporation rates are computed based on the method of Pilinis et al. (2000) that
uses the electroneutrality constraints to simulate the species flux to solid particles.

The

original CMU hybrid scheme in MADRID assumes bulk equilibrium for the first 6 sections
and uses DVODE to solve the gas/particle mass transfer for the coarse mode explicitly
(Capaldo et al., 2000). In this work, the APC_MC scheme has been incorporated as an
alternative to DVODE in the hybrid approach (referred to as the modified CMU
hybrid/APC_MC), which is tested with threshold diameters of 1.0 and 2.15 m (assuming
bulk equilibrium for the first 5 and 6 sections, respectively).
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3.3 Testing of Gas/Particle Mass Transfer Approaches

The gas/particle mass transfer approaches tested in this work include two existing
equilibrium approaches: the California Institute of Technology (CIT) and Carnegie Mellon
University (CMU) bulk equilibrium approaches (referred to as CIT and CMU bulk
equilibrium approaches, respectively), two new kinetic approaches: kinetic/Walcek and
kinetic/APC_MC, and one hybrid approach: the modified CMU hybrid/APC_MC. The CIT
and CMU equilibrium approaches are both bulk equilibrium approaches, which assume that
the liquid and/or solid phases, as a whole, are in equilibrium with the gas phase. They differ
in terms of their methods to allocate the increase (or decrease in case of evaporation) of mass
concentrations to different size sections: the former is based on the initial sulfate mass
distribution (Zhang et al., 2004), while the latter is based on weighting factors that depend
largely on aerosol surface area (Capaldo et al., 2000). While no condensational growth law
is used for mass allocation in the CIT approach, the weighting factors for mass allocation in
the CMU approach are calculated based on condensational growth law using a diffusionlimited assumption. In both approaches, the mass allocation over different size sections may
cause non-equilibrium between each section and the gas phase although the bulk liquid
and/or solid phases, as a whole, are assumed to be in equilibrium with gas phase. The
similarities and differences of the five gas/particle mass transfer approaches tested in this
work are summarized in Table 3.2.
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Table 3.2. The five gas/particle mass transfer approaches tested in this work.
Approaches

kinetic/APC_MC
Kinetic
kinetic/Walcek
CIT bulk equilibrium
Equilibrium
CMU bulk equilibrium

Hybrid

modified CMU hybrid/APC_MC

Description

Simulates gas/particle mass transfer
for each size section explicitly

Assumes an instantaneous chemical
equilibrium between the gas and the
particulate phases; Redistributes the
instantaneous transferred mass based on
specific weighting factors
Combines both kinetic and
equilibrium approaches
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Condensation
scheme

Weighting factors

APC_MC

N/A

Walcek

N/A

N/A

based on sulfate
mass

N/A

based on surface
area

APC_MC for coarse
bins only

based on sulfate
mass weighting
factor for fine bins

The five gas/particle mass transfer approaches are tested in MADRID using
available observational data at representative locations.

MADRID uses a sectional

representation with any size resolution at the user’s choice (Zhang et al., 2004). It simulates
all major aerosol processes (e.g., nucleation, coagulation, and gas/particle mass transfer). For
gas/particle mass transfer testing, nucleation and coagulation was turned off so that the
effects of different condensation schemes in the kinetic approach can be isolated and
examined. Other processes such as photochemistry, transport, and deposition are not treated
in the MADRID box model. Emissions, however, are implicitly treated in the applications of
MADRID for some cases. The use of such a stand alone aerosol box model follows a classic
approach of studying chemical kinetics; it permits an isolation of major aerosol processes
from other processes, which is necessary for a mechanistic study of gas/particle mass transfer
process.

This is because, when other processes are included in testing gas/particle mass

transfer approaches, many factors and feedbacks will come into play that can distort the
model results regarding gas/particle mass transfer approaches, making it impossible to judge
if good results from a gas/particle mass transfer approach are due simply to its treatments or
to different effects of meteorology on simulated concentrations in one simulation versus
another.
Similar approaches have been widely used to study gas/particle partitioning
equilibrium (e.g., Pilinis and Seinfeld, 1987; Hayami and Carmichael, 1997; Ansari and
Pandis, 1999; Jacobson, 1999; Moya et al., 2001, 2002; Fridlind and Jacobson, 2000;
Fridlind at al., 2000; Campbell et al., 2002; Zhang et al., 2002; Trebs et al., 2005; Yao et al.,
2006; Dasgupta et al., 2007; Goetz et al., 2008).

In contrast, our cases involve non-

equilibrium gas/particle mass transfer. The strengths and limitations of each condensation
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scheme and each gas/particle mass transfer approach are identified and analyzed.

The

approach that provides the best compromise between accuracy and efficiency will be
recommended for further testing and application in 3-D AQMs.
The aforementioned gas/particle mass transfer approaches are evaluated in box
MADRID with several observational datasets, including those for Hong Kong (HK) (Yao et
al., 2001), Tampa Bay (TB) (Evans and Poor, 2001; Campbell et al., 2002), and Angila (AN)
from the California Regional PM10/PM2.5 Air Quality Study (CRPAQS/AN) (Chow et al.,
2006a, b; http://www.arb.ca.gov/homepage.htm). Those simulations are conducted using 8
size sections. While data are available for model initialization and evaluation for the HK and
CRPAQS test cases, they are only available for model initialization for the TB case.
Simulations with the kinetic/APC_MC and the kinetic/Walcek at a high size resolution of
500-section and a short time step of 0.5 sec are also conducted to develop benchmarks to
evaluate different gas/particle mass transfer approaches, which will be particularly useful for
the cases without observations for model evaluation (e.g., the TB case).

The initial size

distribution with 500 sections is obtained by evenly distributing the observed 8-section initial
distribution into the corresponding sections in the 500-section size structure. Although the
aerosol measurements may contain some sea-salt sulfate, sea-salt sulfate is not treated in box
MADRID because of its relatively small mass fractions at those sites. In addition, the web
version of HYSPLIT trajectory model of Draxler and Rolph (2003) is used separately to
perform back trajectory analyses based on the FNL dataset (known as the Final Run at
National Centers for Environmental Prediction (NCEP)) at three sites to identify the origin of
the air mass arriving at these sites in order to understand the sources of aerosols and their
precursors. The three test cases will be discussed in the following sections.
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3.3.1. The HK Test Case
During spring, HK is mostly affected by clean marine air mass; sea salt is the
dominant source of the particles while regional pollution also plays a role (Yao et al., 2001;
Pathak et al., 2003; Louie et al., 2005). Nitrate enters liquid and/or solid phases through
chloride depletion processes as follows (Zhuang et al., 1999a, b):
R1

HNO3(g) + Cl-(aq) ↔ NO3-(aq) + HCl(g)

Figure 3.4(a). Observed wind speed/direction at Hong Kong station (Latitude: 22.3200,
Longitude: 114.1700) on May 7-8, 1998. Courtesy of Chak K. Chan.
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Figure 3.4(b). Observed solar irradiance at the HK University of Science and Technology
(HKUST) station (Latitude: 22.3369, Longitude: 114.2690) on May 7-8, 1998.
Courtesy of Chak K. Chan.

The observations at the HK University of Science and Technology (HKUST, Latitude: 22.34;
Longitude: 114.27) on May 7 and 8, 1998 are selected to set up a test case.

The

meteorological observations at several monitoring sites including HKUST in the HK area
during May 7-8 show that the atmosphere over HK was not stagnant but generally consistent
in terms of wind speed/directions (which brought clean sea salt aerosols into this area) (see
Figure 3.4 (a)) and solar irradiance (see Figure 3.4 (b)) (Yao et al., 2001).

While similar

meteorological conditions imply similar removal processes, similar solar irradiance would
give similar chemical production rates for photochemically-generated species such as H2SO4
and HNO3, given the same initial amounts of reactants.
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Figure 3.5. The trajectory of marine air masses arriving Hong Kong every 4 hrs on May 8,
1998 simulated by HYSPLIT (http://www.arl.noaa.gov/ready/hysplit4.html). The
lines with hollow triangles, hollow squares, hollow circles, solid triangles, solid
squares, and solid circles represent the air mass arriving Hong Kong at 2400, 2000,
1600, 1200, 0800, and 0400 local time on May 8, respectively.

Figure 3.5 shows the trajectories of marine air mass arriving HK every 4 hrs on May
8, 1998 (until 16 UTC May 8, 1998, i.e., 0000 May 9, 1998 local time) simulated by
HYSPLIT. As expected, the differences in the simulated trajectories arriving at HK on May
8 are very small, indicating similar air masses throughout May 8. Our box model chemical
kinetic simulation and analysis would be valid if (1) the air mass reaching HK on May 7 was
stagnant until May 8, or (2) the meteorological conditions over HK and the air masses
passing HK on May 7 and 8 were similar and the changes in chemical concentrations were
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governed by the temporal evolution of the atmosphere rather than the spatial gradients in the
modeling domain (i.e., the air parcel simulated in the box model had a homogeneous spatial
distribution along its trajectory). The observations over HK and the trajectory analyses
support the occurrence of the second scenario on May 7-8, 1998.

Without anthropogenic

emission sources for precursors of sulfate, nitrate and ammonium upwind, similar clean air
masses from ocean will likely result in an approximately homogeneous spatial distribution
for those secondary aerosols along the air mass trajectories.

The observed aerosol

concentrations at the HK site can be therefore assumed to be identical to the initial
concentration upwind on the 24-hour back-trajectory. Under such conditions, the temporal
change in the aerosol concentrations observed over a 24-hour interval at the HK site to be
simulated with the box model can be assumed to represent the temporal change over 24 hours
in the concentrations simulated along the trajectory.

Similar scenario has indeed been

observed for the CRPAQS case over the California Central Valley (CCV) where the
observed concentrations of PM2.5, in particular, nitrate, show less spatial variability than
temporal variability in winter, resulting in a homogeneous distribution over CCV (Watson et
al., 2005; Chow et al., 2006a).

For the HK case, the assumption can be verified by

comparing the box model simulation results after 24 hours with the corresponding
observation; good agreement will support the assumption made here. Since no source/sink
information was available on May 7-8, certain assumptions must be made to characterize
emission and removal processes. By carefully choosing datasets from the two days with
consistent meteorological parameters and air masses, the perturbation to the chemical system
of interest due to the variations in sources/sinks can be therefore minimized.

Under the

consistent meteorological and homogeneous air mass conditions on May 7-8, it is assumed
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that the differences in the observed aerosol mass on both days are caused by differences in
emissions during the two days. Such a difference is considered as emissions to constrain the
initial and final total compositions in our box model simulation.

Table 3.3. Inputs for box model tests at Hong Kong on May 7, 1998
Variable/species

Inputs1

Temperature
RH
HNO3
H2SO4
NH3
HCl

302.15 K
86%
0.309 ppb
0.198 ppb
1.76 ppb
0.31 ppb
Bin 1

Bin 2

Bin 3

Bin 4

Bin 5

Bin 6

Bin 7

Bin 8

Cl
NO3SO42Na+
NH4+

1.55 × 10-2

8.20 × 10-3

0.00

7.99 × 10-3

1.24 × 10-2

8.17 × 10-2

3.83 × 10-1

3.44 × 10-1

1.00 × 10-2

1.00 × 10-2

1.00 × 10-2

2.01 × 10-3

3.63 × 10-2

2.00 × 10-1

7.06 × 10-1

2.92 × 10-1

-2

-1

-1

-1

9.44 × 10-2

7.32 × 10-1

3.75 × 10-1

0.00

0.00

Rcation

2

-

0.00

4.16 × 10

4.49 × 10-3

1.18 × 10-2

1.58 × 10-2

1.80 × 10-2

7.76 × 10-2

3.29 × 10-1

-2

-1

-1

-1

-2

0.00

1.90 × 10

N/A

3.7

3.90 × 10
1.36 × 10

1.48
4.16 × 10

2.1

1.25

1.6

3.89 × 10

3.36 × 10

1.9

4.10 × 10

4.8

2.80 × 10

11.
1

16.9

11.
16.9
1
S-poor
S-poor
S-poor
S-rich
S-rich
S-poor
S-poor
S-poor
Chemical regime3
Na-rich
Na-poor Na-poor Na-poor Na-poor Na-rich
Na-rich
Na-rich
1.2
1.0
0.7
0.9
1.3
1.1
Cation/anion4
0.33
1.00
6
2
8
4
4
4
1. The gas phase concentrations are measured using Porous Metal Denuder Sampler (PMDS) and the sizeresolved aerosol concentration (μg m-3) are measured using Micro-Orifice Uniform Deposit Impactor
(MOUDI).
2. N/A indicates that the ratio is not available because of zero concentrations of SO42-.
3. S-poor (Rcation ≥ 2), S-rich (Rcation < 2), Na-poor (RNa < 2), Na-rich (RNa ≥ 2) denote sulfate-poor, sulfaterich, sodium-poor, and sodium-rich, respectively.
4. NH4+, Na+, SO42-, NO3-, and Cl- are counted when calculating the molar ratios of cation/anion. [SO42-] is
multiplied by 2 to account for the two negative charges. Observed H + concentrations are not available.
RNa

N/A2

1.2

0.2

0.1
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0.3

4.2

Figure 3.6. Initial size-resolved aerosol composition on May 7, 1998 and simulated
composition on May 8, 1998 by the equilibrium, kinetic, and hybrid approaches in
box MADRID at the Hong Kong site. The measured size-resolved aerosol
composition on May 8 is also shown in (h).
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The measured species include nitric acid (HNO3) and ammonia (NH3) in the gasphase and sulfate (SO42-), nitrate (NO3-), chloride (Cl-), ammonium (NH4+), sodium (Na+),
potassium (K+), magnesium (Mg2+), and calcium (Ca2+) in the liquid and/or solid phases.
Since K+, Mg2+, and Ca2+ are not treated in ISORROPIA, their measured concentrations are
not used in the initial conditions for MADRID box model simulations. The total cation
considered in MADRID is calculated as a sum of molar concentrations of NH4+ and Na+.
Since the observations of hydrochloric acid (HCl) are not available, a value of 0.1 ppb,
typical of the marine boundary layer, is assumed (Fridlind and Jacobson, 2000). Fridlind and
Jacobson (2000) found that any estimation of HCl between 0.1-0.3 ppb (or 0.15-0.46 μg m-3)
may not exceed the experimental uncertainty in Cl- measurements and would not
significantly affect the partitioning of chloride. The measured aerosol size/composition
distributions (see Figure 3.6 (a) and Table 3.3) by Micro-Orifice Uniform Deposit Impactor
(MOUDI) on May 7, 1998 are used as inputs for MADRID to simulate the formation of
aerosols for a 24-hour period (i.e., May 8).

Since the MOUDI is size-segregated, the

sampling artifact due to interparticle interactions (Pathak et al., 2004) is relatively small (Yao
et al., 2001). The meteorological variables on May 8, 1998 (i.e., temperature (T) of 302.15 K
and relative humidity (RH) of 86%) are used in the MADRID box model simulations.
Sulfate and nitrate are mostly formed from H2SO4 and HNO3.

Since differences in

meteorology and air masses reaching HK on the two consecutive days (May 7 and 8) are
small, we assume that differences in the total mass of sulfate, nitrate, chloride, and
ammonium on the two days are due to differences in emissions of gas precursor species of
PM2.5. Differences in total mass (summed over both the aerosol and gas phases) of each
species on May 8, 1998 and those on May 7, 1998 are therefore treated as emissions (i.e.,
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source) for May 8 to constrain the initial and final total compositions in our box model
simulation. They (except Na+) are added to the concentrations of the corresponding gasphase species. The resultant gas phase concentration used by the box model is 0.309 ppb
HNO3; 0.198 ppb H2SO4; 1.76 ppb NH3; and 0.31 ppb HCl on May 7 (summarized in Table
3.3). Difference in the Na+ concentrations between the two days is injected into the liquid
and/or solid phases. Table 3.3 shows the initial aerosol components concentrations and ratios
of molar concentrations of cations ( Rcation ) and sodium ( RNa ) to the molar concentration of
total sulfate for each aerosol section, where (Nenes et al., 1998):

Rcation

RNa

[ Na ] [ NH4 ]
,
[SO42 ]
[ Na ]
[SO42 ]

In these equations, [Na+], [NH4+], and [SO42-] denote the molar concentrations of Na+, NH4+,
and SO42-, respectively. Two different sources of aerosols can be seen in the sample on May
7. First, sodium, the tracer of sea-salt, is abundant in the three super-micrometer sections
(sections 6 - 8). Second, sulfate is abundant in the accumulation mode (sections 4 and 5),
indicating an anthropogenic source from the polluted urban area. The concentration ratios (in
charge equivalents) between measured cations and anions are also shown in Table 3.3. The
cation-to-anion ratios in the accumulation mode are less than unity, indicating that this size
range is acidic (Kerminen et al., 2001; Moya et al., 2003).
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Figure 3.7. Initial size-resolved aerosol composition with 500 size sections on May 7, 1998
and simulated composition on May 8, 1998 by the kinetic/APC_MC and
kinetic/Walcek at the Hong Kong site. The simulated aerosol composition with 500section is aggregated into 8-section in (b) and (c) for a direct comparison with Figures
3.6 (f)-(h).
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Figure 3.8. Initial gas-phase concentrations of three volatile species (i.e., HNO3, NH3, and
HCl) and those at t = 24 hr predicted by the equilibrium, kinetic, and hybrid
approaches in box MADRID at the Hong Kong site. The observed concentrations
of HNO3 and NH3 are also plotted. No observations are available for HCl. The
threshold for the modified CMU hybrid/APC_MC approach is 2.15 μm.

Initial aerosol conditions and predictions from the equilibrium, kinetic, and hybrid
approaches with 8-section and those from benchmark (i.e., the kinetic/APC_MC,
kinetic/Walcek approaches with 500-section and a short time step of 0.5 sec) at the HK site
on May 8, 1998 are shown in Figures 3.6 and 3.7, respectively. The simulated aerosol
composition with 500-section is also aggregated into 8-section in Figures 3.7 (b) and (c) to
allow a direct comparison with corresponding 8-section results in Figures 3.6 (f)-(g) and
observations in Figure 3.6 (h). For 8-section simulations, a time step of 15 seconds is used
for the kinetic/APC_MC scheme according to Jacobson (1997). A time step of 0.5 second is
used for the kinetic/Walcek scheme as the Walcek scheme is subjected to the Courant
number limitation and requires a small time step (Hu et al., 2005). The box model is run for
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a 24-hr period.

The size-resolved distributions simulated by the kinetic APC_MC scheme

(Figure 3.6(f)) and the Kinetic/Walcek scheme (Figure 3.6(g)) at t = 24-hr agree well with
the measured distribution on May 8, 1998 (Figure 3.6(h)), with small differences in the
ammonium distribution.

The predictions from the CIT and CMU bulk equilibrium

approaches (see Figures 3.6(b) and 3.6(c)), however, lost some NH4+ in the sub-micrometer
sections and some NO3- and Cl- in the super-micrometer sections to the gas phase. Their
corresponding gas phase species (i.e., NH3, HNO3, and HCl) increase by 0.52, 0.68, and 0.70
μg m-3, respectively as shown in Figure 3.8.

This is due to the disadvantage of the

equilibrium and internal mixture assumption associated with the bulk equilibrium approach.
The equilibrium assumption may not work in this case since the aerosol state on May 8, 1998
may deviate from equilibrium as indicated by Yao et al. (2006, 2007). Also NH4+ in the submicrometer sections and NO3- and Cl- in the super-micrometer sections are treated together in
the bulk phase, allowing the formation of ammonium nitrate (NH4NO3) and ammonium
chloride (NH4Cl). Since NH4NO3 and NH4Cl are highly volatile (especially under the high
temperature, 302.15 K, tested here), some of them evaporate. On the other hand, the kinetic
approach uses a size-resolved treatment, allowing a separation of the fine mode NH4+ and the
coarse mode NO3- and Cl-. In such cases, coarse mode NO3- and Cl- are associated with Na+,
which is non-volatile, while fine mode NH4+ is associated with SO42-, which is also nonvolatile (Ackermann et al., 1998; Baek et al., 2004; Metzger, 2002). The concurrent loss of
NH4+ with NO3- and Cl- therefore does not occur for the kinetic approaches. The prediction
from the modified CMU hybrid/APC_MC approach for the last 2 sections is close to the
prediction from the kinetic approach since they are also solved explicitly, except with slightly
higher total mass concentration. The NO3- and Cl- concentrations in section 5 predicted by
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the modified CMU hybrid/APC_MC approach with a threshold diameter of 2.15 m are lost
to the gas-phase (Figure 3.6 (d)), however, because of the aforementioned disadvantage of
the bulk equilibrium treatment.

Since the value of this threshold diameter affects its

performance, a sensitivity simulation is conducted using a lower threshold diameter of
1.0 m (i.e., gas/particle mass transfer for sections 6-8 is solved explicitly while treating the
first 5 sections with an equilibrium approach). When the threshold diameter is reduced from
2.15 to 1.0 m, the modified CMU hybrid/APC_MC approach gives closer agreement to the
observed size-resolved composition on May 8, 1998, because section 6 is not in the
equilibrium state and its prediction can be improved with the kinetic approach. Total nitrate
over all bins predicted with a threshold diameter of 1.0 m is higher than that predicted with
a threshold diameter of 2.15 m (1.97 vs. 1.81 g m-3).

Table 3.4. The normalized mean errors (NMEs) of two benchmarks (i.e., 500-bin
kinetic/APC_MC and kinetic/Walcek) against observations at Hong Kong on May 7, 1998.
500-bin kinetic/APC_MC
500-bin kinetic/Walcek
Na+
SO42NH4+
NO3ClTotal*

5.3%
9.0%
57.6%
16.5%
43.5%
9.3%

5.2%
9.8%
47.0%
23.8%
51.8%
10.8%

* “Total” is the sum of the five species listed in the table (i.e., Na+, SO42-, NH4+, NO3-, and
Cl-).

Among all approaches tested, the kinetic/APC_MC and kinetic/Walcek give overall
the best agreement with the observations in terms of both size-resolved aerosol distribution
and the gas-phase concentrations of HNO3 and NH3 as shown in Figures 3.6 and 3.8. Two
benchmarks (i.e., predictions from 500-bin kinetic/APC_MC and kinetic/Walcek) show
certain bias comparing with observations (Table 3.4), which may be due to the uncertainties
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in both numerical schemes and measurements.

Comparing with the predictions from

benchmarks, modified CMU hybrid/APC_MC, kinetic/APC_MC, and kinetic/Walcek all
give closer prediction than the bulk equilibrium approaches. The performance statistics for
five individual PM species and their total mass against observations and the two benchmarks
with kinetic approaches are shown in Table 3.5.

In terms of size-resolved aerosol

distribution, kinetic/APC_MC and kinetic/Walcek predict the most accurate distributions.
Comparing with the observed distribution on May 8, 1998 (Figure 3.6(h)), the NMEs of total
mass (sum of 5 species, i.e., NH4+, NO3-, Cl-, Na+, and SO42-) are 28.0%, 27.9%, 16.4%,
12.5%, and 13.3% for the CIT equilibrium, the CMU equilibrium, the modified CMU
hybrid/APC_MC, the kinetic/APC_MC, and the kinetic/Walcek approaches, respectively.
Overall the kinetic/APC_MC and kinetic/Walcek approaches give smaller errors for volatile
species (i.e., NH4+, NO3-, and Cl-). They give NMEs for non-volatile species such as Na+ and
SO42- that are similar to those by the CIT and CMU equilibrium approaches.
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Table 3.5. The normalized mean errors (NMEs) of the predicted distributions from the 8-bin kinetic/APC_MC and kinetic/Walcek
against observations and those from 500-bin kinetic/APC_MC and kinetic/Walcek at Hong Kong on May 7, 1998.
CIT bulk equilibrium
Benchmark
+

Na

2-

SO4

CMU bulk equilibrium

Obs.

500-bin
kinetic/APC_MC

500-bin
kinetic/
Walcek

2.2%

4.4%

4.4%

2.2%

Obs.

Modified CMU hybrid/APC_MC

500-bin
kinetic/APC_MC

500-bin
kinetic/
Walcek

Obs.

4.4%

4.4%

2.2%

Kinetic/APC_MC

500-bin
kinetic/APC_MC

500-bin
kinetic/
Walcek

Obs.

4.4%

4.4%

2.2%

Kinetic/Walcek

500-bin
kinetic/APC_MC

500-bin
kinetic/
Walcek

Obs.

500-bin
kinetic/APC_MC

500-bin
kinetic/
Walcek

4.4%

4.4%

5.9%

6.1%

2.7%

16.4%

11.6%

10.0%

11.5%

3.5%

2.7%

11.8%

3.8%

3.1%

11.3%

3.1%

2.0%

12.1%

4.6%

3.1%

NH4

60.4%

74.8%

73.1%

60.4%

74.8%

73.0%

47.3%

16.8%

13.2%

50.1%

29.9%

26.6%

51.4%

12.5%

3.9%

NO3-

69.4%

69.2%

69.9%

69.4%

68.5%

69.2%

46.4%

30.8%

23.0%

23.0%

6.8%

3.6%

28.6%

12.5%

7.3%

86.0%

87.1%

87.2%

86.0%

86.5%

86.5%

48.5%

19.3%

23.5%

49.6%

5.9%

2.2%

48.9%

5.2%

3.4%

28.0%

31.4%

31.2%

27.9%

32.0%

31.8%

16.4%

8.6%

6.7%

12.5%

5.7%

3.7%

13.3%

4.9%

2.5%

+

Cl

-

Total*

* “Total”

+

2-

+

-

-

is the sum of the five species listed in the table (i.e., Na , SO4 , NH4 , NO3 , and Cl ).
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A comparison of 8-section simulation results in Figure 3.6 to the benchmarks in Figure
3.7 also shows that simulated size-resolved aerosol composition with the 8-section modified
CMU hybrid, the kinetic/APC_MC and the kinetic/Walcek approaches are more accurate
than the full equilibrium approaches. These approaches predict NH4+ in the fine mode and
Cl- and NO3- in coarse mode, which is consistent with the benchmarks. The NMEs are 8.6%,
5.7% and 4.9%, respectively, for the total PM mass from the 8-section modified CMU
hybrid, the kinetic/APC_MC and the kinetic/Walcek approaches against the predicted
distribution from the 500-section kinetic/APC_MC benchmark (Figure 3.7(b)), whereas the
NMEs for bulk equilibrium approaches can be as high as 32%. While the overall mass
distribution predicted by the 8-section kinetic/APC_MC with a time step of 15-second is
fairly close to that of the benchmark with the 500-section kinetic/APC_MC approach, small
differences exist for volatile species such as NH4+, due to the sensitivity of this approach to
time step and size resolution used for testing.
The observed distribution on May 8, 1998 shown in Figure 3.6 (h) is in good agreement
with the benchmarks shown in Figures 3.7 (b) and 3.7 (c) (except some differences for
volatile species in the coarse mode (e.g., NH4+), which may be due to the evaporation of
volatile species from the MOUDI measurement without denuders (Yao et al., 2001)). This
agreement further verifies that the assumption made for the box model simulation appears to
be reasonable.
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Cl-

NH4+

500-section kinetic/Walcek
with a time step of 0.5 s

500-section kinetic/APC_MC
with a time step of 0.5 s

8-section kinetic/Walcek
with a time step of 0.5 s

8-section
kinetic/APC_MC
with a time step of 15 s

8-section
kinetic/APC_MC
with a time step of 0.5 s

NO3-

Figure 3.9. Predicted time series of volatile species (i.e., NO3-, Cl-, NH4+) with 8-section
kinetic/APC_MC, kinetic/Walcek and 500-section kinetic/APC_MC, kinetic/Walcek.
The results from 500-section kinetic approaches are aggregated into 8 sections.
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Figure 3.9 shows the predicted hourly concentrations of volatile species (i.e., NO3-, Cl-,
and NH4+) from the two kinetic approaches with 8- and 500-section. Note that the two
kinetic approaches with 8-section are tested with a number of time steps (0.25-0.5 second for
kinetic/Walcek and 0.25-30 seconds for kinetic/APC_MC), the results shown in Figure 3.9
are obtained with a time step of 15-second and 0.5-second for kinetic/APC_MC and 0.5second for kinetic/Walcek. As shown in Figure 3.9, the two kinetic approaches with 500section and 0.5 second give overall similar results. Their results with 8-section and the same
time step (e.g., 0.5 second) are also very similar. Different time steps (i.e., 0.5 second and 15
second) caused differences in the time evolution of NH4+, NO3-, and Cl- in each section in the
predictions by 8-section kinetic/APC_MC approach. Appreciable oscillation may occur at a
long time step (typically > 15 seconds) for any growth scheme coupled with any equilibrium
scheme due to delays in feedbacks between the equilibrium and growth calculations when the
operator-splitting method is used (Jacobson (2005)). However, the oscillation and its effect
are much smaller at a high RH than at a low RH. Our test results with observational data are
consistent with Jacobson (2005). As the time step reduces from 30-second to 0.25-second,
the simulated time evolution of species with 8-section becomes closer to that predicted with
500-section and 0.25 second. While the kinetic/Walcek approach requires a small time step
(e.g., 0.5 second) to produce accurate results, the kinetic/APC approach with 8-section gives
results that are reasonably close to the observed size distribution given a coarse size
resolution of 8-section and a long time step of 15 seconds (see Figure 3.6).
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Figure 3.10. T- and RH-dependence of liquid/solid phase predictions by the CIT bulk
equilibrium approach. The observed T and RH are 302.15 K and 86%, respectively.

The evaporation of volatile species depends highly on T and RH. To examine this
sensitivity, the bulk equilibrium approach is applied to the same HK test case but with
different T and RH conditions. The results are shown in Figure 3.10. With a fixed RH of
86%, the predicted concentrations of NO3-, NH4+, and Cl- in the liquid and/or solid phases
concurrently increase and approach the observations at HK on May 8, 1998 as T decreases
from 302.15 K to 293 K (Figure 3.10(a)). A similar trend is shown in Figure 3.10(b) as RH
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increases from 86% to 96%. Decreasing T and increasing RH suppress the concurrent losses
of NO3-, NH4+, and Cl-. The concurrent evaporation of volatile species (i.e., NO3-, NH4+, and
Cl-) from the liquid and/or solid phases under the relatively high T and low RH conditions on
May 8 in the bulk equilibrium treatments can therefore be explained by the above sensitivity
experiment. As shown in Figures 3.10(a) and 3.10(b), the bulk equilibrium approach predicts
more NO3- and less Cl- than observations at a low T (e.g., 293 K) and a high RH (e.g., 96%).
3.3.2. The TB Test Case
Tampa Bay (TB), Florida (FL), U.S. is an estuary and coastal area, which is affected
by several local industrial and utility sources of nitrogen oxide, sulfur dioxide and ammonia
(Poor et al., 2001) and sea salt emissions. The aerosol loading in TB (especially nitrogen
loading) attracts some research interests because of its eutrophication effects (Poor et al.,
2001; Evans et al., 2004).

Accurately predicting mass transfer process is critical for

predicting species concentrations since the deposition velocity depends on the phase state and
aerosol size if the species is residing in the liquid and/or solid phases (Russell et al., 1993).
A 6-day cumulative aerosol measurement using cascade impactor and concurrent gas-phase
measurements during May 3-9, 2001 in TB (Campbell et al., 2002) are used to set up the test
case. The observed aerosol distributions that are used as inputs for the model are shown in
Table 3.6 (a) and Figure 3.12 (a). The chemical regimes for each section are also provided in
Table 3.6 (a). The cation-to-anion ratios in the last two sections are significantly low, which
may be due partially to the exclusion of Ca2+ and other species in the original measurements
(Campbell et al., 2002).
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Table 3.6. Inputs for box model tests and chemical regimes at Tampa Bay, FL on May 3-9, 2001
(a) Measured size-resolved non-crustal aerosol concentrations (μg m-3) used in all the Tampa Bay simulations except the simulation of
EQUISOLV II with crustal species

1.
2.

Variable/species

Inputs

Temperature
RH
HNO3
H2SO4
NH3
HCl

297.05 K
62.2%

0.51 ppb
0 ppb
1.57 ppb
0.03 ppb
Bin 1
Bin 2
Bin 3
Bin 4
Bin 5
Bin 6
Bin 7
Bin 8
-3
-2
-2
-2
-1
Cl0.00
0.00
3.62 × 10
4.13 × 10
1.21 × 10
6.99 × 10
6.19 × 10
8.56 × 10-1
NO30.00
0.00
3.45 × 10-3
7.69 × 10-2
3.04 × 10-2
2.17 × 10-1
7.04 × 10-1
4.08 × 10-1
2-1
-1
-1
-1
-1
-1
SO4
2.30 × 10
3.18 × 10
5.06 × 10
9.11 × 10
1.16
4.67 × 10
4.94 × 10
3.55 × 10-1
+
Na
6.53 × 10-3
6.93 × 10-3
7.78 × 10-3
9.64 × 10-3
2.34 × 10-2
2.17 × 10-1
5.36 × 10-1
5.18 × 10-1
+
-2
-1
-1
-1
-1
-2
-2
NH4
7.04 × 10
1.06 × 10
1.82 × 10
3.46 × 10
4.13 × 10
2.18 × 10
1.31 × 10
1.12 × 10-2
Rcation
1.8
1.9
2.0
2.1
2.0
2.2
4.8
6.4
RNa
0.1
0.1
0.1
0.0
0.1
2.0
4.6
6.2
S-rich
S-rich
S-poor
S-poor
S-poor
S-poor
S-poor
S-poor
1
Chemical regime
Na-poor
Na-poor
Na-poor
Na-poor
Na-poor
Na-rich
Na-rich
Na-rich
Cation/anion2
0.89
0.95
1.00
0.94
0.98
0.71
0.62
0.61
S-poor (Rcation ≥ 2), S-rich (Rcation < 2), Na-poor (RNa < 2), Na-rich (RNa ≥ 2) denote sulfate-poor, sulfate-rich, sodium-poor, and sodium-rich, respectively.
NH4+, Na+, SO42-, NO3-, and Cl- are counted when calculating the molar ratios of cation/anion. [SO42-] is multiplied by 2 to account for the two negative
charges. Observed H+ concentrations are not available.

(b) Measured size-resolved crustal species used in the simulation of EQUISOLV II with crustal species.
Bin 1
+

Bin 2
-2

K
1.70 × 10
2+
Mg
0.00
2+
CA
2.64 × 10-2

Bin 3
-2

1.70 × 10
0.00
2.55 × 10-2

Bin 4
-2

1.70 × 10
0.00
2.35 × 10-2

Bin 5
-2

1.70 × 10
1.64 × 10-3
1.92 × 10-2

Bin 6
-2

1.29 × 10
3.00 × 10-3
1.77 × 10-2
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Bin 7
-2

1.44 × 10
3.07 × 10-2
5.38 × 10-2

Bin 8
-2

2.14 × 10
7.16 × 10-2
1.79 × 10-1

2.95 × 10-2
6.80 × 10-2
1.75 × 10-1

Figure 3.11. The trajectories of air masses arriving Tampa Bay every 24 hrs between May 39, 2001 simulated by HYSPLIT (http://www.arl.noaa.gov/ready/hysplit4.html). The
lines with hollow triangles, hollow squares, hollow circles, solid triangles, solid
squares, solid circles, and solid diamonds represent the air mass arriving Tampa Bay
on May 9, 8, 7, 6, 5, 4, and 3, respectively.

92

(a)

(e)

(b)

(f)

(c)

(g)

(d1) bulk equilibrium for first 6 sections

(h)

(d2) bulk equilibrium for first 5 sections

Figure 3.12. Initial size-resolved aerosol composition on May 3-9, 2001 and simulated
composition 48 hrs later by the bulk equilibrium, hybrid, and kinetic approaches in
box MADRID with 8-section ((a) – (f)) and that by the kinetic approaches with 500section ((g) and (h)) in Tampa Bay. No observed aerosol concentrations are available
for comparison. The results from 500-section kinetic approaches are aggregated into 8
sections.
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The back trajectories of air arriving in TB during May 3-9, 2001 (Figure 3.11),
suggests dominant marine sources and possible terrestrial origins of the aerosols and similar
air mass composition during the simulation period. The 6-day average T (297.05 K) and RH
(62.2%) are used in the test case for a 48-hr simulation to allow sufficient time to reach
equilibrium (Inputs for meteorological parameters and gas species are summarized in Table
3.6 (a)). The aerosol concentrations of NO3-, NH4+, Cl-, SO42-, and Na+ at TB shown in
Figure 3.12(a) and Table 3.6 (a) are similar to those in HK. It is, however, sulfate-poor in the
accumulation mode and sulfate-rich in the nuclei mode, which are opposite to those in the
above HK case. The different T and RH conditions at TB may affect the phase state of some
salts (e.g., whether solid or aqueous). For example, NH4Cl may stay in the solid phase since
its deliquescence relative humidity (DRH) is 80% at 298 K (Seinfeld and Pandis, 1998). The
results from the three gas/particle mass transfer approaches are shown in Figure 3.12. No
observations are available after a 48-hr period for model evaluation. Simulation results with
8-section are evaluated against the two benchmarks shown as aggregated 8-section
distributions in Figures 3.12 (g) and (h). Similar to the HK test case on May 7-8, 1998, the
concurrent loss of sub-micrometer NH4+ and super-micrometer Cl- and NO3- occur for the
bulk equilibrium predictions, for the same reasons as stated previously. The fact that the
sampled aerosol may not be in equilibrium (Campbell et al., 2002) also explains the deviation
of the bulk equilibrium predictions from the initial condition.

Comparing with the

benchmarks with 500 sections, the modified CMU hybrid/APC_MC, kinetic/APC_MC and
kinetic/Walcek approaches with 8 sections predict similar distributions for all size bins. As
shown in Table 3.7, their NMEs are much smaller than those for CIT and CMU bulk
equilibrium approaches, particularly for volatile species.
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Table 3.7. The normalized mean errors (NMEs) of the predicted distributions from the 8-bin kinetic/APC_MC and kinetic/Walcek
against those from the 500-bin kinetic/APC_MC and kinetic/Walcek at Tampa Bay, FL on May 3-9, 2001.
CIT bulk equilibrium

Modified CMU
hybrid/APC_MC

CMU bulk equilibrium

500-bin
500-bin
500-bin
500-bin
Benchmark Obs.*
kinetic/ Obs.
kinetic/ Obs.
kinetic/APC_MC
kinetic/APC_MC
Walcek
Walcek
+

Kinetic/APC_MC

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek

Obs.

Obs.

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek

Na

N/A

1.7%

1.7%

N/A

1.7%

1.7%

N/A

1.7%

1.7%

N/A

1.7%

1.7%

N/A

1.7%

1.7%

SO42-

N/A

2.4%

2.4%

N/A

2.4%

2.4%

N/A

2.4%

2.4%

N/A

2.4%

2.4%

N/A

2.4%

2.4%

NH4+

N/A

43.7%

44.6%

N/A

37.9%

47.4%

N/A

19.3%

2.7%

N/A

17.6%

25.5%

N/A

20.3%

3.4%

NO3-

N/A

100.0%

100.0%

N/A

100.0%

100.0%

N/A

20.7%

5.3%

N/A

23.1%

13.4%

N/A

38.8%

16.3%

Cl-

N/A

100.0%

100.0%

N/A

100.0%

100.0%

N/A

41.5%

25.3%

N/A

60.8%

85.0%

N/A

100.0%

100.0%

Total1

N/A

23.4%

24.9%

N/A

23.4%

24.9%

N/A

3.1%

1.5%

N/A

5.0%

3.9%

N/A

4.8%

3.0%

* No observations were available after May 3-9, 2001 for the Tampa Bay.
1

Kinetic/Walcek

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek

“Total” is summation of five species listed in the table (i.e., Na+, SO42-, NH4+, NO3-, and Cl-).
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Compared with the initial distribution, all the three approaches predict more nitrates
and significantly less chloride in the coarse mode (i.e., sections 7 and 8). The significant
deviation from the initial distribution in resulting chloride size distribution may indicate a
need for treating crustal species in ISORROPIA under the conditions with an initial
cation/anion ratio of less than 1 (see Table 3.6 (a)) (note that a recent updated version of
ISORROPIA included crustal species (Fountoukis and Nenes, 2007), which was not used in
this work). Given initially insufficient cations but excessive anions when only Na+ and NH4+
are considered as cations, nearly all Cl- are forced to evaporate to the gas-phase as HCl (see
Figure 3.12), illustrating a need to treat crustal species (e.g., K+, Mg2+, and Ca2+) to avoid the
departure of Cl- from the particulate phase under such conditions. This is consistent with the
finding of Ansari and Pandis (1999) that a lack of treatment for crustal species in aerosol
thermodynamic modules may give low anion predictions. Separate simulations with the
EQUISOLV II thermodynamic module with and without treating crustal species for the same
TB case also verify that treating crustal species can form more salts of Cl - (e.g., KCl, MgCl2,
and CaCl2) in the coarse sections (Note: the inputs of crustal species used in simulation of
EQUISOLV II with crustal species are shown in Table 3.6 (b)). More Cl- can be noticed
from the predicted size distribution from EQUISOLV II with crustal species (Figure 3.13(a))
than without crustal species (Figure 3.13 (b)). For comparison, when the initial cation/anion
ratios are sufficiently high (e.g., > 1 for the HK case, see Table 3.3), the lack of treatment for
crustal species has a much smaller effect on the overall model predictions which are
reasonably close to the observations (see Figure 3.6).

The departure from the initial

distribution for the TB case also indicates that the coarse mode may not be in equilibrium
with the gas phase, which is consistent with the findings of Campbell et al. (2002). When the
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threshold diameter is reduced from 2.15 to 1.0 m (Figure 3.12 (d1), (d2)), the modified
CMU hybrid/APC_MC approach does not show closer agreement to the initial distribution,
because section 6 is already in the equilibrium state and its prediction with an equilibrium
approach is very similar to that with the kinetic approach.

(a)
(b)
Figure 3.13. Simulated size-resolved aerosol composition on May 3-9, 2001 at Tampa Bay
by the size-resolved EQUISOLV II (a) with crustal species and (b) without crustal
species.

3.3.3. The CRPAQS/AN Test Case
PM concentration exceedances over the National Ambient Air Quality Standards in
the California San Joaquin Valley (SJV) are frequent especially during fall and winter (Pun
and Seigneur, 1999) owing to the combination of mobile, industrial, agricultural, and
residential sources (McDade, 2002). Secondary NH4NO3 is the largest contributor of PM
concentration during winter across the SJV region for both urban and rural areas (Magliano
et al., 1999). CRPAQS is a multi-year observational and modeling study that involved
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multiple organizations and was conducted in northern California with a focus on the Central
Valley. Since nitrate in the SJV showed a rather uniform spatial variability (Watson et al.,
2005; Chow et al., 2006a), the observations in Angiola on Dec. 17 and 18, 2000 from the
CRPAQS are used to set up the third box model test case (referred to as the CRPAQS/AN
case) using the same approach as the HK case.
Table 3.8. Inputs for box model tests at Angiola, CA on Dec. 17, 2000
(a) Measured size-resolved aerosol concentrations (μg m-3) and chemical regimes
Variable/species

Inputs

Temperature
RH
HNO3
H2SO4
NH3
HCl

278.13 K
98.6%

ClNO3SO42Na+
NH4+
Rcation
RNa
Chemical regime2
1.
2.
3.

1.02 ppb
0.04 ppb
39.1 ppb
0.73 ppb
Bin 1

Bin 2

Bin 3

Bin 4

Bin 5

Bin 6

Bin 7

Bin 8

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

-2

0.00

0.00

-3

6.38 × 10

-1

-2

0.00

3.96 × 10

1.99

3.49 × 10

0.00

7.95 × 10-3

2.98 × 10-1

6.39 × 10-1

9.29 × 10-2

3.67 × 10

3.21 × 10-2

0.00

0.00

5.12 × 10-2

3.55 × 10-2

1.77 × 10-2

2.91 × 10-2

4.13 × 10-2

2.00 × 10-2

2.51 × 10-2

2.51 × 10-2

0.00

1.18 × 10-2

3.41 × 10-1

9.30 × 10-1

4.65 × 10-2

8.46 × 10-3

1.55 × 10-3

1.55 × 10-3

1

N/A

27.1

6.5

8.1

4.6

4.1

N/A

N/A

N/A
S-poor
Na-rich

19.0
S-poor
Na-rich

0.3
S-poor
Na-poor

0.2
S-poor
Na-poor

1.9
S-poor
Na-poor

2.7
S-poor
Na-rich

N/A
S-poor
Na-rich

N/A
S-poor
Na-rich

Cation/anion3
N/A
9.73
1.20
1.17
1.78
1.07
N/A
N/A
N/A indicates that the ratio is not available because of zero concentrations of SO42-.
S-poor (Rcation ≥ 2), S-rich (Rcation < 2), Na-poor (RNa < 2), Na-rich (RNa ≥ 2) denote sulfate-poor, sulfaterich, sodium-poor, and sodium-rich, respectively.
NH4+, Na+, SO42-, NO3-, and Cl- are counted when calculating the molar ratios of cation/anion. [SO42-] is
multiplied by 2 to account for the two negative charges. Observed H+ concentrations are not available.
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Figure 3.14. The trajectory of air masses arriving Angiola every 4 hrs on Dec. 18, 2000
simulated by HYSPLIT (http://www.arl.noaa.gov/ready/hysplit4.html). The lines with
hollow triangles, hollow squares, hollow circles, solid triangles, solid squares, and
solid circles represent the air mass arriving Angiola at 2400, 2000, 1600, 1200, 0800,
and 0400 local time on Dec. 18, respectively.
The back trajectory of air masses arriving at Angiola every 4 hrs on Dec. 18, 2000 is
shown in Figure 3.14, which indicates the regional sources in Angiola on Dec. 18. While air
trajectories in the morning were different, they converged during the rest of day. The
measured aerosol size composition on Dec. 17 is used as inputs into MADRID (see Figure
3.15(a) and Table 3.8). This case represents sulfate-poor conditions; it differs significantly
from the previous two cases with negligible aerosol mass in the coarse mode. The difference
of total mass on Dec. 17 and 18 is considered as an additional source in the gas phase for
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SO42-, NH4+, NO3-, and Cl- and in the liquid and/or solid phases for Na+. For this case, NH4+
and NO3- dominate the accumulation mode, indicating a sulfate-very poor (or ammonia-very
rich) and nitrate-rich condition at Angiola during this study (Wang, 2006).

The

meteorological variables on Dec. 18 (i.e., T of 278.13 K and RH of 98.6%) are used in the
box model simulation (Inputs for meteorological parameters and gas species are summarized
in Table 3.8). Initial size-resolved aerosol composition on Dec. 17, 2000 and simulated size
resolved composition on Dec. 18, 2000 are shown in Figure 3.15. In addition to observed
aerosol size distribution on Dec. 18 (Figure 3.15 (i)), simulation results are evaluated against
the benchmarks shown as the aggregated 8-section distributions in Figures 3.15 (g) and (h).
The distributions predicted by all 8-section simulations are very close to the benchmarks and
the observations (Note: The biases of benchmarks comparing with observations are shown in
Table 3.9). The statistics for each approach shown in Table 3.10 are comparable for this test
case. The differences in the size-resolved aerosol composition predicted by equilibrium,
kinetic, and hybrid approaches are much smaller than those in the HK and TB cases,
indicating that the aerosol sample collected in Angiola is close to equilibrium and the bulk
equilibrium approaches are adequate for this test case.
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Figure 3.15. Initial size-resolved aerosol composition on Dec. 17, 2000 and simulated
composition on Dec. 18, 2000 by the equilibrium, hybrid, and kinetic approaches in
box MADRID with 8-section ((a)-(f)) and that by the kinetic approaches with 500section ((g)-(h)) in Angiola. The measured size-resolved aerosol composition on Dec.
18 is also shown in (i). The results from 500-section kinetic approaches are aggregated
into 8 sections.
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Table 3.9. The normalized mean errors (NMEs) of two benchmarks (i.e., 500-bin kinetic/APC_MC and kinetic/Walcek) against
observations at Angiola, CA on Dec. 17, 2000.
500-bin kinetic/APC_MC
500-bin kinetic/Walcek
Na+

58.3%
21.5%
24.2%
28.7%
39.6%
24.3%

SO42NH4+
NO3ClTotal*

56.6%
18.6%
18.6%
28.9%
33.8%
22.7%

* “Total” is the sum of the five species listed in the table (i.e., Na+, SO42-, NH4+, NO3-, and Cl-).
Table 3.10. The normalized mean errors (NMEs) of the predicted distributions from 8-bin kinetic/APC_MC and kinetic/Walcek
against observations and those from 500-bin kinetic/APC_MC and kinetic/Walcek at Angiola, CA on Dec. 17, 2000.
CIT bulk equilibrium
Benchmark

Obs.

Na+

0.0%

SO42-

15.9%

NH4+

9.1%

NO3-

24.4%

ClTotal*

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek
54.8%

CMU bulk equilibrium
Obs.

47.5%

0.0%

6.9%

6.1%

19.6%

15.3%

25.8%

14.1%
17.2%

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek

Modified CMU hybrid/APC_MC
Obs.

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek

Kinetic/APC_MC

Kinetic/Walcek

Obs.

500-bin
kinetic/APC_MC

500-bin
kinetic/
Walcek

Obs.

500-bin
500-bin
kinetic/
kinetic/APC_MC
Walcek

54.8%

47.5%

0.0%

54.8%

47.5%

0.0%

54.8%

47.5%

2.4%

53.2%

47.3%

20.1%

6.3%

8.2%

20.1%

6.3%

8.2%

21.1%

5.8%

7.8%

19.3%

5.2%

5.4%

19.0%

10.7%

7.7%

18.6%

8.8%

5.8%

21.6%

7.7%

7.2%

20.3%

7.7%

8.0%

22.3%

35.8%

12.0%

9.9%

35.8%

12.0%

9.9%

35.4%

10.2%

8.1%

31.8%

10.5%

7.5%

37.3%

31.5%

39.1%

13.1%

9.6%

39.1%

13.1%

9.6%

32.8%

11.8%

7.6%

48.0%

19.2%

20.2%

23.1%

19.3%

26.8%

9.1%

8.0%

27.3%

9.5%

8.4%

27.2%

8.5%

7.4%

25.2%

9.2%

7.8%

* “Total” is the sum of the five species listed in the table (i.e., Na+, SO42-, NH4+, NO3-, and Cl-).
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3.4 Computational Cost of Schemes
Table 3.11 shows the CPU times per simulation hour averaged based on simulations
for the HK, TB, and CRPAQS/AN cases. All the simulations are conducted on dual Xeon
computer nodes with 2.8-3.2 GHz Intel Xeon Processors, 4-GB memory on an IBM Blade
Center Linux Cluster at North Carolina State University. As expected, the bulk equilibrium
approach is the most computationally-efficient. Since the Walcek scheme requires a small
time step, it is the slowest scheme among all approaches tested here. The CPU time for the
8-bin kinetic/APC_MC scheme with the same time step as kinetic/Walcek (i.e., 0.5 s) is 1.8
s, which is close to that (2.2 s) used by the 8-bin kinetic/Walcek scheme. With a time step of
15 seconds, the 8-bin kinetic/APC_MC scheme becomes much faster (i.e., 0.11 s). Since the
modified CMU hybrid/APC_MC approach uses the bulk equilibrium approach for the first 6
sections, it costs about half of the CPU time of the 8-bin kinetic/APC_MC approach (0.06 s).
The ability to use larger time steps while maintaining the accuracy makes both the
kinetic/APC_MC and the modified CMU hybrid/APC_MC approaches attractive for their 3D applications.

Table 3.11. The CPU time per simulation hour and time step used for different gas/particle
mass transfer approaches in the box MADRID test simulations.
8-bin

Number of bins
Equilibrium
Approach
CPU time, s
Time step used, s

CIT

CMU

APC_MC

0.03

0.03

0.11

60

60

500-bin

Kinetic

15

1.8
0.5

Walcek
2.2
0.5

Kinetic

Modified CMU
Hybrid/APC_MC

APC_MC

Walcek

0.06

115.9

133.7

0.5

0.5

60 for equilibrium calculation;
15 for kinetic calculation

3.5 Summary
Three gas/particle mass transfer approaches (i.e., bulk equilibrium, kinetic, and
hybrid) and five condensation/evaporation schemes (e.g., the Bott, T-G, Walcek, APC_MC,
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and APC_FM schemes) are evaluated using benchmarks with a high size resolution and a
small time step and available observations. In the condensation-only test with a hypothetical
case, the APC_FM, APC_MC, and Walcek schemes are more accurate than the Bott and T-G
schemes. The original formulation of the Bott scheme as implemented in several PM air
quality models is subject to upstream diffusion; its continued use is not justified without
modifications for simulating condensation and gas/particle mass transfer in air quality
models. By increasing the size resolution for the APC_FM scheme and both the size and
pulse resolutions for the T-G scheme, their performance can be greatly improved. The box
MADRID tests for gas/particle mass transfer approaches are conducted using observations
from three distinct sets of size and composition resolved PM measurement and concurrent
gas species and meteorological data obtained in Hong Kong, Tampa Bay, and Angiola from
California Regional PM10/PM2.5 Air Quality Study. Observations and benchmark results are
used to evaluate performance of various approaches for all three cases except Tampa where
observations after 48-hr simulation are not available. For HK and TB cases with high nitrate
in the coarse mode, bulk equilibrium approaches fail to predict the distribution of semivolatile species (e.g., NH4+, Cl-, and NO3-) when the observed aerosol is not in an equilibrium
state and the compositions of different sections are different due to its inherent weaknesses:
assuming an instantaneous equilibrium between bulk gas and liquid/solid phases and internal
mixture across all the sections. The CMU hybrid approach also has a similar problem but to
a lesser extent for some cases since it assumes bulk equilibrium for fine size sections,
although it is considered to be reasonably accurate. The kinetic approaches (including the
kinetic/APC_MC and kinetic/Walcek schemes) predict the most accurate solutions for the
HK case as compared with observations and the benchmarks. For the TB case, the modified
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CMU hybrid/APC_MC, kinetic/APC_MC, and kinetic/Walcek approaches predict the closest
distributions to the benchmarks, although the resulting size distributions for chloride
simulated by all approaches significantly deviate from its initial distribution, resulting from a
lack of treatment for crustal species in the aerosol thermodynamic calculation in the box
MADRID under such conditions. For the CRPAQS/AN case with all nitrate in the fine
mode, the bulk equilibrium approach predicts a similar size distribution to that of the kinetic
and hybrid approaches since the aerosol sample is close to equilibrium. The performance of
all approaches against observations and benchmarks is quite similar.
Among all approaches tested, the bulk equilibrium approach is most computationallyefficient. The kinetic/Walcek scheme provides an accurate solution but is the slowest due to
its requirement for a small time step.

The kinetic/APC_MC and modified CMU

hybrid/APC_MC schemes appear to be attractive for 3-D applications by providing the best
compromise between accuracy and computational efficiency.

MADRID has been

incorporated into an advanced 3-D Weather Research and Forecast/Chemistry Model
(WRF/Chem) (referred to as WRF/Chem-MADRID) (Zhang et al., 2005; Hu and Zhang,
2006). Simulations with the CIT bulk equilibrium, the modified CMU hybrid/APC_MC
scheme, and the kinetic/APC_MC schemes have been conducted using WRF/ChemMADRID (Hu et al., 2006; Hu and Zhang, 2007) to further evaluate the performance of those
schemes in the presence of other processes such as transport and removal. Such 3-D model
simulations will provide an assessment of their performance in real atmosphere and will be
presented in the next chapters.
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4. INCORPORATION OF MADRID INTO WRF/CHEM AND INITIAL TESTING
WITH THE TEXAQS-2000 EPISODE

In the previous chapter, several mass transfer approaches in the Model of Aerosol
Dynamics, Reaction, Ionization and Dissolution (MADRID) (Zhang et al., 2004) have been
improved and tested with three observed cases. The modified CMU hybrid/APC_MC and
kinetic/APC_MC approaches are identified to be attractive for 3-D applications by providing
the best compromise between numerical accuracy and computational efficiency. The aerosol
module MADRID with improved gas/particle mass transfer approaches has been
incorporated into WRF/Chem. The resulting modeling system is referred to as WRF/ChemMADRID and it has been tested in a 3-D application, i.e., a 5-day summer time episode
around the eastern Texas (TX), United States (U.S.).

The predictions by WRF/Chem-

MADRID are evaluated against available observations and the model sensitivity to different
mass transfer approaches is analyzed. The detail model setup and simulation results are
presented below.
4.1 Incorporation of MADRID into WRF/Chem
The first version of WRF/Chem (Version 1.03) (Grell et al., 2005) only has one
aerosol module option, i.e., the Modal Aerosol Dynamics Model for Europe (MADE)
(Ackermann et al., 1998) with the secondary organic aerosol model (SORGAM) (Schell et
al., 2001) (referred to as MADE/SORGAM). The Model for Simulating Aerosol Interactions
and Chemistry (MOSAIC) (Zaveri et al., 2008) was incorporated into WRF/Chem version
2.0 as the second aerosol module option by Fast et al. (2006). The third aerosol module
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option for WRF/Chem that has been added through this thesis work is the Model of Aerosol
Dynamics, Reaction, Ionization and Dissolution (MADRID) of Zhang et al. (2004) (Zhang et
al., 2005; Hu and Zhang, 2006). The comparison among the aerosol treatments of the three
aerosol modules is shown in Table 2.5.

Since MADRID also uses a sectional size

representation that is similar to that used in MOSAIC, the MADRID was incorporated into
WRF/Chem following the interface of MOSAIC. MADRID shares the same emission driver,
deposition driver and treatments of aerosol initial and boundary conditions as those used by
MOSAIC.

Figure 4.1. WRF/ChemModel System (Taken from Steven Peckham‘s presentation at 2007
WRF/Chem mini-tutorial).
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radiation_driver

solve_em

surface_driver
solve_interface.F
(/share)
chem_driver

pbl_driver
cumulus_driver

vertical_diffusion_2

horizontal_diffusion_2
flow_dep_bdy_chem

microphysics_dirver
Figure 4.2. Flow chart of major processes solved in WRF/Chem
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solve_interface.F
(/share)

chem_driver
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CASE(BEIS311)
bio_emissions_beis311

set_tiles
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CASE (MADRID)
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sum_pm_mosaic

sum_pm_driver

Figure 4.3. Flow chart of chemistry driver in WRF/Chem
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Figure 4.1 shows the structure of the WRF/Chem model system. WRF Preprocessing
System (WPS) is to prepare meteorology inputs to the real program (i.e., real.exe) for realdata simulations. In the ―Real Data Initialization‖ process, real.exe is used to combine the
meteorology data from WPS outputs, optional biogenic emissions data, and optional old
WRF/Chem simulation data to prepare the initial conditions (ICs) and boundary conditions
(BCs) for simulations.

With the ICs and BCs generated in ―Real Data Initialization‖,

WRF/Chem Model could start the simulations given ―Gridded Anthropogenic Emissions
Data‖. The outputs of WRF/Chem are in netCDF format, which can be interpreted by
several softwares such as Vis5D, NCVIEW, etc.
Figure 4.2 shows the flow chart of major processes solved in WRF/Chem. It could be
noticed that chem_driver is integrated at the end of the integrating sequence (after pbl_driver,
cumulus_driver, microphysics_driver, etc.), which is consistent with the suggestion of
integrating the stiff processes (e.g., gas-phase chemistry, aerosol dynamics) at the end of
integration sequence in air quality models (Sportisse, 2007; Mallet et al., 2007). The flow
chart of the chemistry driver in WRF/Chem is given in Figure 4.3. The time splitting
sequence in the chem_driver follows an order of emissions_driver, photolysis_driver,
dry_dep_driver, mechanism_driver, and aerosols_driver.

In the emissions_driver,

anthropogenic emission treatments are considered after biogenic emission treatments. The
photolysis_driver calculates the photolysis rates that will be used in the mechanism_driver
later when solving gas-phase chemical mechanism. In the dry_dep_driver, the dry deposition
velocity is first calculated for gas using the Wesely approach (Wesely, 1989) and then
calculated for aerosols. Following that, the removal process of chemical species due to dry
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deposition is calculated together with vertical mixing (vertmx). The aerosols_driver invokes
different aerosol modules based on different options including the MADE/SORGAM, the
MOSAIC, and the MADRID. Currently a switch is hardwired in the code of WRF/ChemMADRID for MADRID to be used. By turning on the switch, MADRID will substitute
MOSAIC for aerosol simulation. By doing so, all the other processes that coupled with
MOSAIC will be automatically coupled with MADRID.

Since aerosol species in

WRF/Chem are integrated in a unit of µg/kg-dryair, sum_pm_driver is used to convert PM2.5
from mass mixing ratio to mass concentration in µg m-3 in model outputs to facilitate
comparisons with observed PM concentrations. The functions of each driver in Figure 4.3
are summarized in Table 4.1.
Table 4.1. Functions of major chemistry drivers in WRF/Chem

emissions_driver

Add biogenic and anthropogenic emissions to species concentrations

photolysis_driver

Calculate photolysis rate that will be used in mechanism_dirver

dry_dep_driver

Calculate the dry deposition velocity for both gaseous and aerosol
species and integrate the effect of dry deposition in vertical mixing
(vertmx).

mechanism_driver

Solve gas phase mechanism

aerosols_driver

Invoke different aerosol modules based on different choices.

sum_pm_driver

Calculate PM2.5 in µg m-3 from µg kg-1 dryair based values.

The original MADRID codes were written in FORTRAN 77 fixed format while
WRF/Chem codes are written in FORTRAN 90 free format. MADRID codes are converted
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to FORTRAN 90 free format before its incorporation into WRF/Chem. As an initial step,
MADRID is coupled with the gas phase mechanism Carbon Bond Mechanism version Z
(CBM-Z) (Zaveri and Peters, 1999). An interface that maps between the global variables of
WRF/Chem-CBM-Z and local variables in MADRID has therefore been developed to
incorporate MADRID into WRF/Chem. The resulting modeling system is referred to as
WRF/Chem-MADRID.
4.2 Testbed, Model Configurations, and Simulation Design
A 5-day (1200 GMT, Aug. 28 – 0600 GMT, Sept. 2) episode from the 2000 Texas
Air Quality Study (TexAQS-2000) in the eastern Texas is used as an initial testbed for
WRF/Chem-MADRID. TexAQS-2000 is an intensive field study for ozone (O3) and other
pollutant issues in the Houston-Galveston area. Houston is the fourth most populous city in
the U.S. with a population of four millions. Traffic and other anthropogenic activities result
in high emission rates of NOx and volatile organic compounds (VOCs) in this area. The
isoprene and monoterpene emissions from the forested regions in the northeast of Houston
also contribute to the total VOC emissions in the Houston area, depending on the wind
direction. Exceedance of annual PM2.5 NAAQS of 15 µg m-3 is a concern of Houston‘s
environmental issue (Russell et al., 2004).

In this area direct emissions contribute

approximately 40-50% of PM2.5 while secondary sources account for 50-60% of PM2.5 and
inorganic species dominate the secondary PM (Russell and Allen, 2004; Pavlovic et al.,
2006; Allen and Fraser, 2006). The southeastern Texas is affected by sea-salt emissions from
the Gulf of Mexico as well as the anthropogenic emissions. Certain gas/particle mass
transfer approaches may fail to predict the distribution of semi-volatile species for areas
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where anthropogenic emissions are mixed with sea-salt emission (Hu et al., 2008). The high
percentage of secondary PM and the mixing of sea-salt emission and anthropogenic emission
make the TexAQS2000 episode an ideal testbed to test the mass transfer approaches in
WRF/Chem-MADRID. Another distinct characteristics of Houston as compare with other
large cities in the U.S. is the numerous petrochemical industries in its surrounding area. 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). The O3 mixing ratios in
Houston often exceed the former 1-h National Ambient Air Quality Standard (NAAQS) of
120 ppb (Note: As of June 15, 2005 EPA revoked the 1-hour ozone standard in all areas
except the 8-hour ozone nonattainment Early Action Compact Areas). Under favorable
meteorology conditions, the O3 formation in Houston is rather rapid and some high O3 events
are observed even when background O3 mixing ratio is modest (Daum et al., 2004), making
the O3 problem in Houston quite unique.
In August and September of 2000, the largest air quality study ever done for this area
(i.e., the TexAQS-2000) was conducted to improve the understanding of the formation and
transport of the pollutants along the Gulf Coast of the southeastern Texas.

Intensive

measurements of gaseous, particulate, and hazardous air pollutants were made at
approximately 20 ground stations, located throughout the eastern half of Texas. Significant
research efforts are devoted to investigate the pollution issues around the Houston-Galveston
area based on their field (e.g., Banta et al., 2005; Russell et al., 2004; Allen and Fraser, 2006;
Kleinman et al., 2002, 2005; Ryerson et al., 2003; Wert et al., 2003; Daum et al., 2003; Karl
et al., 2003; Murphy and Allen, 2005; Webster et al., 2007) or modeling studies (e.g., Zhang
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et al., 2007; Darby, 2005; Jiang and Fast, 2004; Nam et al., 2006; Tanaka et al., 2000, 2003;
Change et al., 2002; Chang and Allen, 2006). The modeling study in this work will focus on
the effects of different gas/particle mass transfer approaches on the performance of 3-D air
quality predictions over the eastern Texas. To our best of knowledge, this has not been
studied in the past. The observational data used for our model evaluation are summarized in
Table 4.2

Table 4.2. Dataset used for evaluation of WRF/Chem-MADRID

Networks

Variables or species

Data frequency

AIRS1

O3

1-h

CASTNET1

O3

1-h

NARR1

Precipitation, wind at 10-m, temperature at 2-m, 3-hr
relative humidity at 2-m

TCEQ1

Wind, temperature, relative humidity, O3, PM2.5

1-h

MODIS1,2

Aerosol optical depth (AOD)

1-day

1.

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
2.
MODIS data used in this study is taken from the Terra satellite. Its overpass time is at
10:30 am, LST.

In this work, WRF/Chem-MADRID has been applied to a 5-day period (August 28
1200 GMT to September 2 0600 GMT) selected from the TexAQS-2000. This episode has
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also been used for sensitivity studies of WRF/Chem predictions to various meteorological
schemes in Misenis et al. (2005, 2008) and Misenis (2007). There are several reasons for
selecting the 5-day period. First, more than 20 1-h O3 exceedances were observed during this
period in the Houston-Galveston-Brazoria area, among which 6 of them exceeded 150 ppb
(http://www.tceq.state.tx.us/cgi-bin/compliance/monops/peak_monthly.pl).

Second,

sea

breezes were observed during this period on Aug 29-31, 2000, which is the typical
meteorological circumstance associated with the high O3 events in the Houston area (Banta et
al., 2005; Darby, 2005).
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Figure 4.4. Daily total precipitation from North American Regional Reanalysis (NARR) from
Aug. 29 to Sept. 1, 2000.
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The model inputs are setup for a region of 1056 × 1056 km2 with a 12-km horizontal
grid spacing and 56 layers vertically from surface to 100 mb. Physics options used for the
WRF/Chem-MADRID simulations include the Goddard shortwave radiation scheme (Chou
et al., 1998), the rapid and accurate radiative transfer model (RRTM) (Mlawer et al., 1997)
for longwave radiation, the Yonsei University (YSU) boundary layer scheme (Hong and
Dudhia, 2003; Hong et al., 2006), and the National Center for Environmental Prediction,
Oregon State University, Air Force, and Hydrologic Research Lab‘s (NOAH) land-surface
scheme (Chen and Dudhia, 2001a, 2001b; Ek et al., 2003). Microphysics is turned off since
there is no precipitation around Houston-Galveston area during this episode as shown from
the North American Regional Reanalysis (NARR) (Mesinger et al., 2006) in Figure 4.4.
Model input data are set the same as Fast et al. (2006). Meteorological initial and lateral
boundary conditions were obtained from the NARR. The sea-surface temperatures (SSTs)
assimilated in NARR come from a variety of sources (Shafran et al., 2004; Mesinger et al.,
2006). The main source is the 1-degree Reynolds dataset (Reynolds et al., 2002), which has
a weekly time resolution. Since our simulation period is in one week, the SSTs used by the
model are constant through the simulation period. Using higher resolution (both spatial and
temporal) SST data may potentially increase the model performances (Zhang, 2007; LaCasse
et al., 2008). The chemical initial and lateral boundary conditions are set horizontally
homogeneous. The initial surface PM2.5 concentration is set to be 8 µg m-3 based on regional
particulate measurements (Fast et al., 2006). The set up of homogeneous initial and lateral
boundary conditions for PM is justified because PM2.5 mass concentrations and composition
are found to be generally spatially homogeneous throughout the southeastern TX on a
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seasonal average (Russell et al., 2004; Allen and Fraser, 2006). The emissions of gas phase
species were provided by the Texas Commission on Environmental Quality (TCEQ). The
particulate matter emission was obtained from the EPA‘s 1999 National Emissions Inventory
(NEI) version 3. Eight size sections are used to represent the aerosol size distribution.
Secondary organic aerosol (SOA) module is not activated in all simulations. Although
organic carbon (OC) makes up ~25-30% of total PM2.5, primary emissions are its dominant
source around the Houston area (Russell and Allen, 2004; Allen and Fraser, 2006).
Neglecting SOA may affect OC predictions, it may not introduce large errors in the testing of
gas/particle mass transfer approaches as most of OC exist in the PM2.5 size range (Russell et
al., 2004).

To test the effects from improvements of mass transfer approach in 3-D

simulations, simulations are conducted with three different gas/particle mass transfer
approaches, i.e., equilibrium, hybrid, and kinetic approaches. Since the predictions by the
CIT and the CMU bulk equilibrium approaches in our box model tests in Chapter 3 show
negligible differences, the CIT bulk equilibrium approach is selected to represent the
equilibrium approach. Since the modified CMU hybrid/APC and kinetic/APC are identified
to be accurate and computationally-efficient (Hu et al., 2008), they are chosen to be tested in
WRF/Chem-MADRID. The simulations of WRF/Chem-MADRID with the equilibrium,
hybrid, and kinetic approaches are referred to as WRF/Chem-MADRID (EQUI), (HYBR),
and (KINE) respectively. Some key model configurations are summarized in Table 4.3.
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Table 4.3. Selected configurations of WRF/Chem used in all model simulations
Physics and chemistry options
Shortwave Radiation
Longwave Radiation
Photolysis rate scheme
PBL scheme
Land surface scheme
Aqueous phase chemistry
Microphysics
Cumulus
Gas-phase Mechanism
Aerosol Module
Meteorological Initial and Boundary Conditions
Chemical Initial and Boundary Conditions
Gas phase emission
Particulate matter emission
Aerosol direct forcing
Aerosol indirect forcing

Scheme
Goddard short wave
RRTM
Fast-J
YSU
NOAH
Turned off
Turned off
Grell-Devenyi ensemble scheme
CBM-Z
MADRID
NARR
Horizontally Homogeneous
TCEQ
NEI V3
Simulated
Not simulated

Note:
MADRID: the Model of Aerosol Dynamics, Reaction, Ionization and Dissolution
NARR: the North American Regional Reanalysis
NEI: the National Emissions Inventory
NOAH: the National Center for Environmental Prediction, Oregon State University, Air
Force, and Hydrologic Research Lab
RRTM: the rapid and accurate radiative transfer model
TCEQ: the Texas Commission on Environmental Quality
YSU: the Yonsei University

Two updates were applied to WRF/Chem-MADRID in all the simulations. First, the
slip factor (Cc) used in the dry deposition process is updated from Cc = 1 + Kn×1.246
(Binkowski and Shankar, 1995) to Cc = 1 + Kn (1.257 + 0.4 exp(-1.1/Kn)) (Seinfeld and
Pandis, 2006), where Kn is Knudsen number. This update was based on the finding that the
dry deposition for MOSAIC/MADRID in WRF/Chem may be too high, which may be
responsible for large overpredictions of PM2.5 simulated by WRF/Chem-MADRID over the
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2004 New England Air Quality Study (NEAQS) episode (Hu et al., 2007). Second, the
thermodynamic model ISORROPIA has been updated from version 1.5 to 1.7. The main
updates of ISORROPIA from version 1.5 and 1.7 include water activity database and code
optimizations
(http://nenes.eas.gatech.edu/ISORROPIA/Version1_7/ISORROPIA17Manual.pdf).
4.3 Statistic Metrics for Model Evaluation
A number of statistical metrics are used for model evaluation.

These include:

correlation coefficient (corr), mean bias (MB), mean absolute gross error (MAGE), root
mean-square error (RMSE), mean normalized bias (MNB), mean normalized absolute error
(MNAE), normalized mean bias (NMB), normalized mean error (NME), fractional bias (FB),
fractional absolute error (FAE), normalized mean bias factor (NMBF), and normalized mean
error factor (NMEF). Formulas for these metrics can be found in the U.S. EPA guidance
reports (1991, 2001, 2007), Seigneur et al. (2000), Yu et al. (2006), and Zhang et al. (2006).
These statistical metrics are commonly used in air quality model evaluations (e.g., Zhang et
al., 2006, Queen et al., 2008).
4.4 Evaluation of Meteorological Predictions
A few studies have demonstrated 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;
Zhang et al., 2007). Without properly capturing these meteorological processes, it is unlikely
for the model to accurately capture the O3 events in terms of time of occurrence, location and
peak values.

The meteorological predictions are therefore first evaluated before the
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evaluation of the chemical predictions. Since the feedback (i.e., aerosol direct effect) (note:
aerosol indirect effect is not simulated in this study, see Table 4.3) is considered in
WRF/Chem-MADRID, the simulations with different mass transfer approaches will give
different meteorology due to the feedbacks of different aerosols from these simulations. The
sensitivities of the aerosol feedback to different mass transfer approaches will not be the
focus of this study. Such feedbacks from simulated aerosols with the three gas/particle mass
transfer approaches may be very similar, therefore only the meteorological predictions from
WRF/Chem-MADRID (EQUI) are discussed below.
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Figure 4.5. Comparison of predicted daily average wind field with those from NARR from
Aug. 29 to Sept. 1, 2000.
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Predicted daily average wind fields for four full days (Aug. 29 – Sept. 1) are shown in
Figure 4.5. To verify the predicted weather system, those fields are compared with the wind
fields from NARR. NARR data set is produced using the National Center for Environmental
Prediction (NCEP) Eta Model and its Data Assimilation System (DAS) with a horizontal
resolution of 32 km.

Numerous datasets (e.g., temperature, precipitation data) were

assimilated in NARR data. The bias of NARR data against surface station data was shown to
be small (Mesinger et al., 2006). NARR dataset have been previously used for other model
evaluation (Kim and Stockwell, 2007; Gustafson and Leung, 2007). Figure 4.5 shows that
WRF/Chem-MADRID and NARR give a very similar synoptic weather system. A high
pressure system occurred over the southeastern Texas and Gulf of Mexico from the
clockwise wind fields. The high pressure center predicted by WRF/Chem-MADRID is to the
west of that from NARR on Aug. 29.
The Houston-Galveston area often suffers from high O3 mixing ratios, which may be
associated with the occurrence of sea breezes. Sea breeze circulations were clearly observed
on Aug. 29 – 31, 2000 over this area (Banta et al., 2005; Daum et al., 2003; Hu and Zhang
2006). Daum et al. (2003) analyzed the sea breeze development on Aug. 29, 2000. The
observed wind fields at 8, 10, 12, 14, 16, and 18, central standard time (CST) on Aug. 29 are
shown in Figure 4.6. The corresponding simulated wind fields are shown in Figure 4.7.
WRF/Chem-MADRID reproduced the observed sea breeze development sequence fairly
well. The wind around Houston in the morning is westerly wind. A sea breeze develops
around noon time. The front of the sea breeze reaches around Houston at 12 CST and a
confluence line forms there, when the wind field is nearly stagnant around Houston. The see
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breeze continues in the afternoon and the see breeze front reaches more inland until 18 CST.
Similar plots for observed and predicted wind fields on Aug. 30, 2000 are shown in Figure
4.8 (taken from Banta et al., 2005) and Figure 4.9. WRF/Chem-MADRID also reproduced
the onset of see breeze, however the predicted strength of the see breeze is not as strong as
that from observations.
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Figure 4.6. Observed wind fields and O3 mixing ratio on Aug. 29, 2000 (Daum et al., 2003).
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Figure 4.7. Predicted wind fields by WRF/Chem-MADRID on Aug. 29, 2000.
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Figure 4.8. Observed wind fields and O3 mixing ratio on Aug. 30, 2000 (Banta et al., 2005).
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Figure 4.9. Predicted wind fields by WRF/Chem-MADRID on Aug. 30, 2000.
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Figure 4.10. The land mask and land use used by WRF/Chem-MADRID, upper panel shows
the whole domain, lower panel shows the details around the Houston-Galveston area.
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Lack of penetration of the sea breeze is also seen from other model simulations (e.g.,
Angevine 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 in the
simulation of this study may be still too coarse to capture the local scale atmospheric
thermodynamics and dynamics in detail around the Houston area considering the rather
inhomogeneous coastline nearby. While a coarse resolution could reduce the performance of
numerical parameterizations in the model, it could also cause inaccuracies in model inputs
(e.g., land use and land cover). An accurate representation of land use is critical to accurately
predict the boundary layer meteorology (Grossman-Clarke et al., 2005).

Discrepancies

between model land use and that in the real world are suspected to contribute model biases in
Bao et al. (2005), however no detailed evidence is shown in that study. WRF/Chem uses the
24-category U.S. Geological Survey (USGS) land use and land cover dataset. Figure 4.10
shows land mask and land use used in the simulation. These data do not match exactly with
the coastal line, especially around Galveston Bay, where the division of land mask and land
use are too coarse to be accurate. The mismatching of the land use and land mask will lower
the model skill in terms of capturing the see breezes, especially over Houston where the
coastline is rather inhomogeneous.
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Figure 4.11. Comparison of predicted daily average T2 with those from NARR from Aug. 29
to Sept. 1, 2000.
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Figure 4.12. Comparison of predicted daily average 2m RH with those from NARR from
Aug. 29 to Sept. 1, 2000.
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Figures 4.11 and 4.12 show the daily average temperature (T2) and relative humidity
(RH2) at 2-m from NARR and WRF/Chem-MADRID. WRF/Chem-MADRID and NARR
show similar spatial patterns for T2 and RH2. Compared to NARR, WRF/Chem-MADRID
simulates lower temperatures in the northeast Texas and lower RHs in the north Texas on
Aug. 31 and Sept. 1. The aerosol direct effect is considered in WRF/Chem-MADRID while
it is not included in the ETA model, which was used to generate NARR datasets. The
aerosol direct effect simulated in WRF/Chem-MADRID may partially explain the lower
temperature predictions from WRF/chem-MADRID than those from the NARR because PM
reduces shortwave radiation, thus leads to lower temperatures (Zhang et al., 2008). Along
the coastal area, WRF/Chem-MADRID gives lower temperatures than NARR, especially on
Aug. 29 and 30. This may be due to the coarse resolution of land use and land mask used in
WRF/Chem simulation. As shown in Figure 4.10, coastal land areas are treated as oceanic
areas in the WRF/Chem simulation because of a coarse grid resolution.
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Figure 4.13. Temporal variations of temperatures at two meters (T2) at 32 observational sites.
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Figure 4.14. Temporal variations of relative humidity (RH) at two meters at 7 observational sites.
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Figures 4.13 and 4.14 show the temporal variations of T2 at 32 observational sites
(i.e., Houston East (HOEA), Houston Aldine (HALC), Houston Bayland Park (BAYP),
Houston Westhollow (SHWH), HRM-4 Sheldon Rd (H04H), LaPorte (H08H), Clinton
(C35C), HRM-3 Haden Road (H03H), Galveston Airport (GALC), Houston Deer Park
(DRPA), Conroe (CONR), Texas City (TLMC), Clute (CLTA), Northwest Harris
Co.(HNWA), HRM-7 W Baytown (H07H), HRM-10 Mont Belvieu (H10H), HRM-11 E
Baytown (H11H), CAMS 15, CAMS 48, CAMS 51, CAMS 100, CAMS145, CAMS148,
CAMS 169, CAMS 404, CAMS 64, CAMS 56, CAMS 94, CAMS 401, CAMS 59, CAMS 4,
and CAMS 66) and RH2 at 7 observational sites (i.e., Houston Aldine (HALC), Houston
Bayland Park (BAYP), Clinton (C35C), Galveston Airport (GALC), Houston Deer Park
(DRPA), CAMS 56, and CAMS 401). The overall statistics are shown in Table 4.4. T2
shows a high correlation of 0.92 and is only slightly overpredicted by 0.15 oC (NMB: 0.5%).
WRF/Chem-MADRID captures the diurnal variation of temperature quite well for most sites.
However, for Galveston Airport (GALC), Nessler Pool in Texas City (CAMS 100), and
Texas City (TLMC), the predicted temperatures show much weaker diurnal variations than
the observations. Again the mismatching of land use and land mask used in the model
simulations at those sites may help explain the discrepancies between the predictions and
observations. The three sites are all treated as ocean in the model (Figure 4.10). Over all 7
observational sites, RH2 is underpredicted by 28.4%. However this large bias is caused
largely by the significant underpredictions at Dallas Hinton St. (CAMS 401).
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Table 4.4. Performance statistics of meteorological predictions by WRF/ChemMADRID (EQUI)

MeanObs
MeanMod
Number
corr
ObsP95
ObsP50
ObsP5
ModP95
ModP50
ModP5
MB
MAGE
RMSE
MNB
MNGE
NMB, %
NME, %
FB
FGE
NMFB
NMFGE
MNFB
MNGFE
NMBF
NMEF

T2
31.22
31.37
3500
0.91
39.24
30.59
24.84
39.27
30.73
24.44
0.15
1.38
1.85
0.01
0.04
0.5
4.4
0.01
0.04
0.01
0.04
0.00
0.04
0.01
0.04

RH
62.48
44.72
793
0.71
95.70
66.50
22.50
85.27
38.97
15.14
-17.75
18.78
24.71
-0.26
0.28
-28.4
30.1
-0.35
0.37
-0.33
0.35
-0.62
0.64
-0.39
0.42

WS
2.92
3.17
3389
0.38
5.46
2.78
0.72
5.48
3.10
1.09
0.25
1.24
1.59
0.64
0.89
8.7
42.5
0.12
0.46
0.08
0.40
0.36
1.17
0.08
0.42
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WD
210.02
235.97
3389
0.48
308
212
99
319.99
241.55
142.49
25.94
44.79
70.10
0.66
0.74
12.4
21.3
0.13
0.23
0.11
0.20
0.49
0.91
0.12
0.21

PBL height
1089.27
1874.40
203
0.65
1970
1010
370
3480.77
1874.57
362.50
785.13
822.87
1070.10
1.37
1.42
72.1
75.5
0.44
0.51
0.53
0.55
1.35
1.44
0.72
0.75

Figure 4.15. Temporal variations of wind speed (WS) and wind direction (WD) at 31 observational sites.
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Figure 4.16. Temporal variations of wind vectors at 31 observational sites.
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Figures 4.15 and 4.16 show the temporal variations of wind speed, wind direction,
and wind vectors at 10-m height at 31 observational sites (Wind data from CAMS145 is not
available). On the average, wind speed is overpredicted by 8.7%. Mean observed wind
direction is south-southwestly while the simulated mean wind is biased by 25 degrees to be
more westly. WRF/Chem-MADRID captures the diurnal variations of the wind fairly well at
most sites. In addition to the overall statistics, the statistics for wind speed are calculated for
nighttime and daytime separately.

The performance of wind speed at night (with a

correlation coefficient of 0.374, an MB of 0.941, and an NMB of 39.8%) is worse than that
during daytime (with a correlation coefficient of 0.492, an MB of -0.374, and an NMB of 10.9%). The worse performance during nighttime may be due to the well-known model
deficiency in accurately simulating nocturnal turbulent mixing near the surface, which is a
common problem for all numerical weather prediction models (Bao et al., 2005).

175

Figure 4.17. Temporal variations of PBL height at 5 observational sites.
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Planetary boundary layer (PBL) height is particularly important for air quality
modeling and significant uncertainties are associated with the estimation of PBL height in
current air quality models (Dabberdt et al., 2004). Some studies are devoted to improve the
estimation of PBL height for the use of air quality models (e.g., Fatogoma and Jacko, 2002;
Simpson et al., 2007).
observational sites.

Figure 4.17 shows the temporal variation of PBL height at 5

Overall the PBL height is overpredicted by 72.1%.

In the model

simulation, the YSU PBL scheme is used, in which the PBL height is defined as the level at
which minimum flux exists (numerically judged by a zero critical bulk Richardson number)
(Hong et al., 2006). The observed PBL heights at the 5 sites are derived from the signal to
noise ratio measured by radar wind profilers (Fast et al., 2006) (Unfortunately the
observations of PBL height at nighttime are not available). Different ways to determine PBL
heights used in observations and the PBL schemes may cause the discrepancies to some
extent (Fast et al., 2006; Seibert et al., 2000). Wind profiler may not provide the best PBL
height estimation because vertical profiles of winds are more influenced by atmospheric
dynamics than PBL mixing (Pleim, 2007). The PBL heights derived from wind profilers are
usually biased low (Fast et al., 2006). Overpredictions of PBL height at a site in Houston for
the same episode are also simulated by MM5/Chem (Bao et al., 2005). In that study the
biases of PBL height are attributed to the errors of grid resolvable model state (wind,
temperature and moisture), parameterizations of surface-layer fluxes, soil thermal processes
and turbulent mixing within PBL. However, the exact causes for biases of PBL heights are
difficult to diagnose since lack of observations of relevant processes (e.g., turbulence, soil
thermal process).
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Figure 4.18. Locations of the TCEQ O3 observational sites.
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Figure 4.19. Predicted max 1-h O3 spatial distributions. The observed max 1-h O3 values are
indicated by the symbol ―o‖ overlaid with simulated values.
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4.5 Evaluation of Chemical Predictions
Because of frequent occurrences of exceedances of the former 1-h 120 ppb NAAQS
for O3 over the Houston area, the evaluation of simulated O3 mixing ratio focuses on the peak
O3 values.

Figure 4.18 shows the locations of TCEQ and Pacific Northwest National

Laboratory (PNNL) sites where the O3 measurement data are available. Figure 4.19 shows
the spatial distributions of daily maximum 1-h O3. The background contours are the model
predictions by WRF/Chem-MADRID (EQUI) and the dots overlaid on the contour are
observations from various sources including TCEQ, PNNL, the Aerometric Information
Retrieval System (AIRS), and the Clean Air Status and Trends Network (CASTNET). There
is a cluster of sites experiencing high O3 mixing ratios around Houston on all four days.
High O3 mixing ratios also occurred at a few sites in the southeastern corner of TX on Aug.
30, 31, and Sept. 1. High O3 plumes originated from the Houston area on Aug. 30 and 31,
which were formed through the photochemical reactions of O3 precursors (e.g., VOCs and
NOx) that were released from the Houston area.
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Figure 4.20. Temporal variations of O3 mixing ratios at 60 observational sites in TX.
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Figure 4.20 shows the temporal variation of O3 mixing ratio at 60 observational sites
from the TCEQ and PNNL sites. The predictions with different mass transfer approaches
(i.e., equilibrium, hybrid, kinetic) almost overlap with each other all the time, which indicates
that using different mass transfer approaches has negligible effects on O3 predictions. The
negligible impact of different mass transfer approaches on O3 predictions is also found in
Morris et al. (2005). WRF/Chem-MADRID captures the diurnal variations of surface O3
quite well. The observed times of the day when O3 mixing ratios increase and decrease are
generally reproduced well by model predictions at most sites. The NMB for predicted hourly
O3 throughout the simulation period is quite small: -4.6% from WRF/Chem-MADRID
(EQUI) (see Table 4.5). The NMB for daytime hourly O3 is -0.4%. This may indicate that
WRF/Chem-MADRID captures the O3 formation mechanisms quite well. During nighttime
the predicted hourly O3 mixing ratio is biased low by 3.7 ppb. At sites CAMS 42 (C42) and
CAMS 43 (C43), the predicted O3 does not show a diurnal variation as strong as
observations. This is because these two sites are close to the boundary of the domain (see
Figure 4.18). The predictions at these two sites are significantly affected by the boundary
conditions while the local O3 formation mechanism plays a less important role relative to
sites located inland.
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Table 4.5. Performance statistics of hourly O3 predictions by WRF/Chem-MADRID

equi
MeanObs
MeanMod
Number
corr
ObsP95
ObsP50
ObsP5
ModP95
ModP50
ModP5
MB
MAGE
RMSE
MNB
MNGE
NMB, %
NME, %
FB
FGE
NMFB
NMFGE
MNFB
MNGFE
NMBF
NMEF

54.60
54.30
3382
0.77
101
51
20
88.77
54.82
15.29
-0.22
12.43
17.07
0.09
0.30
-0.4
22.8
0.01
0.26
-0.00
0.22
-0.03
0.42
-0.00
0.22

Day time
hybrid kinetic

54.60
54.30
3382
0.77
101
51
20
88.64
54.92
15.20
-0.20
12.44
17.07
0.09
0.30
-0.4
22.8
0.01
0.26
-0.00
0.22
-0.03
0.42
-0.00
0.22

54.60
54.30
3382
0.77
101
51
20
89
54.82
15.17
-0.24
12.44
17.07
0.09
0.3
-0.4
22.8
0.00
0.26
-0.00
0.22
-0.03
0.42
-0.00
0.22

equi

Night time
hybrid kinetic

21.40
17.70
2806
0.52
50
18
2
39.87
16.47
0.24
-3.72
10.58
14.89
0.30
0.90
-17.4
49.5
-0.27
0.69
-0.19
0.54
-19.08
20.29
-0.21
0.59

21.40
17.80
2805
0.52
50
18
2
40.17
16.51
0.25
-3.63
10.56
14.78
0.30
0.91
-17.0
49.4
-0.26
0.69
-0.18
0.54
-15.73
16.96
-0.20
0.59

21.40
17.70
2806
0.52
50
18
2
39.82
16.46
0.24
-3.66
10.56
14.81
0.30
0.91
-17.2
49.4
-0.26
0.69
-0.18
0.54
-15.16
16.39
-0.20
0.59

equi

39.50
37.70
6189
0.83
90.37
33
4
83.25
34.78
1.36
-1.81
11.59
16.11
0.18
0.57
-4.6
29.3
-0.12
0.45
-0.04
0.3
-8.67
9.43
-0.04
0.30

Overall
hybrid

kinetic

39.50
37.80
6188
0.83
90.37
33
4
83.19
34.74
1.40
-1.75
11.58
16.07
0.19
0.58
-4.5
29.3
-0.11
0.45
-0.04
0.30
-7.15
7.92
-0.04
0.30

39.50
37.70
6189
0.83
90.37
33
4
83.32
34.76
1.33
-1.79
11.59
16.08
0.19
0.58
-4.5
29.3
-0.12
0.45
-0.04
0.30
-6.89
7.66
-0.04
0.30

However, some peak O3 values at some sites are underpredicted, for example, 133
ppb on Aug. 31 at Houston Aldine (HALC), 175 ppb on Aug. 30, and 168 ppb on Aug. 31 at
Houston Deer Park (DRPK), 199 ppb on Aug. 30 and 167 ppb on Aug. 31 at LaPorte
(H08H), and 137 ppb on Aug. 30 and 167 ppb on Aug. 31 at Houston East (HOEA). These
O3

exceedance

events

are

recorded
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at

http://www.tceq.state.tx.us/cgi-

bin/compliance/monops/peak_monthly.pl. These severe O3 exceedance events in Houston
summertime conditions have been previously investigated (e.g., Kleinman et al., 2002, 2005;
Ryerson et al., 2003; Wert et al., 2003; Daum et al., 2003; Karl et al., 2003). Most of
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 O3 over period of several days
(Ryerson et al., 2003). The previous studies show that the industry-emitted ethane and
propene could explain the unique O3 characteristic in Houston (Wert et al., 2003; Ryerson et
al., 2003).

The highly reactive lower molecular alkene and NOx chemistry trigger the

substantial and rapid O3 formation under favorable meteorological conditions.
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(a) HCHO correlate with O3 at the same time

(b) HCHO correlate with O3 1-h later

Figure 4.21. Correlation between measured HCHO and O3 at LaPorte, TX.
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The measurement of formaldehyde (HCHO) is made at LaPorte during the TexAQS2000 episode, where the model underestimates the peak O3 on Aug. 30 and 31. LaPorte is
located next to the Houston Ship Channel and may be affected by the petrochemicallyproduced plumes. Observed HCHO concentrations are much higher in petrochemicallyproduced plumes than those from mobile sources and power plant plumes (Wert et al., 2003).
HCHO is an intermediate of oxidation of VOCs, which result in O3 formation. HCHO is
found to be produced dominantly from the oxidation of light olefins (e.g., ethane and
propene) in the petrochemically-produced plumes (Wert et al., 2003). The measured HCHO
and O3 at the same time at LaPorte during the 5-day episode correlate with each other quite
well (see Figure 4.21(a)), with a correlation coefficient as high as 0.81. This may indicate
HCHO-involved chemical reactions play a critical role in O3 formation at LaPorte during this
episode. A high correlation between observed HCHO and O3 is also found at other in-situ
sites during the TexAQS-2000 episode around Houston area (Wert et al., 2003; Berkowitz et
al., 2004). Considering the formation of O3 may lag behind the emission/formation of
HCHO, a 1-h lag correlation is calculated between observed HCHO and O3 (i.e., HCHO vs.
O3 at 1-h later). The correlation (0.89) is even greater (see Figure 4.21(b)). Since light
olefins are the dominant HCHO precursors in Houston area, an accurate estimation of their
emissions is critical for the O3 predictions in this area.
Several possible factors may contribute to the failure of capturing the peak O3 values
at some sites around the Houston-Galveston area by WRF/Chem-MADRID.
First, light olefins (e.g., ethane, propene) emissions are underestimated in emission
inventories (Wert et al., 2003; Ryerson et al., 2003; Jiang and Fast, 2004). Jiang and Fast
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(2004) showed that the model could reproduce the observed peak O3 levels by increasing
ethane and propene emissions by a factor of 10.
Second, industry emissions could be episodic and variable, daily emissions in the
Houston-Galveston area could vary significantly from mean values over a long-term time
period (Murphy and Allen, 2005; Nam et al., 2006) and emission profiles in a day may be
variable and non-continuous (Webster et al., 2007). The eventual O3 formation highly
depends on the release time of the episodic emissions and the meteorology conditions at the
time of the emission events (Nam et al., 2006). A continuous emission is, however, used by
the model (Figure not shown). The variability of industrial emissions will be smoothed out
by using continuous mean values. For example, a plume of very high olefin (> 100 ppb)
emitted from around 2.5 km north of Deer Park (DRPA) at around 10:40 am on Aug. 30,
2000 was detected by a NOAA aircraft (Vizuete, 2005). Giving the northwesterly wind
around this time (see Figure 4.9), some downwind sites e.g., DRPA, and La Porte (H08H)
(around 7.5 km southeast to DRPA), were affected by this emission event. Thus high O3
mixing ratios are observed at DRPA and H08H on Aug. 30. However, since the episodic
emission event is not captured in the emissions used by the model, the predicted O3 mixing
ratios at DRPA and H08H on Aug. 30 are biased low significantly (see Figure 4.20).
Third, meteorological conditions (in particular, sea breezes and bay breezes) are not
accurately captured, partially due to the coarse grid resolution and inaccurate model inputs
(e.g., land use and land mask) at some locations as discussed in the meteorological evaluation
in section 4.4. For example, as shown in Figure 4.16, the wind change from northerly to
southerly at DRPA on Aug. 30, 2000 is not well captured by model simulation due to the
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lack of penetration of simulated sea breeze (see Figure 4.9), which is believed to partially
cause O3 bias on this day (see Figure 4.20).
Fourth, recent studies reported that the reaction of nitrogen dioxide (NO2) with water
may be an important source of tropospheric hydroxyl radical (OH), which is omitted in the
current air quality modeling (Li et al., 2008). Considering this OH radical sources, the
simulated O3 may be 10 ppb higher (Wennberg and Dabdub, 2008). Omitting this OH
radical source in the CBM-Z gas phase mechanism may lead to lower O3 prediction.
Finally, excluding chlorine chemistry in the CBM-Z gas phase mechanism may also
contribute to the underprediction peak O3 values. Recent research has demonstrated that the
chlorine radical chemistry has the potential to enhance O3 formation (Tanaka et al., 2000,
2003; Change et al., 2002; Chang and Allen, 2006). The peak 1-h O3 mixing ratios around
the Houston area during the TexAQS-2000 episode may be lowered by 5 ppb from CAMx
predictions if chlorine chemistry is excluded (Chang and Allen, 2006).
Since most model evaluation and improvement focus on peak O3 values during the
day time (i.e., the max 1-h or max 8-h average), some models may be over-tuned to meet an
acceptable model-to-data error statistics in terms of max 1-h or max 8-h average O3 as the
performance for lower O3 periods (e.g., nighttime O3) may be less well (e.g., CMAQ (Arnold
and Dennis, 2001; Mebust et al., 2003)). Misenis (2007) and Misenis et al. (2008) applied
WRF/Chem with the RADM2 gas phase mechanism and the MADE/SORGAM aerosol
module to simulate the same TexAQS-2000 episode. The model performs worse in terms of
O3 predictions at night than during the daytime.

At night, the model systematically

overpredicts hourly O3 value by 83.1% (Misenis, 2007). For comparison, WRF/Chem-
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MADRID used in this work performs quite well for nighttime O3. As shown in Figure 4.20,
there is no systematic bias for nighttime O3. The MB shown in Table 4.5 is around 3.7 ppb
(with an NMB of -17%). Several reasons can explain the better performance of WRF/ChemMADRID than WRF/Chem-MADE/SORGAM used in Misenis (2007). First, WRF/Chem
version 2.11 was used in Misenis (2007) whereas version 2.2 is used in this work. Some
updates

concerning

the

YSU

PBL

scheme

were

made

after

version

2.11

(http://www.mmm.ucar.edu/wrf/users/wrfv2/updates.html), which may improve the chemical
predictions. Second, the CBM-Z gas phase mechanism is used in this work while RADM2
was used in Misenis (2007). RADM2 is shown to predict slightly higher O3 than CBM-Z
under rural conditions in a box model test (Zaveri and Peters, 1999).
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Figure 4.22. Temporal variations of PM2.5 concentration at 15 observational sites.
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Figure 4.23. Mean diurnal pattern of PM2.5 mass concentrations at 15 observational sites.
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Annual mean PM2.5 in the southeastern TX is close to the NAAQS of 15 µg m-3 and
tends to be higher near urban and industrial areas of Houston (Russell et al., 2004). The Gulf
Coast Aerosol Research and Characterization Study (GC-ARCH) was conducted to
investigate the PM issues in the southeastern TX (Allen and Fraser, 2006), which was
integrated as part of the study of TexAQS-2000. GC-ARCH provides PM data at high spatial
and temporal resolutions for model evaluation. The simulated PM2.5 temporal variation is
shown in Figure 4.22 together with the observed concentrations. The hourly-observed data
were collected with Tapered Element Oscillating Microbalance (TEOM) samplers except at
LaPorte, where the measurements were made with the Scanning Mobility Particle Sizer and
Aerodynamic Particle Sizer tandem (SMPS-APS). A few studies have shown that due to the
evaporation of semi-volatile species during the collection process, TEOM measured PM2.5
concentrations may have negative biases (Mignacca and Stubbs, 1999; Rizzo et al., 2003;
Grover et al., 2005; Hodzic et al., 2005; Lee et al., 2005; Chow et al., 2008). In some cases
the underestimation may be as high as -50% (Grover et al., 2005). SMPS-APS data are used
for LaPorte to be consistent with Misenis (2007) and the SMPS-APS is shown to be reliable
for continuous PM2.5 measurements and offers several advantages over other continuous
PM2.5 measurements (Shen et al., 2002; Solomon and Sioutas, 2008). In Figure 4.22, for
most cases, the predictions from the model with different mass transfer approaches are close
to each other. In a few cases the differences between the predictions with different mass
transfer approaches are noticeable, e.g., at GALC. The statistics against TEOM measured
concentrations in Table 4.6 shows that WRF/Chem-MADRID overpredicts PM2.5 by 37.1%
with the equilibrium mass transfer approach. With the hybrid, or the kinetic mass transfer
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approaches, the overprediction is lowered to 35.8% and 36.5% respectively. Unlike O3 that
only has one peak in the daily variation pattern, two peaks in the PM2.5 daily variation occur
at most sites. The mean diurnal pattern of PM2.5 for this episode is calculated and shown in
Figure 4.23 following the method used in Russell et al. (2004), Allen and Fraser (2006), Fan
et al. (2005), and Hogrefe et al. (2007). From the mean diurnal variations, the two-peak
pattern is recorded clearly from both observations and simulations for most sites. Such a
diurnal variation pattern is often observed in the Southeastern Texas (Russell et al., 2004).
Some hypotheses have been proposed to explain the ―two peak‖ pattern in this region (Fan et
al., 2005; Allen and Fraser, 2006).

Strong traffic sources, low mixing heights, nitrate

formation due to ammonia excesses and low temperatures, and bursts of photochemical
activity associated with sunrise may explain the early morning peak. Pavlovic et al. (2006)
demonstrated and explained the morning peak of nitrate. The peak in the afternoon may
reflect a contribution from secondary sources. At Hamshire (C64) the two-peak PM2.5 is
observed but missed from the model predictions. The missed diurnal variation may indicate
that the local PM source at C64 is missing in the emission used in the simulations and the
simulated PM concentrations at this site mostly resulted from regional transportation.
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Table 4.6. Performance statistics of PM2.5 predictions by WRF/Chem-MADRID
PM2.5
equi
hybrid
kinetic
MeanObs
10.30
10.30
10.30
MeanMod
14.20
14.00
14.10
Number
1682
1682
1682
corr
0.27
0.26
0.27
ObsP95
22.29
22.29
22.29
ObsP50
9.13
9.13
9.13
ObsP5
2.13
2.13
2.13
ModP95
28.90
27.16
28.83
ModP50
12.06
12.00
11.93
ModP5
7.92
7.96
7.81
MB
3.83
3.69
3.76
MAGE
6.57
6.43
6.53
RMSE
9.24
9.01
9.24
MNB
1.57
1.56
1.56
MNGE
1.71
1.70
1.70
NMB, %
37.1
35.8
36.5
NME, %
63.7
62.3
63.3
FB
0.39
0.39
0.38
FGE
0.56
0.56
0.56
NMFB
0.31
0.30
0.30
NMFGE
0.53
0.52
0.53
MNFB
1.52
1.51
1.51
MNGFE
1.76
1.75
1.75
NMBF
0.37
0.35
0.36
NMEF
0.63
0.62
0.63
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Figure 4.24. Daily average spatial distributions of PM2.5 mass concentrations. The measured daily average PM2.5 are indicated by the
symbol ―o‖ overlaid with simulated values.
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Figure 4.25. Daily average spatial distributions of simulated fine nitrate mass concentrations.
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Figure 4.26. Daily average spatial distributions of simulated coarse nitrate mass concentrations.
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The predicted daily average PM2.5 spatial distributions from WRF/Chem-MADRID
with three different mass transfer approaches (i.e., equilibrium, hybrid, and kinetic) are
shown in Figure 4.24. Over the inland area the differences between the predictions from
three simulations with different mass transfer approaches are trivial, which can also be shown
from the statistics in Table 4.6. The differences between the three mass transfer approaches
are mostly seen over the sea and some coastal areas. The PM2.5 concentrations in the plume
originating from Houston predicted from the equilibrium approach are much higher than
those from the simulations with the hybrid and kinetic mass transfer approaches and the
differences are mainly due to nitrate. The predicted fine nitrate spatial distribution is shown
in Figure 4.25. The fine nitrate plume originating from Houston area predicted by the
equilibrium approach is significantly higher than that predicted by the hybrid and kinetic
approaches, while the coarse nitrate predicted by the equilibrium approach is much lower
than that predicted by the hybrid and kinetic approaches (Figure 4.26). This is consistent
with the finding of Hu et al. (2006, 2007) and Hu and Zhang (2007). It could be noticed that
the coarse nitrate plume predicted by the hybrid and kinetic approaches matches well with
the coarse sodium plume that is shown in the fourth column of Figure 4.26. Sodium is a
tracer of sea salt aerosol and it is emitted together with chloride from the ocean. Most
sodium chloride is emitted in the coarse mode. Its emission is treated online as a function of
wind speed at 10 meter (Gong et al., 1997) in WRF/Chem. Sodium stays in the aerosol phase
before it is removed by dry and wet depositions since it is nonvolatile, while chloride may
exchange between aerosol and gas phase. The high correlation between coarse mode nitrate
and sodium predicted by the hybrid and kinetic approaches indicates the occurrence of
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reactions between ocean emitted sodium chloride and nitrogen species. It is believed that
nitrate enters aerosol phase through the chloride depletion process as follows (Zhuang et al.,
1999a, b):
R1: HNO3(g) + Cl- ↔ NO3- + HCl(g)
Thus the coarse mode nitrate plume predicted by the hybrid and kinetic approaches could be
explained as the results of reactions between sea salt and anthropogenic pollutant plume,
which contains plenty of nitric acid (which serves as a reservoir of urban, industry emitted
NOx). R1 is included in the thermodynamic model ISORROPIA (Nenes et al., 1998), which
is used by the aerosol module MADRID.

Since the hybrid and kinetic mass transfer

approaches both solve the mass transfer for coarse particles kinetically, the chloride depletion
process is correctly simulated. However in the equilibrium approach, the aerosol phase is
treated together to equilibrate with gas phase. Even though R1 can still be simulated by the
equilibrium approach, the transferred mass into aerosol phase will be redistributed among
each section based on initial sulfate distribution (Hu et al., 2008). Since most sulfate are in
accumulation mode, the transferred nitrate from the chloride depletion process will be
redistributed mostly to accumulation mode. This is the reason why fine nitrate plume (rather
than coarse nitrate plume) originating from Houston area is predicted by WRF/ChemMADRID with bulk equilibrium mass transfer approach.

More details concerning the

disadvantages of bulk equilibrium mass transfer approach can be found in Hu et al. (2008).
The difference between nitrate predictions from three mass transfer approaches may have a
significant different impact on nitrogen deposition since its deposition velocity highly
depends on its size distribution (Seinfeld and Pandis, 2005). The reason explained above
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could be further confirmed by the simulated predicted size/composition distributions at a
coastal site, GALC. As shown in Figure 4.27, GALC is affected by the sea salt emissions
from the coarse mode sodium. Chloride depletion process is captured correctly for the
sections that are solved kinetically in the hybrid and kinetic approaches.

Equilibrium

approach redistributes significant amounts of nitrate into fine mode, which increases total
PM2.5 concentration. Thus the higher PM2.5 predictions at GALC from the equilibrium
approach seen in the temporal variation in Figure 4.22 could be explained. 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 mass transfer approach, while kinetic
approach is found to correctly predict nitrate predominantly 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 µm) 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 diameter from 2.15 to 1 µm may improve the
performance of hybrid approach as indicated in Hu et al. (2008).
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Figure 4.27. Predicted size/composition distributions at GALC from WRF/Chem-MADRID with different mass transfer approaches.
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Equilibrium

Hybrid
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Kinetic
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Figure 4.28. The mass concentrations of daily average PM2.5 and its component at LaPorte, TX.

Figure 4.29. PM2.5 measurements using different instruments at LaPorte, TX.
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Since PM2.5 is overpredicted by WRF/Chem-MADRID with three mass transfer
approaches, the measurements of aerosol composition at LaPorte are used to investigate the
performance for individual components.
compared in Figure 4.28.

The simulated and observed components are

Since LaPorte is less impacted by sea salt emissions and

ammonium sulfate dominates the inorganic aerosol, no discernable differences can be found
from the predictions with different mass transfer approaches. The observations in Figure
4.28 are conducted using the Particle Composition Monitor (PCM). PCM collect PM2.5
samples on discrete time scales between 6 and 24 h depending on pollution level (Lee et al.,
2005). It should be noticed that there are significant differences between the measurements
conducted using different instruments. Figure 4.29 shows the measured PM2.5 using PCM,
TEOM, and SMPS-APS.

With such significant uncertainties and discrepancies in the

measurement data, model performance simply based on the simulation-observation statistics
is difficult to judge, thus not recommended.

Note that Other Inorganic (OIN) is not

measured, which is the difference between PM2.5 and total of other explicitly-measured
species (i.e., sulfate, nitrate, ammonium, sodium, chloride, elemental carbon, organic matter).
Thus, the bias of explicitly measured species may accumulate into the bias of OIN. As
shown in Figure 4.28, the model overpredicts total PM2.5 significantly on Aug. 30 and 31 at
LaPorte mainly due to the overprediction of OIN. The other species are predicted reasonably
well. OIN on Sept. 1 is also significantly overpredicted. The overprediction of OIN may be
due to its emission and initial condition. The chemical initial condition used in this study is
the same as Fast et al. (2006), in which 3.48 out of 8 µg m-3 is assigned to OIN as initial
condition while 2.14, 0.09 and 0.83 are assigned to sulfate, organic carbon and ammonium
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respectively. According to Russell et al. (2004), on the average, sulfate, organic carbon and
ammonium are the largest components in the southeast Texas and account 32%, 30%, 9% of
total PM2.5. It may be over-counted to assign such high fraction of PM2.5 to OIN (3.48 out of
8). Since OIN in PM2.5 is treated to be non-reactive and its removal rate is relatively low
since the deposition rate for fine particles is relatively low, the lifetime of OIN in PM2.5 may
be longer than what it should be. Thus the bias in IC may have a long impact on model
predictions.
Previous discussions focus on the predictions at the surface layer in which human
activities occur. However, from a large scale perspective, chemical predictions in upper
layers are of importance since large-scale chemical transport occurs in upper layers
(Carmichael et al., 2003; Tratt et al., 2001; Seinfeld et al., 2004). In this section, the model
predictions are evaluated in a 3-D perspective. Total column Aerosol Optical Depth (AOD),
an integrated measure of overall amount of light-absorbing particles in a path of atmosphere,
is discussed. AOD typically ranges from 0 to 5 (Engel-Cox et al., 2004a), with values over
unity indicating heavy haze. AOD at wavelength 0.55 µm could be retrieved from the
MODerate resolution Imaging Spectroradiometer (MODIS) with a grid resolution of 10×10
km2. MODIS has been aboard the polar satellites Terra since 1999 and Aqua since 2002.
The overpass times for Terra and Aqua are 10:00 am and 1:30 pm local time respectively.
MODIS AOD cannot be retrieved (or has larger uncertainty) under certain conditions such as
cloudy, strong sun glint from bodies of water, and over snow/ice and bright desert areas (AlSaadi et al., 2005). MODIS AOD has its own bias (Heald et al., 2006; Hauser et al., 2005)
and its retrieval algorithm may need improvements (Levy et al., 2007). Great effort has been
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spent to investigate and improve the correlation between MODIS AOD and surface PM2.5
observations (Engel-Cox et al., 2004b, 2006; Wang and Christopher, 2003; Hutchison et al.,
2005, 2008). It is found that in the eastern half of the U.S., the correlation between MODIS
AOD and surface PM2.5 mass concentration is high, thus AOD could be used as a good
indicator of PM2.5 level (Engel-Cox et al., 2004b). The factors that hinder the relationship
between MODIS-derived AOD and ground-level PM include, e.g., aerosol vertical
distribution, and aerosol type. The accurate derivation of ground-level PM concentrations
from MODIS may be possible given the detailed aerosol vertical distributions (Chu et al.,
2003). Using additional information from a global chemical transport model, van Donkelaar
et al. (2006) estimated surface PM concentrations based on MODIS AOD. Thus far MODIS
AOD data provides limited quantitative information with respect to PM2.5 mass. More
investigation and improvement of retrieve methods are needed before its wide use for
quantitative applications (Engel-Cox et al., 2004b).
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Figure 4.30. Simulated total column AOD from WRF/Chem-MADRID and MODIS derived AOD.

226

227

228

Roy et al. (2007) compared simulated AOD using the Community Multiscale Air
Quality (CMAQ) model with MODIS-derived AOD and demonstrated that CMAQ could
qualitatively capture the regional scale distributions of AOD. In this work, a comparison of
WRF/Chem-MADRID predicted AOD with MODIS-derived AOD is conducted.

The

specific data product used in this work is the level 3 MODIS aerosol product from the Terra
platform (note that Aqua is only available after 2002). The MODIS-retrieved AOD on Aug.
29 to Sept. 1 is shown in Figure 4.30 to compare with the total column AOD simulated by
WRF/Chem-MADRID. The blank areas in the MODIS AOD plots are the area without
MODIS data. The spatial patterns of predicted AOD with different mass transfer approaches
are very close and the predicted spatial pattern of AOD is significantly different from the
spatial distributions of surface PM2.5. Surface PM2.5 shows more small-scale events since it
is dominated by localized emissions. On the other hand, total column AOD shows more
large-scale pattern, which may indicate that PM2.5 in upper layers with less variability and
structure contribute mostly to the total column AOD. On Aug. 29 and 30, simulated AOD
captures the spatial pattern (warm gradient from west to east) of MODIS AOD even though
WRF/Chem underpredicts AOD in the eastern part of the simulation domain. On Aug. 31 and
Sept. 1, there are some discrepancies between WRF/Chem-predicted AOD and MODISretrieved AOD. WRF/Chem predicts high AOD values along the coastal line of TX on Aug.
31 while no such high values were observed by MODIS. The area with high AOD values
simulated by WRF/Chem on Sept. 1 is mostly over oceanic areas whereas the MODIS AOD
shows high values along the coast of TX and the southwest corner of Missouri (MO). The
correlation between the simulated AOD and MODIS-retrieved AOD on each day is shown in
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Figure 4.31. The highest correlation, 0.68, is found on Aug. 29. The lowest correlation,
0.45, is found on Sept. 1. The correlations on Aug. 30 and 31 are 0.57 and 0.65, respectively.

Figure 4.31. Correlation between AOD retrieved from MODIS and simulated by
WRF/Chem-MADRID (EQUI).
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Overall simulated AOD captures regional-scale distribution and day-to-day
variability. However discrepancies exist over certain areas on some days. The discrepancies
may be due to the biases from both MODIS data and WRF/Chem-MADRID. Evaluation of
simulated PM vertical profile is critical to the understanding of the bias of AOD predictions.
The bias of simulated AOD directly relates to the bias of PM vertical profile. One possible
reason for the bias of the simulated PM profile may be related to the boundary conditions for
aerosol species. A few studies have investigated the biases of chemistry predictions possibly
caused by uncertainties of boundary conditions (Tang et al., 2007; Jimenez et al., 2007). In
current model setup of WRF/Chem, constant PM2.5 boundary condition is used, 8 µg m-3 is
set within 2 km of the ground and it is proportionally reduced above 2 km as that used in Fast
et al. (2006). Since constant inflow boundary is used, large scale chemical transport events
that cross the boundary of simulation domain will not be captured by the model. With such
events, the PM predictions are likely biased. Since upper layers are not directly affected by
surface emissions, chemical species concentrations there may be dominated by boundary
conditions.

Thus, inaccurate boundary condition would severely affect the model

performance in upper layers.
4.6 Feedbacks of Aerosols into Boundary Layer Meteorology
The presence of aerosols in the atmosphere will alter the downward solar radiation by
absorption/scattering and cloud properties by serving as cloud condensation nuclei (CCN).
They are termed as aerosol direct effect and indirect effect, respectively. WRF/Chem can
simulate such aerosol feedbacks as an online-coupled model. In this section, the feedbacks
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of aerosol into boundary layer meteorology are discussed. The three simulations discussed
above (WRF/Chem-MADRID with the equilibrium, hybrid, kinetic mass transfer
approaches) consider only aerosol direct effect. To estimate the gas and aerosol feedback, a
simulation excluding both gas-phase and aerosol chemistry is conducted, which is referred to
as meteorology-only simulation. Figure 4.32 shows the difference in simulated surface
downward solar radiation between simulations with WRF/Chem-MADRID (EQUI) and with
the meteorology-only. The differences of solar radiation at 10:30 am local standard time on
each day are shown because MODIS AOD measurements are available at this time. The
radiation forcing of gas and aerosol over land is around ~-50 to -20 Wm-2 (correspond to -2%
to -5%). The radiation forcing is even higher (exceeding -50 Wm-2 or -5%) at Houston on
Aug. 31. It could be noticed that the spatial patterns of radiation forcing of gases and
aerosols in Figure 4.32 match well with those of simulated AOD in Figure 4.30.
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Figure 4.32. Absolute (left panel) and percentage (right panel) differences of surface
downward shortwave radiations simulated by WRF/Chem with and without gases and
aerosols.
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Figure 4.33. Simulated T2 by WRF/Chem-MADRID with and without gases and aerosols at 16 surface observational sites in TX.

236

237

238

Figure 4.34. Aerosol radiation forcing simulated by WRF/Chem-MADRID at 16 surface observational sites in TX.
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Figure 4.35. Total column AOD simulated by WRF/Chem-MADRID at 16 surface observational sites in TX.
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Different surface downward radiation fluxes lead to different atmosphere
temperatures. The temporal variations of simulated T2 with and without aerosols at 16
selected surface observational sites are shown in Figure 4.33. The corresponding temporal
variations of radiation forcing and column AOD are displayed in Figures 4.34 and 4.35. For
most sites, the highest aerosol radiation forcing occurs on Aug. 31, which reaches -70 Wm-2
at some sites. The radiation forcing follows loosely with the temporal patterns of the total
column AOD at each site. Note that the AOD is calculated for the vertical column of the
simulation domain while the actually solar radiation may go through a different path
depending on the solar zenith angle. Due to the negative aerosol radiation forcing, the
simulated T2 values from WRF/Chem-MADRID are lower than those from the meteorologyonly simulation for most sites at some specific times. From the statistics shown in Table 4.7,
the bias of T2 from WRF/Chem-MADRID (0.16 oC) is lower than that (0.40 oC) from the
meteorology-only simulation. Also the correlation is slightly higher when aerosol feedbacks
are considered. The bias for wind speeds at 10-m is also lower when aerosol feedbacks are
considered (0.253 m s-1 vs. 0.291 m s-1 from meteorology only simulation). Considering the
feedbacks of aerosols, the wind speed is not reduced throughout all the model layers. As
shown in Figure 4.36, WRF/Chem-MADRID (EQUI) predicts higher wind speed around 800
mb than that predicted by WRF.

The aerosol feedbacks on wind speed need further

investigations in our future study.
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Table 4.7. Performance statistics of T2 and 10-m wind speed from simulations with and
without gases and aerosols
T2
equi
Meteo only
MeanObs
31.22
31.22
MeanMod
31.37
31.61
Number
3500
3500
corr
0.91
0.91
ObsP95
39.24
39.24
ObsP50
30.59
30.59
ObsP5
24.84
24.84
ModP95
39.27
39.46
ModP50
30.73
31.08
ModP5
24.44
24.56
MB
0.15
0.39
MAGE
1.38
1.45
RMSE
1.85
1.92
MNB
0.01
0.01
MNGE
0.04
0.04
NMB, %
0.5
1.3
NME, %
4.4
4.6
FB
0.01
0.01
FGE
0.04
0.04
NMFB
0.01
0.01
NMFGE
0.04
0.04
MNFB
0.01
0.01
MNGFE
0.05
0.04
NMBF
0.01
0.01
NMEF
0.04
0.04
Note: Meteo only means simulation with WRF,
excluded.
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Wind Speed
equi
Meteo only
2.92
2.92
3.17
3.21
3389
3389
0.38
0.38
5.46
5.46
2.78
2.78
0.72
0.72
5.48
5.51
3.10
3.13
1.09
1.21
0.25
0.29
1.24
1.24
1.59
1.59
0.64
0.66
0.89
0.90
8.7
10.0
42.5
42.6
0.12
0.14
0.46
0.46
0.08
0.09
0.40
0.40
0.36
0.47
1.17
1.09
0.08
0.10
0.42
0.42
both gas and aerosol chemistries are

Figure 4.36. Domain wide mean wind speed profile difference (averaged over the simulation
period) between simulations with WRF and WRF/Chem-MADRID (EQUI).

4.7 Sensitivity of Aerosol Predictions to Coagulation Process
Coagulation is a process that two particles collide and stick together. It was neglected
in some air quality modeling studies (Wexler et al., 1994; Lurmann et al., 1997; Sun and
Wexler, 1998; Guillaume et al., 2007) because coagulation does not alter mass
concentrations in short-term simulations (Wexler et al., 1994; Debry and Sportisse, 2007).
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Jacobson (1997) reported that coagulation affects the number and mass concentrations of
particles smaller than 0.2 µm and such effects are reduced when gas/particle mass transfer
process is considered together with coagulation. Some recent studies show that coagulation
plays an important role for shaping aerosol size/composition distribution under heavilypolluted conditions (Zhang et al., 2005; Herner et al., 2006).
The sensitivity of aerosol predictions by WRF/Chem-MADRID to coagulation
process is evaluated for the TexAQS-2000 episode. The previous simulations are conducted
using WRF/Chem-MADRID without coagulation. Sensitivity simulation of WRF/ChemMADRID (EQUI) with coagulation is conducted. The coagulation solver in MADRID was
implemented by Zhang et al. (2008) based on Jacobson et al. (1994). Figure 4.37 compares
simulated size/composition distributions at six locations on Sept. 1, 2000 by WRF/ChemMADRID without and with coagulation. The differences in the size/composition distribution
are negligible. The relatively lower aerosol loading (~14 µg m-3 averaged among TCEQ sites
predicted by WRF/Chem-MADRID) may explain the negligible effect of coagulation in this
case. Coagulation affects mostly nucleation mode if coagulation plays a role (Jacobson,
1997). However, the aerosol emissions used in this study do not contain emissions for
nucleation mode (All the fine mode aerosol emissions are added to accumulation mode),
which may lead to even lower condensation rate in nucleation mode. Coagulation rate is a
quadratic function of aerosol number concentration (Jacobson et al., 1994). If the aerosol
loading decreases, the coagulation rate decreases rather fast (faster than linear decreasing).
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Figure 4.37. Comparison between simulations by WRF/Chem-MADRID without and with
coagulation.
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No coagulation

With coagulation
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No coagulation

With coagulation
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(a)

(b)

(c)

(d)

Figure 4.38. Number concentration in bin 01 (0.0215-0.0463 µm) simulated by WRF/ChemMADRID (a) with coagulation and (b) without coagulation and (c) their absolute difference
and (d) percent difference.
Since coagulation process plays more important role for small particles than large
particles, the predicted number concentrations in the first section (0.0215-0.0463 µm) and the
differences between simulations without and with coagulation are shown in Figure 4.38. The
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differences (in Figure 4.38 (c)) mostly occur in the area where there are higher aerosol
loadings (shown in Figure 4.38 (a) and (b)), which indicate coagulation occur mostly in
highly-polluted area. Such differences are mostly less than -10% (Figure 4.38 (d)). The
reasons suspected above (i.e., missing emissions for aerosol nucleation mode and low aerosol
loading) could explain such small effect of coagulation. Missing emissions for aerosol
nucleation mode is a limitation of this study.
The CPU times for 1 day simulation of WRF/Chem-MADRID with and without
coagulation are 8.37 and 8.18 hours. The CPU cost for solving coagulation process is
negligible.

As pointed out above, missing emissions for aerosol nucleation mode is a

limitation of this study. The CPU cost of coagulation may be different if emissions for
nucleation mode are included.
WRF/Chem-MADRID is shown to be a reliable air quality model for a short episode
such as this 5-day TexAQS-2000 episode in this chapter. In the next chapter, WRF/ChemMADRID will be evaluated for a longer episode with different meteorological and chemical
characteristics, i.e., the 2004 New England Air Quality Study (NEAQS) episode.
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5. APPLICATION OF WRF/CHEM-MADRID TO THE NEAQS2004 EPISODE

The modeling system WRF/Chem-MADRID has been applied to a 5-day summer
time episode around the southeastern Texas, as described in Chapter 4.

WRF/Chem-

MADRID is shown to provide acceptable meteorological and chemical predictions.
WRF/Chem-MADRID with the hybrid/APC_MC and kinetic/APC_MC gas/particle mass
transfer approaches predict more reasonable aerosol size/composition distributions than those
predicted with the equilibrium approach over coastal areas where anthropogenic emissions
encounter sea salt emissions. In this chapter, WRF/Chem-MADRID will be evaluated for a
22-day episode with different meteorological and chemical characteristics, i.e., the 2004 New
England Air Quality Study (NEAQS) episode.
5.1 Episode, Model Configurations, and Simulation Design
The heavily populated United States (U.S.) New England urban corridor area is
among the regions where haze and smog are frequently observed (Malm, 1992; Husar et al.,
1993; Schichtel et al., 2001). To design cost effective control strategies to reduce the
pollution levels, the governing processes for pollutant build up need to be understood.
Different regions may have different pollution characteristics due to different emission,
topography, and meteorology.

Unlike the characteristics of O3 events in the Houston-

Galveston area (i.e., rapid O3 formation could cause O3 exceedance in a single day in limited
areas), the ozone exceedances in the New England urban corridor area are usually multiday
events and the air pollution events occur on a regional scale (Zhang et al., 1998; Fehsenfeld
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et al., 2006). Summer haze and ozone episodes in the New England area are characterized by
high local emissions, large scale flow coupled with local thermal circulation (e.g., southwest
flow, the Appalachian lee trough, and the nocturnal low-level jet), and regional transport
from upwind areas (e.g., northern Ohio River Valley and northeast corridor) (Gaza, 1998;
Moody et al., 1998; Kleinman et al., 2000; Darby et al., 2007).
Studies aimed at determining the causes of poor air quality in the east coast of the
U.S. have been conducted over a period of at least three decades (Fehsenfeld et al., 2006).
Regional transport is believed to play an important role for the pollution episodes in this area
(Fast et al., 2002; Angevine et al., 2004; Mao and Talbot, 2004b; Kleinman et al., 2005;
Taubman et al., 2006). Sillman (1993) reported that transport of pollutants over ocean water
where vertical mixing and deposition are suppressed could contribute to the O3 accumulation
over the northeastern U.S. Daum et al. (1996) observed the plumes transported over coastal
water in the northeastern U.S. were confined in well defined layers at altitudes between 0.3
and 2 km, which are isolated from the surface by a low altitude inversion. Gaza (1998)
uncovered that small scale features (e.g., the Appalachian lee trough and the sea breeze front)
play a significant role in determining the location and magnitude of the peak ozone values in
New England. Back trajectory analysis shows that regional transport from the urban corridor
area and Midwestern U.S. contributed to the pollution episode in the northeastern U.S.
(Moody et al., 1998). Seaman and Michelson (2000) reported that the high ozone events
over the New England urban corridor area are associated with the Appalachian lee trough.
The southwest winds east of the trough favored the accumulation of emissions in an
airstream that passed along the urban corridor. Observation and model simulation suggest
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that ozone formed above surface and its subsequent downward transport to the surface
contributed to the elevated surface ozone mixing ratios over northeastern U.S. (Berkowitz et
al., 2000). Based on flight observations, Kleinman et al. (2000) noticed that if the wind flow
is from the west-sourthwest, along the northeast corridor, high ozone levels are more likely to
occur in New York City. Through their observation and model simulations, Mao and Talbot
(2004a) suggested that the nocturnal low-level jet and orographically induced flow during the
daytime play important roles in producing elevated daytime mixing ratio of O3 in New
England. Taubman et al. (2004) found that the Appalachian lee trough may trigger ozonehaze episodes in the northeastern U.S. through transporting the pollutants and their
precursors along the urban corridor area. They also found that the photochemical processes
in the lower free troposphere play an important role for the occurrences of multiday ozone
haze events. Darby et al. (2007) found that the Appalachian trough, coastal cold fronts,
coastal stationary fronts, and sea breeze play important roles for the elevated O3
concentration for the New England area.
Even though the understanding of mechanisms of the occurrences of pollution
episodes in New England area has been improved significantly, there are nontrivial biases
associated with air quality model predictions.

The Global Chemistry Model (GChM)

overpredicts hourly O3 by 15 ppb (Berkowitz et al., 2000). O3 predictions are biased high by
10.1 ppb from seven-model ensemble mean for the 2004 New England Air Quality Study
(NEAQS) episode (McKeen et al., 2005). For the same episode some models were shown to
significantly overpredict PM2.5 (McKeen et al., 2007).

WRF/Chem with a specific

configuration significantly underpredicts sulfate (up to 60% during the polluted period) for
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the period of 5 July-20 August, 2002 (Grell et al., 2005). Community Multiscale Air Quality
(CMAQ) model significantly overpredicts total PM2.5 mass in the New York City
metropolitan area for three extended time periods during 2004 and 2005 (Hogrefe et al.,
2007). The bias for operational Eta-CMAQ forecasted hourly O3 is 12.55 ppb for the 2002
NEAQS episode (Yu et al., 2006). The bias of hourly O3 from the same model for the 2004
NEAQS episode is 11.5 ppb (Yu et al., 2007). Elemental carbon (EC) in urban areas of the
eastern U.S. is significantly overpredicted by PMCAMx for a July 2001 pollution episode
(Gaydos et al., 2007). The possible contributors to the biases of aforementioned model
simulations include the uncertainties in emissions (Frost et al., 2006; Hogrefe et al., 2007;
McKeen et al., 2007; Gaydos et al., 2007), vertical mixing (Grell et al., 2005; Hogrefe et al.,
2007), deposition (Hogrefe et al., 2007), planetary boundary layer (PBL) transport (McKeen
et al., 2007; Darby et al., 2007), and gas/particle mass transfer (McKeen et al., 2007).
In the summer of 2004, the International Consortium for Atmospheric Research on
Transport and Transformation (ICARTT) was formed to coordinate several field programs to
maximize the potential advance in the scientific understanding of regional air quality and
transport of pollutants across Atlantic Ocean (Fehsenfeld et al., 2006). The 2004 NEAQS is
one component of the ICARTT, mainly composed of measurements from two aircrafts (i.e.,
NOAA WP-3D and DC-3), Research Vessel Ronald H. Brown, the surface site at Chebogue
Point, and the NOAA-DOE cooperative Agency Radar Wind Profiler network (Fehsenfeld et
al., 2006). Extensive gas and aerosol measurements over this area are available for model
evaluation from the 2004 ICARTT/NEAQS field campaign. Six regional-scale air quality
models (i.e., A Unified Regional Air-Quality Modeling System (AURAMS), the Baron
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Advanced Meteorological System (BAMS), the Canadian Hemispheric and Regional Ozone
and NOx System (CHRONOS), the Community Multi-scale Air Quality Model/Eta
(CMAQ/Eta), the Sulfur Transport and Emissions Model–2003 (STEM-2K3), and the
Weather Research and Forecast Model with Chemistry (WRF/Chem)) participated in an
informal model evaluation as part of ICARTT (McKeen et al., 2005, 2007).
In this work, WRF/Chem with the Model of Aerosol Dynamics, Reaction, Ionization,
and Dissolution (MADRID) (referred to as WRF/Chem-MADRID) is evaluated using the
July 10-31 2004 NEAQS episode over the eastern North America. The evaluation focuses on
several gas/particle mass transfer approaches in WRF/Chem-MADRID including newlydeveloped computationally-efficient kinetic and hybrid gas/particle mass transfer approaches
for volatile or semi-volatile species. The model outputs will be evaluated using available
observations (which will be described in section 5.2). The intercomparison between the
WRF/Chem-MADRID prediction and predictions from the aforementioned six models in
McKeen et al. (2005, 2007) is conducted. The accuracy and computational efficiency of
different gas/particle mass transfer approaches on simulated gas and aerosol concentrations
(e.g., HNO3, NH3, aerosol NO3- and aerosol NH4+) are examined.
Most model configurations are set to be identical to those used for the TexAQS2000
episode discussed in Chapter 4 except for horizontal grid resolution of the simulations,
microphysics options, initial conditions (ICs), boundary conditions (BCs), and emissions. A
27-km horizontal grid resolution is used for a domain with 133 (west to east) ×109 (south to
north) ×34 (bottom to top) grid cells. NCEP Eta model forecast is used as the meteorology
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IC and BC. Chemical ICs and BCs are based on the measurements of midlatitude aircraft
profiles over the eastern Pacific. Simulations are conducted in a forecasting mode, thus no
data is assimilated. Chemistry simulations are continuous while meteorology simulations are
re-initialized every four days to compromise between two facts: model needs time to warm
up however model bias may grow after integration over a longtime period. Unlike the dry
condition in the TexAQS2000 episode, the 2004 NEAQS episode is wet due to the high
frequency of cold fronts (White et al., 2007). Precipitation and cloudiness during this period
of 2004 are ~25% greater than normal (Thompson et al., 2007). Thus the microphysics
scheme of Lin et al. (1983) is turned on for the 2004 NEAQS episode.
An initial test of WRF/Chem-MADRID for 2004 episode using NEI99 v3 emission
showed that the model significantly overpredicted PM2.5 (Hu et al., 2007). Uncertainties of
emission are believed to be one of the contributors for the overprediction. STEM-2K3 also
significantly overpredicted PM2.5 using NEI99 v3 emission for the same episode (Mckeen et
al., 2007). A few studies confirmed that the emissions in 2004 are lower significantly from
NEI99 v3, especially for nitrogen species. Pouliot (2005) showed that a scaling factor
around 0.7 need to be applied to NOx point source in the eastern U.S. to project 2001
emission to year 2004, and Frost et al. (2006) showed that power plant NOx emission
decreased by 50% between 1999 and 2003. In the Ohio River Valley, NO2 columns and NOx
emissions in 2005 decreased by ~34% from 1999 levels as indicated by GOME and
SCIAMACHY satellite observations (Kim et al., 2006). Hudman et al. (2007) verified a 50%
decrease in power plant and industry NOx emissions over the eastern United States between
1999 and 2004. Gilliland et al. (2008) reported that NOx emission from electrical generating
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units decreased by 41% from year 2002 to 2004. In Mena-Carrasco et al. (2007), the bias of
O3 prediction for the 2004 NEAQS episode is reduced by scaling down NEI99 emission
(projecting to 2004). In that study NOx emission in NEI99 emission is scaled down by
40.8%. Warneke et al. (2006) and Hudman et al. (2008) reported CO emissions also reduced
significantly during the same periods. In this study the inorganic emissions in NEI99 v3 is
scaled to the same level as those used in Yu et al. (2007), which represent the emission level
of year 2004 (2001 U.S. EPA NEI projected to 2004). The domain wide total inorganic
emissions used in Yu et al. (2007) and that in NEI99 v3 are shown in Table 5.1. In the same
table, the scaling factors for NEI99 v3 applied in this study are also shown. For emission of
volatile organic compounds (VOCs), anthropogenic source and biogenic source are treated
separately in WRF/Chem.

Biogenic organic emissions are calculated online using the

Guenther scheme (Guenther et al., 1994) while the anthropogenic emissions are read in from
the static emission files.

The emissions used in Yu et al. (2007) combined both

anthropogenic and biogenic source. Since the treatments are different between WRF/Chem
and Yu et al. (2007) and the corresponding counterpart for anthropogenic VOC emission
(i.e., anthropogenic portion of total VOC emission) is not available from Yu et al. (2007), no
adjustment is made to the emission of VOC species in NEI99 v3. Note the same emission is
used for each day of the simulation period by WRF/Chem-MADRID in this study. No dayto-day variation of emission is considered (Frost et al., 2006).
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Table 5.1. Comparison between emissions used in CMAQ and the NEI99 v3 emissions used in
WRF/Chem.
Overestimate percentage
scaling
(PM: g s-1; gas: mol hr-1) CMAQ
WRF/Chem NEI99 v3 (%)
factor
PNO3
4.99E+03
7.02E+03
40.67
0.71
PSO4
1.14E+05
1.14E+05
0.09
1.00
POA
4.53E+05
4.62E+05
2.00
0.98
PEC
1.91E+05
2.88E+05
50.76
0.66
PMFINE
1.64E+06
3.03E+06
84.83
0.54
CO
6.05E+09
7.96E+09
31.71
0.76
NOx
8.84E+08
1.21E+09
37.41
0.73
SO2
6.00E+08
7.02E+08
17.06
0.85
NH3
5.13E+08
9.34E+08
81.95
0.55
Note:
Overestimate percentage is the difference between the NEI99 v3 emissions and CMAQ model-ready
emission divided by CMAQ emissions.
PNO3: nitrate
PSO4: sulfate
POA: organic aerosol
PEC: elemental carbon
PMFINE: other unspecific inorganic species
CO: carbon monoxide
NOx: NO+NO2
SO2: sulfur dioxide
NH3: ammonia

5.2 Evaluation protocol and databases used
WRF/Chem-MADRID is evaluated using extensive gas and aerosol measurements
from the 2004 International Consortium for Atmospheric Research on Transport and
Transformation (ICARTT)/NEAQS field campaign (e.g., NOAA P-3 aircraft data) and some
routine surface monitoring networks (e.g., the Aerometric Information Retrieval Now
(AIRNow) (http://airnow.gov/), the Aerometric Information Retrieval System (AIRS)-Air
Quality System (AQS) (http://www.epa.gov/air/data/index.html), the Speciation Trends
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Network (STN) (http://www.epa.gov/air/data/aqsdb.html), the Interagency Monitoring of
Protected Visual Environments (IMPROVE) (http://vista.cira.colostate.edu/improve/), the
Clean Air Status and Trends Network (CASTNET) (http://www.epa.gov/castnet/), the
National Atmospheric Deposition Program (NADP) (http://nadp.sws.uiuc.edu/), and the
Southeastern

Aerosol

Research

and

Characterization

(http://www.atmospheric-research.com/studies/SEARCH/)).

Study

Satellite

data

(SEARCH)
such

as

MODerate resolution Imaging Spectroradiometer (MODIS)-derived aerosol optical depths
(AOD) (http://modis.gsfc.nasa.gov/) have also been used to evaluate model performance in
simulating column abundance.

The predicted spatial distributions of meteorological

parameters are also compared with those from the North American Regional Reanalysis
(NARR) (http://www.emc.ncep.noaa.gov/mmb/rreanl/).

A summary of datasets used for

evaluation is given in Table 5.2. The locations of sites from the SEARCH, the AIRNow,
STN, CASTNET, and IMPROVE are shown in Figure 5.1. Performance evaluation and
sensitivity analysis of WRF/Chem-MADRID with different gas/particle mass transfer
approaches are conducted in terms of spatial distributions, temporal variations, total column
abundance, and statistical evaluations, following the evaluation protocol described in Chapter
4.
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Table 5.2. Dataset used for the evaluation of WRF/Chem-MADRID.

Networks/Instruments Variables or species

Data frequency

AIRNow1

O3, PM2.5

1-h

AIRS1

O3

1-h

CASTNET1

O3, 2-m relative humidity (RH2)

1-h for O3, 1-week for
RH

SEARCH1

2-m temperature (T2), RH2, O3, PM2.5

1-h3

STN1

T2, PM2.5

3-day

IMPROVE1

PM2.5

1-day

NADP1

Precipitation

Weekly

NARR1

Precipitation

3-h

MODIS1,2

Aerosol optical depth (AOD), Cloud 1-day
optical thickness (COT)

NOAA P-3

JNO2

1

1-second

AIRNow: the Aerometric Information Retrieval Now

AIRS: the Aerometric Information Retrieval System
CASTNET: the Clean Air Status and Trends Network
IMPROVE: the Interagency Monitoring of Protected Visual Environments
MODIS: the MODerate resolution Imaging Spectroradiometer
NADP: the National Atmospheric Deposition Program
NARR: the North American Regional Reanalysis
SEARCH: the Southeastern Aerosol Research and Characterization Study. The SEARCH
network contains eight sites, i.e., Atlanta, GA (JST), Yorkville, GA (YRK), N.
Birmingham, AL (BHM), Centreville, AL (CTR), Gulfport, MS (GFP), Oak
Grove, MS (OAK), Pensacola, FL (PNS), and suburban Pensacola, FL (OLF).
2

MODIS data used in this study is taken from the Terra and the Aqua satellites. Their
overpass times are 10:30 am and 1:30 pm local standard time.
3

While tapered element oscillating microbalance (TEOM) PM2.5 data are available every 1-h,
more accurate Best Estimated (BE) FRM data from SEARCH are used for model evaluation,
which are available every 1-day for site Atlanta, GA (JST) or 3-day for other sites.
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Figure 5.1. (a). Locations of the Southeastern Aerosol Research and Characterization Study
(SEARCH) sites. The eight sites are Atlanta, GA (JST), Yorkville, GA (YRK), N.
Birmingham, AL (BHM), Centreville, AL (CTR), Gulfport, MS (GFP), Oak Grove, MS
(OAK), Pensacola, FL (PNS), and suburban Pensacola, FL (OLF), (b). Locations of the
Speciation Trends Network (STN) sites, (c). Locations of the Clean Air Status and Trends
Network (CASTNET) sites, (d). Locations of the Interagency Monitoring of Protected Visual
Environments (IMPROVE) sites, and (e). Locations of the Aerometric Information Retrieval
Now (AIRNow) sites.
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(e)
5.3 Evaluation of Meteorological Predictions
Since meteorological processes are always a critical factor that affects the emission
and fate of atmospheric pollutants, the predicted meteorological parameters by WRF/ChemMADRID are evaluated in this section.

Note that only the prediction by WRF/Chem-

MADRID with the equilibrium gas/particle mass transfer approach (referred to as
WRF/Chem-MADRID (EQUI)) will be discussed in this section. Different feedbacks on
meteorological predictions from aerosol predictions with different gas/particle mass transfer
approaches will be a focus of a future study.
The Southeastern Aerosol Research and Characterization Study (SEARCH) is a longterm program for tropospheric gas and aerosol research in the southeastern U.S. (Hansen et
al., 2003). The monitoring network is composed of four urban-rural (or urban-suburban) site
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pairs (a total of 8 sites). The locations of SEARCH sites are shown in Figure 5.1 (a).
SEARCH provides measurement data of PM and gases, as well as meteorological
parameters.

For PM and gases, continuous and/or semicontinuous measurements are

available (Hansen et al., 2003). The measured meteorological parameters at the SEARCH
sites are utilized here to evaluate the meteorology predictions by WRF/Chem-MADRID
(EQUI). Figures 5.2, 5.3, 5.4, and 5.5 show the comparison for T2, RH, wind speed, and
wind direction, respectively. For T2 and RH2 the diurnal pattern is well-captured and the
overall mean bias (MB) is 1.3 oC, and -9% (see in Table 5.3). The corresponding normalized
mean biases (NMBs) for T2 and RH2 are 5.1% and -11.4%.

Such a performance is

consistent with the previous study (Hu et al., 2007). The NMBs for wind speed and wind
direction are 77.4% and 11.2%, respectively. The model captures the diurnal pattern of wind
direction reasonably well. Since the SEARCH sites are located to the southeastern U.S. and
the number of sites is limited, T2 data from STN and RH2 data from CASTNET are used for
model evaluation over the whole simulation domain. T2 is underpredicted by 4.3% at STN
sites and RH2 is underpredicted by 4.5% at CASTNET sites, as shown in Table 5.3.
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Table 5.3. Performance statistics of meteorological predictions from WRF/Chem-MADRID with the
equilibrium approach
Precip

T2
Networks SEARCH STN
MeanObs 25.82
24.44
MeanMod 27.14
23.38
Number
3834
663
corr
0.72
0.84
ObsP95
31.75
29.90
ObsP50
25.91
24.50
ObsP5
18.52
18.70
ModP95
32.23
29.72
ModP50
27.24
23.04
ModP5
21.19
17.89
MB
1.32
-1.05
MAGE
2.29
1.71
RMSE
3.14
2.26
MNB
0.06
-0.04
MNGE
0.10
0.07
NMB, %
5.10
-4.30
NME, %
8.90
7.00
FB
0.05
-0.04
FGE
0.09
0.07
NMFB
0.05
-0.04
NMFGE
0.08
0.07

RH
WSP
CASTNET
SEARCH
SEARCH
79.11
78.32
1.60
70.06
74.78
2.84
3812
124
3658
0.68
0.77
0.05
98.90
92.18
3.33
81.40
78.17
1.46
51.62
64.34
0.42
91.79
85.40
4.46
71.42
75.56
3.01
43.30
58.83
0.80
-9.04
-3.54
1.24
11.93
5.81
1.56
14.85
7.07
1.88
-0.10
-0.04
3.03
0.15
0.07
3.16
-11.40
-4.50
77.40
15.10
7.40
97.70
-0.12
-0.04
0.54
0.16
0.07
0.72
-0.12
-0.04
0.55
0.16
0.07
0.70

WDR
SEARCH
207.69
230.85
3884
0.25
348.91
243.67
13.30
347.80
256.81
16.86
23.15
89.82
131.70
7.20
7.45
11.20
43.20
0.17
0.55
0.10
0.41

NADP
25.11
38.53
365
0.43
77.47
17.78
0.25
94.72
31.30
0.87
13.42
24.62
35.68
11.47
11.77
53.40
98.00
0.45
0.94
0.42
0.77

MNFB

0.06

-0.05

-0.15

-0.04

2.86

3.98

-Inf

MNGFE
NMBF
NMEF

0.10
0.05
0.08

0.08
-0.04
0.07

0.19
-0.12
0.17

0.08
-0.04
0.07

3.32
0.77
0.97

10.66
0.11
0.43

Inf
0.53
0.98
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Figure 5.2. The comparisons of observations with the predicted T2 by WRF/Chem-MADRID
with the equilibrium gas/particle mass transfer approach at the 8 SEARCH sites.
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Figure 5.3. The comparisons of observations with the predicted RH2 by WRF/ChemMADRID with the equilibrium gas/particle mass transfer approach at the 8 SEARCH sites.
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Figure 5.4. The comparisons of observations with the predicted 10-m wind speed by
WRF/Chem-MADRID with the equilibrium gas/particle mass transfer approach at the 8
SEARCH sites.
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Figure 5.5. The comparisons of observations with the predicted wind direction by
WRF/Chem-MADRID with the equilibrium gas/particle mass transfer approach at the 8
SEARCH sites.
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(a)

(b)

Figure 5.6. The comparison of predicted total precipitation (convective and non-convective
precipitation) with the measured precipitation at (a) the NADP sites and (b) the
NARR data.
Figure 5.6 shows the comparison of predicted total precipitation (sum of the
convective and non-convective precipitation) with the measured precipitation at the NADP
sites and the NARR data (Mesinger et al., 2006). Comparing with the weekly mean NARR
data of 22.4 mm, the precipitation is significantly overpredicted by WRF/Chem-MADRID
(35.8 mm, by 59.8%). Even though the bias for precipitation prediction exists, WRF/ChemMADRID and NARR capture the same spatial distributions of precipitation (e.g., high
precipitation over Atlantic Ocean, Gulf of Mexico and Florida, inland area from Tennessee
and North Carolina to the northeastern U.S.). Comparing with the NADP data, WRF/ChemMADRID overpredicts precipitation by 53.4%. The performance of precipitation prediction
by WRF/Chem-MADRID is reasonable considering the fact that other models (e.g., MM5) at
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the same horizontal grid resolution may have higher bias than 57.1% for a summer episode
(Queen and Zhang, 2008).
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Figure 5.7. Temporal variations of the observed and predicted O3 at the 8 SEARCH sites.
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Figure 5.8. Temporal variations of the observed and predicted O3 at the 12 AIRNOW sites.
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Figure 5.8. Continued.
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5.4 Evaluation of Chemical Predictions
Since the same emissions are used for each day, the intra-day variations of predicted
pollutants are caused by different meteorology that leads to different rates of formation and
removal on each day. Figures 5.7 and 5.8 show the temporal variations of observed and
predicted O3 by WRF/Chem-MADRID (EQUI) at 8 SEARCH sites and 12 AIRNow sites.
Since it has been shown in Chapter 4 that different mass transfer approaches have negligible
effects on O3 prediction, the O3 predictions from the simulations with hybrid and kinetic
gas/particle mass transfer approaches are not presented here. While O3 measurements from
360 AIRNow sites are available, the temporal variations of O3 at 12 AIRNow sites are shown
in Figure 5.8. They are selected for detailed temporal analysis because their intra-day
variations are larger than those at other sites. The predicted O3 temporal variations correlate
well with the observations, the model prediction captures the intra-day variations well on
most days. The correlation coefficient for hourly O3 is as high as 0.71 and its MB is 6.75 ppb
at 8 SEARCH sites. The correlation coefficient for hourly O3 at 360 AIRNow sites is 0.59
and its bias is 2 ppb. The use of a constant emission on each day does not introduce
significant errors for O3 predictions. This indicates that the intra-day emission variation may
not have significant effects on O3 predictions at those sites for this episode and meteorology
plays a dominant role for intra-day O3 variations. An accurate prediction of meteorology is
therefore critical for accurate O3 predictions.
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(a)
(b)
Figure 5.9. (a) The predicted spatial distribution of the 22-day average maximum 8-hr
average O3 and (b) the overlay of simulation results with the observations from the
AIRNow, SEARCH, CASTNET, and AIRS. The observational data are indicated by
circles.

Figure 5.9 shows the predicted 22-day average maximum 8-hr average O3 spatial
distributions and comparison with observations from the AIRNow, SEARCH, CASTNET,
and AQS-AIRS networks. WRF/Chem-MADRID predicts the highest O3 mixing ratios in the
southeast U.S. (e.g., Georgia, South Carolina, North Carolina, Mississippi, Tennessee, and
West Virginia). Observations also show high mixing ratios in those areas, with a good
spatial correlation with predictions. The overall MBs of maximum 8-hr average O3 mixing
ratios are 3.74, 5.89, 5.32, and 8.45 ppb, and the corresponding NMBs are 7.7%, 12.6%,
11.5%, and 15.1% at the AQS-AIRS, AIRNow, CASTNET, and SEARCH sites, respectively
(see Table 5.4).
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Table 5.4. Max 8-hr average O3 statistics from WRF/Chem-MADRID with the equilibrium
gas/particle mass transfer approach
AQS
MeanObs 48.59
MeanMod 52.33
Number
17831
corr
0.42
ObsP95
73.00
ObsP50
48.00
ObsP5
26.62
ModP95
75.68
ModP50
51.66
ModP5
30.42
MB
3.74
MAGE
12.11
RMSE
15.69
MNB
0.14
MNGE
0.29
NMB, %
7.70
NME, %
24.90
FB
0.07
FGE
0.25
NMFB
0.07
NMFGE
0.24
MNFB
0.10
MNGFE
0.34
NMBF
0.07
NMEF
0.24

AIRNOW
46.92
52.82
7133
0.49
73.71
46.42
23.62
78.77
52.93
27.38
5.89
12.95
16.72
0.23
0.36
12.60
27.60
0.12
0.27
0.11
0.26
0.19
0.40
0.12
0.27

CASTNET
46.37
51.69
1281
0.40
66.50
47.00
25.87
74.28
51.16
29.83
5.32
12.11
15.37
0.17
0.29
11.50
26.10
0.10
0.25
0.10
0.24
0.14
0.32
0.11
0.26

SEARCH
56.13
64.58
164
0.48
76.56
54.72
33.34
80.87
64.75
43.50
8.45
12.97
15.61
0.19
0.26
15.10
23.10
0.15
0.22
0.14
0.21
0.18
0.27
0.15
0.23

Figure 5.10 (a) and (b) show the predicted MBs of the maximum 8-hr average O3 at
360 AIRNow sites by WRF/Chem-MADRID (EQUI) and those of the seven-model ensemble
mean from Mckeen et al. (2005). The average MB at 360 AIRNow sties from the sevenmodel ensemble mean is 10.1 ppb (Mckeen et al., 2005), which is higher than the MB of 5.89
ppb predicted by WRF/Chem-MADRID (EQUI). Large MBs with values higher than 15 ppb
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indicated by red dots in Figure 5.10 (b) from seven-model ensemble mean are reduced in the
WRF/Chem-MADRID (EQUI) simulation (Figure 5.10 (a)).
WRF/Chem-MADRID MB

Seven-model ensemble MB (Mckeen et al., 2005)

(a)

(b)

WRF/Chem-MADRID NMB

CMAQ NMB (Yu et al., 2007)

(c)

(d)

Figure 5.10. The predicted mean biases (MBs) of max 8-h O3 at the AIRNow sites by (a)
WRF/Chem-MADRID and (b) the seven-model ensemble mean from Mckeen et al.
(2005) and the normalized mean biases (NMBs) at the AIRS sites by (c) WRF/ChemMADRID and (d) CMAQ from Yu et al. (2007).

Figure 5.10 (c) and (d) show the NMBs of the maximum 8-hr average O3 at the AIRS
sites by WRF/Chem-MADRID (EQUI) and that by CMAQ from Yu et al. (2007). The
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average NMB by WRF/Chem-MADRID (EQUI) at all AIRS sites is 7.7%, which is lower
than 22.6% from CMAQ (Yu et al., 2007). The NMBs of 707 out of 856 sites (82.6%) are
predicted to be in the range of -25% to 25% by WRF/Chem-MADRID (EQUI). The NMBs
at the sites over the northeastern U.S. are significantly reduced from those predicted by
CMAQ. Large NMBs with values higher than 50% or between 25%-50% indicated by red
and green dots are significantly reduced in the northeastern domain from the prediction of
WRF/Chem-MADRID. It is believed the unrealistic vertical transport in the convective
cloud scheme and too little attenuation of actinic flux under the cloudy condition in CMAQ
caused its significant overprdictions over the northeastern U.S. (Eder et al., 2006; Yu et al.,
2007). The convective cloud scheme in CMAQ, which is derived from the Regional Acid
Deposition Model (RADM) (Chang et al., 1990), is found to transport excessive O3 from the
upper layers to the surface (Eder et al., 2006).

It appears that the convective mixing

treatment, i.e., Grell-Devenyi ensemble scheme (Grell and Devenyi, 2002), in WRF/Chem is
more realistic than that of CMAQ. The convective schemes used in current 3-D models
exhibit large uncertainties. The Grell-Devenyi ensemble scheme combines a large ensemble
of closure assumptions and parameters taken from several convective schemes currently used
in various 3-D models to obtain an optimal prediction (Grell and Devenyi, 2002). More
research is needed to investigate the model sensitivity to various convective schemes.
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Figure 5.11. Time series comparison between the observed and simulated JNO2 by (a)
CMAQ and (b) WRF/Chem-MADRID (EQUI) along the P-3 flight tracks.
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(a)
(b)
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The photolysis reaction of NO2 is a critical step for photochemical formation of O3.
In addition to the routine surface mixing ratio measurements, the measurements of the
photolysis rates of NO2 (JNO2) conducted by the instrumented aircraft NOAA P-3 during the
ICARTT/NEAQS2004 provide valuable information regarding O3 formation in this area. Yu
et al. (2007) reported that CMAQ generally captured well the aircraft observed JNO2 during
the cloud-free periods, but performed worse under the cloudy conditions (Figure 5.11 (a),
taken from Figure 8 in Yu et al. (2007)). The predicted JNO2 along the P-3 tracks on 7/15,
7/20, 7/21, 7/22, 7/25, 7/27, 7/28 by WRF/Chem-MADRID are compared with the
measurements from P-3 (see Figure 5.11 (b)). WRF/Chem-MADRID generally captures the
temporal variations but overpredicts JNO2 on 7/21. Comparing with CMAQ performance
shown in Figure 5.11 (a), JNO2 predicted by WRF/Chem-MADRID shows higher temporal
variations, which leads to better agreements with observations on 7/22, 7/25, and 7/27.
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Figure 5.12. The predicted spatial distribution of the 24-hr average PM2.5 by the WRF/Chem-MADRID simulations with the
equilibrium, hybrid, and kinetic gas/particle mass transfer approaches. The dots overlaid in the figures in the second row are
observations from the AIRNow, SEARCH, STN, and IMPROVE networks.
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Figure 5.13. The predicted spatial distribution of the 24-hr average fine and coarse nitrate and coarse sodium by the WRF/ChemMADRID simulations with the equilibrium, hybrid, and kinetic gas/particle mass transfer approaches.
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The 24-hr average PM2.5 spatial distribution simulated by WRF/Chem-MADRID
(EQUI) is shown in Figure 5.12. Over the inland area, different gas/particle mass transfer
approaches do not make discernable differences in terms of PM2.5 spatial distributions.
However over the coastal area, the PM2.5 plume predicted by WRF/Chem-MADRID (EQUI)
has higher concentrations than those predicted by WRF/Chem-MADRID with the hybrid and
kinetic gas/particle mass transfer approaches (referred to as WRF/Chem-MADRID (HYBR)
and WRF/Chem-MADRID (KINE), respectively), especially over the coastal area of the
northeastern U.S. Differences of PM2.5 mainly lie in nitrate. The predictions of nitrate in
fine and coarse mode by those simulations are shown in Figure 5.13. WRF/Chem-MADRID
(EQUI) predicts much higher fine-mode nitrate over the ocean, coastal area, and some inland
water body (i.e., the great lakes), where sea-salt emissions can occur. Sodium (Na), the
tracer of sea salt, is predicted over those areas (see the third row in Figure 5.13). Currently
WRF/Chem does not differentiate fresh water from sea water and the artificial sea-salt
emissions over the great lakes may cause model biases over those areas. Previous studies
have shown that over the area where sea-salt is significant, the aerosol nitrate is formed
through the chloride depletion process (Zhuang et al., 1999a, 1999b; Fischer et al., 2006; Hu
et al., 2008). This chloride depletion reaction is captured by WRF/Chem-MADRID through
the thermodynamic model, ISORROPIA (Nenes et al., 1998). The chloride depletion process
mostly occurs in the coarse mode since most freshly emitted sodium chloride resides in
coarse mode. However, the bulk equilibrium approach redistributes the condensed nitrate
into the fine mode based on sulfate distribution (Zhang et al., 2004), which causes the bias of
nitrate. On the other hand, the hybrid and kinetic approaches use size-resolved kinetic
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gas/particle mass transfer approach for coarse-mode particles. Thus the chloride depletion
process is predicted to occur in the correct sections, i.e., the nitrate due to the chloride
depletion process is predicted to condense on the section where the chloride depletion
process occurs. As a consequence, the hybrid and kinetic approaches predict more coarsemode and less fine-mode nitrate than the bulk equilibrium approach over the area where sea
salt mixes with nitric acid. Such a finding is consistent with Athanasopoulou et al. (2008), in
which a hybrid gas/particle mass transfer approach is shown to be necessary for accurately
simulating semi-volatile species (e.g., nitrate) in air quality models when coarse sea salt is
significant.

A similar finding can be found in Nolte et al. (2008), where the kinetic

gas/particle mass transfer approach is shown to correctly predict nitrate predominantly in the
coarse mode at a coastal site.
Different effects on the predictions of aerosol size/composition distributions from
different gas/particle mass transfer approaches can be clearly seen in Figure 5.14, in which
the predicted size distributions with those approaches at three sites (i.e., Lewiston, New
York, and Houston) are shown on days when the chloride depletion process apparently
occurred. For the sections that are solved by the kinetic approach, chloride depletion process
is reasonably captured by the hybrid and kinetic approaches and nitrates condense on the
correct sections. However with the bulk equilibrium approach, chloride is depleted from the
coarse mode, but nitrate is condensed on the fine mode. Since the hybrid approach uses the
bulk equilibrium approach for the first 6 size sections, the chloride depletion process
occurring on those sections may not be correctly predicted. Significant amount of sodium is
predicted to be in section 6 at the three sites, as shown in Figure 5.14. The low chloride to
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sodium mass ratio in section 6 indicates that chloride has been significantly depleted.
However the hybrid approach does not predict sufficient corresponding nitrate to condense
on to this section as does the kinetic approach. The nitrate concentrations in section 6
predicted by the hybrid approach are significantly lower than those predicted by the kinetic
approach.

Reducing the cutoff diameters for the separation of equilibrium and kinetic

calculations in the hybrid approach may improve the performance of hybrid approach in such
cases, as shown in chapter 3 of this thesis and Hu et al. (2008).
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Figure 5.14. The predicted size distributions with different gas/particle mass transfer approaches on days when the chloride depletion
process apparently occurs at Houston (July 13), New York City (July 25), and Lewiston (July 16).
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Figure 5.15. The predicted temporal variations of daily average PM2.5 by the WRF/ChemMADRID simulations with the equilibrium, hybrid, and kinetic gas/particle mass transfer
approaches and their comparison with the best estimated (BE) FRM data at the SEARCH
sites.
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Figure 5.15 shows the predicted temporal variations of daily average PM2.5 by the
WRF/Chem-MADRID (EQUI), (HYBR), and (KINE) and their comparisons with the best
estimated (BE) federal reference method (FRM) data at the SEARCH sites. SEARCH also
provides continuous PM2.5 mass concentration measurements, which are obtained using the
tapered element oscillating microbalance (TEOM) and the daily average data measured by
FRM. However, several studies show that there are significant negative biases associated
with the TEOM and FRM data due to the evaporation of volatile species during the sampling
process, which causes the underestimation of measured mass concentrations (Mignacca and
Stubbs, 1999; Rizzo et al., 2003; Grover et al., 2005; Hodzic et al., 2005; Lee et al., 2005;
Chow et al., 2008). SEARCH has developed a BE approach to correct the bias of FRM data.
BE attempts to reproduce the actual PM concentrations in the atmosphere (Edgerton et al.,
2005). The BE FRM data is therefore used here for model evaluation. The BE FRM data is
available on a daily base at JST, but only available every 3 days at the other sites. For all the
sites, the model captures the observed temporal trend of PM2.5 concentrations reasonably well
despite some biases. The correlation coefficient is ~ 0.55-0.57 (see Table 5.5). The PM2.5
concentrations at JST are systematically overpredicted, while its concentrations at OAK,
GFP, and CTR are underpredicted on some specific days. Overall, WRF/Chem-MADRID
(EQUI) overpredicts PM2.5 at the SEARCH sites by ~23% (see Table 5.5). The differences
of PM2.5 predicted by WRF/Chem-MADRID with different gas/particle mass transfer
approaches at the SEARCH sites are not significant. Unlike the significant difference at
Houston, New York, and Lewiston, the difference of predicted PM2.5 at the SEARCH coastal
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sites, e.g., GFP, due to different gas/particle mass transfer approaches are relatively small due
to the low concentrations of sea salt at those sites (see Figure 5.13).
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Table 5.5. Performance statistics of PM2.5 predictions by WRF/Chem-MADRID with the equilibrium,
hybrid, and kinetic gas/particle mass transfer approaches.
Equilibrium

Hybrid

Kinetic

Mark

AIRNOW

STN

IMPROVE

SEARCH

AIRNOW

STN

IMPROVE

SEARCH

AIRNOW

STN

IMPROVE

SEARCH

MeanObs

16.44

16.41

10.14

22.67

16.44

16.41

10.14

22.67

16.40

16.41

10.14

22.67

MeanMod

22.95

21.23

11.52

28.02

21.90

20.57

11.06

27.98

22.73

21.43

11.56

28.75

Number

60022

662

515

54

60022

662

515

54

60022

662

515

54

corr

0.31

0.37

0.60

0.57

0.32

0.38

0.62

0.56

0.33

0.39

0.63

0.55

ObsP95

42.00

32.40

23.76

42.88

42

32.40

23.76

42.88

42.00

32.40

23.76

42.88

ObsP50

13.00

14.50

7.99

19.49

13

14.50

7.99

19.49

13.00

14.50

7.99

19.49

ObsP5

2.00

5.70

2.30

8.40

2

5.70

2.30

8.40

2.00

5.70

2.30

8.40

ModP95

56.42

42.25

28.89

55.97

54.48

40.85

26.92

54.52

55.56

41.11

28.62

55.81

ModP50

18.66

20.37

9.06

25.71

17.53

19.91

8.59

25.86

18.33

20.52

8.95

26.73

ModP5

3.84

5.07

1.02

5.86

3.77

4.94

1.09

5.65

3.94

4.97

0.94

5.79

MB

6.50

4.81

1.37

5.34

5.45

4.15

0.91

5.31

6.28

5.01

1.41

6.08

MAGE

13.53

9.14

5.69

11.38

12.87

8.75

5.35

11.54

13.17

9.12

5.58

11.85

RMSE

20.01

12.78

7.84

13.78

19.24

12.27

7.25

13.87

19.60

12.78

7.48

14.41

MNB

1.42

0.53

0.32

0.34

1.28

0.47

0.27

0.34

1.36

0.54

0.32

0.39

0.73

0.61

1.65

0.74

0.75

0.64

MNGE

1.71

0.75

0.78

0.60

1.58

0.70

NMB, %

39.6

29.4

13.6

23.6

33.2

25.3

9.0

23.4

38.2

30.6

14.0

26.8

NME, %

82.3

55.7

56.1

50.2

78.3

53.3

52.8

50.9

80.1

55.6

55.0

52.3

FB

0.29

0.20

-0.05

0.13

0.25

0.17

-0.07

0.13

0.28

0.21

-0.04

0.16

FGE

0.69

0.48

0.59

0.47

0.67

0.47

0.57

0.48

0.68

0.47

0.59

0.48

NMFB

0.33

0.25

0.12

0.21

0.28

0.22

0.08

0.21

0.32

0.26

0.13

0.23

NMFGE

0.68

0.48

0.52

0.44

0.67

0.47

0.50

0.45

0.67

0.48

0.51

0.46

NMBF

0.39

0.29

0.13

0.23

0.33

0.25

0.09

0.23

0.38

0.30

0.14

0.26

NMEF

0.82

0.55

0.56

0.50

0.78

0.53

0.52

0.50

0.80

0.55

0.55

0.52

Figure 5.16 shows predicted temporal variations of hourly PM2.5 by WRF/ChemMADRID (EQUI), (HYBR), and (KINE) and their comparisons with the TEOM data at the
AIRNow sites. Since the aforementioned negative biases are associated with the TEOM
measurements, the TEOM data only represents the lower limits of actual PM2.5. Unlike O3,
PM2.5 temporal variations does not show discernable diurnal patterns, which may indicate the

330

formation mechanism of PM2.5 is more complicated than O3.

WRF/Chem-MADRID

captures the temporal trends of observed PM2.5 to some extent, although significant biases
exist during some time periods. The predictions with different mass transfer approaches are
close to each other during most of the time. The hybrid and kinetic approaches give lower
predictions than the equilibrium approach at some locations during some time periods, when
the effect of sea salt emission is significant (e.g., Lewiston, a costal site on July 15, 16). The
kinetic approach predicts higher PM2.5 concentrations than the equilibrium and hybrid
approaches for some cases (e.g., Camden on 7/21). This is because that the kinetic approach
predicts relatively high condensation rate on section 3 (centered at 0.18 µm), where the
removal rate due to dry deposition is relatively low comparing to coarse mode, which leads
to mass accumulation. Overall at the 131 AIRNow sites, WRF/Chem-MADRID (HYBR)
overpredicts PM2.5 by 33.2%, which is lower than 39.6% predicted by WRF/Chem-MADRID
(EQUI). At the STN and IMPROVE sites, WRF/Chem-MADRID (EQUI) overpredicts
PM2.5 by 29.4% and 13.6%, respectively, and with the hybrid approach, the overpredictions
of PM2.5 are reduced to 25.3% and 9%. With the kinetic approach, WRF/Chem-MADRID
overpredicts PM2.5 by 38.2%, 30.6%, 14%, 26.8% at the AIRNow, STN, IMPROVE, and
SEARCH sites, respectively. Statistically, WRF/Chem-MADRID (HYBR) gives the best
PM2.5 prediction in terms of total mass concentrations against the measurements from
AIRNow, STN, IMPROVE, and STN. Since the kinetic approach predicts the condensation
rate based on a function of aerosol number concentration (Plilinis et al., 2000; Capaldo et al.,
2000; Zhang et al., 2004), the predicted condensation rate is sensitive to aerosol number size
distribution. The predictions of aerosol number in fine mode, however, exhibit a large
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variability among air quality models (Zhang et al., 1999).

The bias in number size

distribution (particularly in the fine mode) will cause an error in the explicit condensation
calculation. The kinetic condensation calculation in the fine mode may thus not always give
the best performance of PM2.5. On the other hand, when the number concentration of the
coarse mode exhibits less variability (Zhang et al., 1999), the explicit condensation
calculation is shown to be accurate (Hu et al., 2008). The explicit condensation calculation
in coarse mode may therefore have a smaller bias as compared to that in the fine mode. In
such sense, the hybrid approach may be more reliable given large uncertainties in the aerosol
number concentrations in fine mode predicted by current air quality models.
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Figure 5.16. The predicted temporal variations of hourly PM2.5 by the WRF/Chem-MADRID
with the equilibrium, hybrid, and kinetic gas/particle mass transfer approaches and the
comparisons with the TEOM data at the AIRNow sites. The figures are posted following the
order of rural, suburban, urban, and unknown sites.
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In addition to the overall statistics at all AIRNow sites, statistics are calculated
separately at different categories (i.e., rural, urban, suburban).
performance for each category.

Table 5.6 shows the

PM2.5 concentrations at urban and suburban sites are

significantly overpredicted by WRF/Chem (NMBs range from 35.4% to 45.6%).

The

observed PM2.5 concentrations at suburban sites are higher than those at urban sites by 2.5 µg
m-3 and those predicted by WRF/Chem at suburban and urban sites differ by around 3 µg m-3.
On the contrary, PM2.5 concentrations at rural sites are slightly overpredicted by 4.4%
(HYBR) to 11.4% (EQUI). Different performances for different categories (i.e., rural vs.
urban) are also reported by Mckeen et al. (2007) and the overestimations of emissions at
urban and suburban sites are believed to be the main contributor for the overprediction of
PM2.5 (Mckeen et al., 2007). The overestimations of emission inventories of some PM
components over urban area are also speculated in Gaydos et al. (2007), and Lane et al.
(2007).
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Table 5.6. Performance statistics of PM2.5 predictions by WRF/Chem-MADRID with the equilibrium,
hybrid, and kinetic gas/particle mass transfer approaches at rural, urban, and suburban AIRNow sites.
Rural
Equi

Hybr

Urban
Kine

Equi

Hybr

Suburban
Kine

Equi

Hybr

Kine

MeanObs

14.72

14.72

14.72

16.05

16.05

16.05

18.58

18.58

18.58

MeanMod

16.40

15.37

16.19

23.36

22.39

23.19

26.30

25.15

25.94

Number

9136

9136

9136

25798

25798

25798

19413

19413

19413

corr

0.34

0.36

0.37

0.30

0.32

0.33

0.29

0.30

0.32

ObsP95

41.00

41.00

41.00

40.00

40.00

40.00

45.00

45.00

45.00

ObsP50

11.00

11.00

11.00

13.00

13.00

13.00

16.00

16.00

16.00

ObsP5

2.00

2.00

2.00

2.00

2.00

2.00

3.00

3.00

3.00

ModP95

39.28

37.09

37.99

56.88

55.01

55.96

62.21

60.77

61.97

ModP50

13.53

12.52

13.32

19.05

18.04

18.74

22.00

20.60

21.50

ModP5

2.41

2.39

2.53

4.08

3.95

4.10

5.04

4.90

4.94

MB

1.68

0.65

1.47

7.31

6.34

7.14

7.71

6.57

7.36

MAGE

10.48

9.97

10.19

13.62

12.95

13.26

15.14

14.46

14.71

RMSE

14.86

14.17

14.32

20.43

19.63

19.99

21.58

20.91

21.10

MNB

1.19

1.04

1.15

1.48

1.35

1.43

1.42

1.27

1.34

MNGE

1.58

1.45

1.54

1.75

1.63

1.69

1.69

1.57

1.62

NMB, %

11.40

4.40

10.00

45.60

39.50

44.50

41.50

35.40

39.60

NME, %

71.20

67.80

69.30

84.90

80.70

82.60

81.50

77.80

79.20

FB

0.15

0.10

0.14

0.32

0.29

0.32

0.30

0.25

0.28

FGE

0.70

0.69

0.70

0.69

0.67

0.68

0.68

0.66

0.67

NMFB

0.10

0.04

0.09

0.37

0.33

0.36

0.34

0.30

0.33

NMFGE

0.67

0.66

0.66

0.69

0.67

0.67

0.67

0.66

0.66

MNFB

0.74

0.56

0.71

1.26

1.11

1.21

1.17

1.01

1.09

MNGFE

2.04

1.93

1.98

1.97

1.86

1.91

1.93

1.84

1.86

NMBF

0.11

0.04

0.10

0.45

0.39

0.44

0.41

0.35

0.39

NMEF

0.71

0.67

0.69

0.84

0.80

0.82

0.81

0.77

0.79
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Terra MODIS

WRF/Chem-MADRID (10:30LST)

Figure 5.17. The comparison between the predicted total column AOD from WRF/ChemMADRID with the equilibrium approach and the MODIS-derived AOD (The
overpass times for Terra is 10:30 Local Stand Time. The model predictions at this
time are shown in the second column).
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Aqua MODIS

WRF/Chem-MADRID (13:30LST)

Figure 5.18. The comparison between the predicted total column AOD from WRF/ChemMADRID with the equilibrium approach and the MODIS-derived AOD (The
overpass times for Aqua is 13:30 Local Stand Time. The model predictions at this
time are shown in the second column).
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The predicted AOD from WRF/Chem-MADRID (EQUI) and MODIS-retrieved AOD
are shown in Figures 5.17 and 5.18. MODIS has been aboard the polar satellites Terra since
1999 and Aqua since 2002. MODIS AOD is available from both Terra and Aqua during the
2004 NEAQS episode. The overpass times for Terra and Aqua are 10:30 and 13:30 local
standard time (LST). The model predictions at those two times are shown in the second
columns of Figures 5.17 and 5.18. As shown from the application with the TexAQS 2000
episode, the predicted total column AOD is not sensitive to the gas/particle mass transfer
approach. Again the predicted total column AODs with different gas/particle mass transfer
approaches are fairly close for the 2004 NEAQS episode (figures not shown). Both daily and
8-day

average

MODIS

AOD

data

were

obtained

from

http://ladsweb.nascom.nasa.gov/data/search.html. However, the daily AOD data are missing
over a significant amount of area in our simulation domain. Only the 8-day average AOD
data are therefore used for comparison here. The entire MODIS AOD periods of July 11-18
and July 19-26 are within our simulation period (July 10-31). The predicted AOD at 10:30
and 13:30 LST averaged between July 11-18 and July 19-26 are compared with the Terra and
Aqua MODIS-retrieved AOD. During the period of July 11-18, both the model and MODIS
capture high AODs over the east coastal area and the Gulf shore area of the U.S. However,
MODIS AODs show high values over the area to the north of the Great Lakes (close to the
boundary of the simulation domain), which are not reproduced by the model. The high
MODIS AOD values over this area may be due to the transport of PM from outside of the
simulation domain and it may be biased by water contamination over there (Chu et al., 2002).
During the summer of 2004, the largest wildfires on record burned in Alaska (Pfister et al.,
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2005). CO data retrieved from Measurements of Pollution in the Troposphere (MOPITT)
show that large amounts of CO released by the wildfires are transported across U.S. through
boundaries above the midwestern and northeastern U.S. (Pfister et al., 2005). AOD data
retrieved from the Geostationary Operational Environmental Satellite (GOES) also show that
the smoke due to biomass burning in Canada and Alaska transports to the north of the Great
Lakes in July, 2004 (Kondragunta et al., 2008). Since a constant homogeneous boundary
condition is used in WRF/Chem, such transport events cannot be captured by the model.
During the period of July 19-26, both MODIS and model predictions show higher AODs
over the east coast and Gulf shore area than the period of July 11-18. The high AOD
―plume‖ area predicted by WRF/Chem-MADRID (indicated by red color) is larger than that
from MODIS AOD.
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Aqua MODIS

WRF meteorology only (13:30LST)

WRF/Chem-MADRID (13:30LST)

Figure 5.19. The comparison between MODIS-derived Cloud Optical Thickness (COTs) and the predicted total column COT from
WRF meteorology only simulation and WRF/Chem-MADRID with the equilibrium approach (The overpass time for Aqua is
13:30. The model predictions at this time are shown in the second and third columns).
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5.5 Feedbacks of Aerosols into Boundary Layer Meteorology
The feedback of aerosols to the meteorological predictions for the TexAQS2000
episode was discussed in Chapter 4. In that case, since the cloud microphysics process is
turned off in the simulations, the feedback of aerosol is only through altering downward solar
radiation, which is referred to as the direct effect. For the 2004 NEAQS episode, the cloud
microphysics process is turned on in the simulations. Different cloud properties may be
predicted by the presence of aerosols (through semi-direct effects (a decrease in surface
temperature and wind speed while an increase in RH and atmospheric stability due to the
presence of aerosols) (Zhang, 2008)), which adds the complexity of the aerosol feedbacks
(Note that the aqueous phase chemistry and aerosol indirect effect are not simulated in this
thesis work). In addition to aerosols that play a role in reducing solar radiation, cloud may
also be important in terms of solar radiation. MODIS-retrieved cloud optical thickness
(COT) and COT predicted by WRF and WRF/Chem-MADRID (EQUI) are shown in Figure
5.19. Since there is no significant difference between Terra and Aqua MODIS-retrieved
COT, only the Aqua MODIS-retrieved COT is shown in Figure 5.19. The magnitude of the
COT is usually on the order of 10 in the presence of cloud cover. The COT may thus play a
dominant role in reducing solar radiation. Comparing with the MODIS-retrieved COT,
apparent biases exist from both WRF/Chem-MADRID and WRF simulations. The model
simulations, however, capture some common spatial patterns of the COT obtained from
MODIS. During period of July 11-18, both model simulations and MODIS show high COT
values over the northeastern U.S. They both capture a band of area over the Atlantic Ocean
where COTs are higher than surrounding areas.
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During the period of July 19-26, the

northeastern U.S. is still an area showing high COTs from MODIS, which is also captured by
both model simulations.

Another area that has distinct higher COT values than the

surrounding areas is close to the west boundary of simulation domain, which includes the
states of Wyoming, Colorado, New Mexico, and Kansas.

Both model simulations and

MODIS give high COT values over this area. There are no systematic differences of COTs
between WRF/Chem-MADRID and WRF predictions. The difference of predicted COTs by
WRF/Chem-MADRID and WRF is shown in Figure 5.20.

The difference is rather

inhomogeneous. This may indicate that the dependence of cloud predictions on aerosols
through semi-direct effect (Zhang, 2008) is highly non-linear.

As a consequence, the

shortwave radiation forcing due to the effects of aerosol is also highly non-linear. As shown
in the second and third columns of Figure 5.21, the differences of the predicted surface
downward shortwave radiation (SWDOWN) from WRF/Chem-MADRID and WRF are
rather inhomogeneous. There is no apparent correlation between shortwave radiation forcing
(i.e., difference of SWDOWN between WRF/Chem-MADRID (EQUI) and WRF) and PM2.5
shown in the first column of Figure 5.21 or AODs (the indicator of the presence of aerosols)
shown in Figure 5.18. This may indicate that aerosols play a negligible role in altering solar
radiation in the presence of cloud cover since cloud dominates the reduction of solar
radiation under such conditions.

Since the shortwave radiation forcing is rather

inhomogeneous, as a consequence, the T2 difference between predictions by WRF/ChemMADRID and WRF are also rather inhomogeneous, as shown in Figure 5.22.
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Figure 5.20. The absolute and percent difference of COT predicted by WRF and
WRF/Chem-MADRID.
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Figure 5.21. The PM2.5 predicted by WRF/Chem-MADRID and the absolute and percent differences of SWDOWN predicted by WRF
and WRF/Chem-MADRID.
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Figure 5.22. The absolute and percent differences of T2 predicted by WRF and WRF/ChemMADRID.

5.6 Computational Cost of Schemes
Table 5.7 shows the CPU times per simulation day averaged based on simulations for
2004 NEAQS episode. All the simulations are conducted using 8 dual Xeon computer nodes
(a total of 16 processors) with 2.8-3.2 GHz Intel Xeon Processors, 4-GB memory on an IBM
Blade Center Linux Cluster at North Carolina State University. As expected, WRF/Chem-
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MADRID with the equilibrium approach is the most computationally-efficient. It takes 6.4
hours to finish 1 day simulation.

WRF/Chem-MADRID with the hybrid and kinetic

approaches take 8.9, and 14.3 hours respectively to complete 1 day simulation.

The

computational expense of WRF/Chem-MADRID with the hybrid and kinetic approaches are
affordable for 3-D air quality modeling applications. The ratios of the CPU time among
WRF/Chem-MADRID with three gas/particle mass transfer approaches (i.e., 1 : 1.39 : 2.23)
are close to those for the case of TexAQS-2000. Comparing to the ratios of the CPU times
among the bulk equilibrium, hybrd/APC_MC, and kinetic/APC_MC in the box model tests, 1
: 2: 3.6 (see Table 3.11), the difference (in terms of percentage) of CPU time of WRF/ChemMADRID with different gas/particle mass transfer approaches is smaller in 3-D applications.
This is because in 3-D applications, other processes such as meteorology, and gas phase
chemistry also take significant amount of CPU time. Total CPU times of WRF/ChemMADRID are thus not expected to achieve the same ratios of CPU times, as seen in the box
model tests.
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Table 5.7. The CPU time of WRF/Chem-MADRID with the equilibrium, hybrid, and kinetic
gas/particle mass transfer approaches using 16 processors*.

Mass Transfer
Approach

Bulk
Equilibrium

Hybrid/
APC_MC

Kinetic/
APC_MC

CPU time (hr)
/Simulation day

6.4

8.9

14.3

Time step to invoke thermodynamic model
(s)

60

60/30

30

*

The simulations are conducted using 8 dual Xeon computer nodes (a total of 16 processors)
with 2.8-3.2 GHz Intel Xeon Processors, 4-GB memory on an IBM Blade Center Linux
Cluster at North Carolina State University.
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6. SUMMARY

Gas/particle mass transfer process plays an important role in determining aerosol
mass concentrations and size/composition distributions. Its treatments in three dimensional
(3-D) Air Quality Models (AQMs), however, are largely uncertain. In this thesis work, the
gas/particle mass transfer approaches in the Model of Aerosol Dynamics, Reaction,
Ionization and Dissolution (MADRID) are first improved and evaluated in a box model to
identify accurate yet computationally efficient approaches for use in 3-D AQMs.

The

improved MADRID is then incorporated into a state-of-science air quality forecasting (AQF)
system, the Weather Research and Forecast/Chemistry Model (WRF/Chem) (WRF/ChemMADRID hereafter). WRF/Chem-MADRID has been evaluated with two 3-D applications,
i.e., the Texas Air Quality Study 2000 (TexAQS-2000) over the areas around the eastern
Texas, and the New England Air Quality Study (NEAQS) 2004 over the eastern United
States.
Five stand alone condensation/evaporation schemes (e.g., the Bott, Trajectory-Grid
(T-G), Walcek, Analytical Predictor of Condensation with moving-center and full moving
approaches (referred to as APC_MC and APC_FM)) are first evaluated using benchmarks
with a high size resolution and a small time step. For a hypothetical condensation-only case,
the APC_FM, APC_MC, and Walcek schemes are more accurate than the Bott and T-G
schemes. The original formulation of the Bott scheme as implemented in several AQMs is
subject to upstream diffusion; its continued use without modifications in AQMs is not
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warranted. By increasing the size resolution for the APC_FM scheme and both the size and
pulse resolutions for the T-G scheme, their performance can be greatly improved.
Due to their numerical accuracy and capability to couple with the treatments for the
other processes in AQMs, the APC_MC and Walcek schemes are then incorporated into
MADRID to solve the gas/particle mass transfer process explicitly in the kinetic and hybrid
mass transfer approaches, given the particle surface saturation vapor pressures calculated by
the thermodynamic model ISORROPIA.

The improved kinetic approaches (i.e.,

kinetic/APC_MC, kinetic/Walcek), hybrid approach (i.e., modified CMU hybrid/APC_MC),
and the pre-existing bulk equilibrium approaches in box MADRID are evaluated using
observations from three distinct sets of size and composition resolved PM measurement and
concurrent gas species and meteorological data obtained in Hong Kong (HK), Tampa Bay
(TB), and Angiola from the California Regional PM10/PM2.5 Air Quality Study
(CRPAQS/AN). Observations and benchmark results are used to evaluate performance of
various approaches for all three cases, except Tampa, where observations after 48-hr
simulation are not available. For HK and TB cases with high nitrate in the coarse mode, the
bulk equilibrium approaches fail to predict the distribution of semi-volatile species (e.g.,
NH4+, Cl-, and NO3-) when the observed aerosol is not in an equilibrium state and the
compositions of different sections are different due to its inherent weaknesses: assuming an
instantaneous equilibrium between bulk gas and liquid/solid phases and internal mixture
across all the sections. The CMU hybrid approach also has a similar problem but to a lesser
extent for some cases since it assumes bulk equilibrium for fine size sections, although it is
considered to be reasonably accurate.

The kinetic approaches (including the
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kinetic/APC_MC and kinetic/Walcek schemes) predict the most accurate solutions for the
HK case as compared with observations and the benchmarks. For the TB case, the modified
CMU hybrid/APC_MC, kinetic/APC_MC, and kinetic/Walcek approaches predict the closest
distributions to the benchmarks, although the resulting size distributions for chloride
simulated by all approaches significantly deviate from its initial distribution, resulting from a
lack of treatment for crustal species in the aerosol thermodynamic calculation in the box
MADRID under such conditions. For the CRPAQS/AN case with all nitrate in the fine
mode, the bulk equilibrium approach predicts a similar size distribution to that of the kinetic
and hybrid approaches since the aerosol sample is close to equilibrium. The performance of
all approaches against observations and benchmarks is quite similar.
Among all approaches tested, the bulk equilibrium approach is most computationallyefficient. The kinetic/Walcek approach provides an accurate solution but is the slowest due
to its requirement for a small time step. The kinetic/Walcek approach, therefore, is not
suitable for 3-D application in its current formulation without optimization.

The

kinetic/APC_MC and modified CMU hybrid/APC_MC approaches appear to be attractive for
3-D applications by providing the best compromise between accuracy and computational
efficiency.
The aerosol module MADRID with the improved gas/particle mass transfer
approaches has been incorporated into WRF/Chem. The resulted research-grade AQF
system, WRF/Chem-MADRID, has been tested and evaluated with a 5-day episode from the
TexAQS-2000. The evaluations focus on model sensitivities to different gas/particle mass
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transfer approaches (i.e., bulk equilibrium (EQUI), hybrid/APC_MC (HYBR), and
kinetic/APC_MC (KINE)).

WRF/Chem-MADRID simulates meteorological parameters

fairly well with normalized mean biases (NMBs) of 0.5% (MB of 0.15 oC) for temperature at
2-m (T2), -28.4% for relative humidity at 2-m (RH2), 8.7% for 10-m wind speed, and 72.1%
for the daytime planetary boundary layer (PBL) height (against the measurements obtained
from wind profiler, which are believed to underestimate actual PBL height).

The

performance of some parameters (e.g., wind speed) at night is worse than that during
daytime. Sea breeze development is correctly captured by WRF/Chem-MADRID while the
predicted penetration strength is weaker than observations.
WRF/Chem-MADRID simulated hourly O3 shows a high correlation coefficient
(0.83) with observations and the overall mean bias is about -1.8 ppb. Some daily peak O3
mixing ratios are underpredicted, which is possibly due to uncertainties in emissions of low
molecular weight alkene, inaccurate predictions of small scale meteorological processes (e.g.,
sea breeze), and missing of an OH source and chlorine chemistry in the gas phase
mechanism. WRF/Chem-MADRID shows a negligible sensitivity to different mass transfer
approaches for O3 predictions.
WRF/Chem-MADRID (EQUI), (HYBR), and (KINE) overpredict PM2.5 by 37.1%,
35.8%, and 36.5%, respectively. Over inland areas, different gas/particle mass transfer
approaches predict similar PM concentrations. Over coastal areas, however, WRF/ChemMADRID (EQUI) predicts higher PM2.5 concentrations than those with the hybrid or kinetic
approaches due to improperly redistributing condensed nitrate from the chloride depletion
process to fine mode. On the other hand, WRF/Chem-MADRID (KINE) correctly predicts
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chloride depletion process.

WRF/Chem-MADRID (HYBR) predicts chloride depletion

process correctly for the last two sections (sections 7 and 8), which are solved by the kinetic
approach, while the predictions for section 6 (which may also be affected by sea-salt
emissions) may be still biased since the bulk equilibrium approach is used for the first 6
sections. Reducing the cutoff diameter between the equilibrium and kinetic approaches from
2.15 to 1 µm in the hybrid approach may improve its performance in predicting PM2.5,
especially its size/composition distributions. The kinetic/APC_MC and hybrid/APC_MC
approaches are thus recommended to predict PM2.5 over areas where anthropogenic
emissions mix with sea salt emissions. Such recommendation would be also applicable when
anthropogenic emissions mix with emissions of crustal species, which mainly contain
carbonates, since carbonates act similarly as sodium chloride when they buffer acid uptake
(i.e., replacing the original aerosol anion).
In addition to the evaluation at surface, the column abundances of PM2.5 are
compared with the MODIS-derived aerosol optical depth (AOD). Even though quantitative
evaluations of AQM using MODIS AOD are limited due to the uncertainties associated with
MODIS AOD at current stage, MODIS AOD could provide valuable qualitative information
for PM2.5 column abundances.

WRF/Chem-MADRID captures the regional-scale AOD

distribution and its day-to-day variability while biases exist over certain areas. AOD biases
may be caused by biases of PM vertical profiles, which may originate from the uncertainties
of its boundary conditions. Using more realistic and time-dependent boundary conditions for
chemical species may help increase the AOD performance of WRF/Chem.
For the application to the much longer 2004 NEAQS episode, the O3 predictions by
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WRF/Chem-MADRID (EQUI) are compared with those from other AQMs commonly used
in North America. The overall O3 performance of WRF/Chem-MADRID is comparable with
other AQMs while over certain areas, WRF/Chem-MADRID gives better O3 performance
than some other models. The NMBs of PM2.5 predicted by WRF/Chem-MADRID range
from 9% to 39.6% (with variations among different measurements networks). The largest
bias (i.e. 39.6%) occurs at AIRNow sites, where the PM2.5 measurements (by TEOM) are
believed to be biased low.

WRF/Chem-MADRID (HYBR) and WRF/Chem-MADRID

(KINE) again show better skill than WRF/Chem-MADRID (EQUI) in terms of nitrate
predictions over coastal areas. Model simulations confirmed that the NEI99 v3 emissions
significantly overestimate the actual emissions in 2004 (e.g., ~40% for NOx) consistent with
findings by others (Pouliot, 2005; Frost et al., 2006; Kim et al., 2006; Hudman et al., 2007;
Warneke et al., 2006). With the adjusted emissions (i.e., the original NEI99 v3 emissions are
scaled down to the projected emission level of 2004), WRF/Chem-MADRID still
overpredicts PM2.5 over urban areas with NMBs of ~40% and over rural area with NMBs less
than 11.4%. The overestimations in NEI99 v3 over urban areas are speculated to be more
significant than that over rural areas.
The air quality forecasting system developed in this thesis work, i.e., WRF/ChemMADRID, has demonstrated acceptable meteorological and chemical predictions.
WRF/Chem-MADRID costs 6.4, 8.9 and 14.3 hours (for EQUI, HYBR and KINE
respectively) on 16 Xeon processes for 1 day simulation for the NEAQS2004 case with
133×109×34 grid cells.

Considering the better performance of WRF/Chem-MADRID

(HYBR) and WRF/Chem-MADRID (KINE) and their CPU costs, WRF/Chem-MADRID
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(HYBR) may be potentially the best choice for short term (e.g., 1 day) real-time air quality
forecasting.
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