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ABSTRACT

Meteorological variables such as temperature, wind speed, windiahsecand
Planetary Boundary Layer (PBL) heights have critical imgbees for air quality
simulations. Sensitivity simulations with five different PBL egfes associated with
three different Land Surface Models (LSMs) were conducted tmierathe impact of
meteorological variables on the predicted ozone concentrations usir@othmunity
Multiscale Air Quality (CMAQ) version 4.5 with local perspeeti Additionally, the
nudging analysis for winds was adopted with three different icaaits to improve the
wind fields in the complex terrain at 4-km grid resolution. The satmuris focused on
complex terrain having valley and mountain areas for ozone St& (&plementation
Plans). The ETA M-Y (Mellor-Yamada) and G-S (Gayno-Seanf#l) schemes were
identified as favorite options and promote fOrmation causing the higher temperature,
slower winds, and lower mixing height among sensitivity simulations in theo&stady.

It was found that PX simulation did not always give optimal metegical and
CMAQ model performances at mountain sites. The results of nudgadgsis for winds
with three different increased coefficients’ values (2.5, 4.5, and 6.0*xp&0 second)
over seven sensitivity simulations show that the meteorological npedirmance was
enhanced due to improved wind fields, indicating the FDDA (Four Dimerisioeta
Assimilation) nudging analysis can improve model performance coabigeat 4-km
grid resolution. Specifically, the sensitivity simulations vilike coefficient value (6.0 x
10 yielded more substantial improvements than with the other véugand 4.5 x 10

). Hence, choosing the nudging coefficient of 6.0 X i€r second for winds in MM5



may be the best choice to improve wind fields as an input, asasglbetter model
performance of CMAQ in the complex terrain area.

The sensitivity of RRFs (Relative Response Factors) to thedeBeme may be
considerably significant with about 1-3 ppb in difference in detangi whether the
attainment test is passed or failed. Finally, a finer grgblition was necessary to
evaluate and access of CMAQ results for giving a detailegresentation of

meteorological and chemical processes in the regulatory modeling.
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1.0INTRODUCTION

This chapter is revised based on a paper published and a paper sulyitte

Yunhee Kim, Joshua S. Fu, and Terry L. Miller:

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part | — examination of aslpudging and all PBL
schemes associated with LSMs in meteorological model, Atmospevironment, 44

(4), pp.523-532

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part Il — Influence MM5 on lp&flaximum 8-hour
Ozone Concentrations and RRFs (Relative Reduction Factors) fa @&IPthe

Nonattainment Areas, accepted in Atmospheric Environment.

My primary contributions to these papers include (i) development of the problem
into a work, (ii) identification of the study areas and objectives, (iii) design a
conducting of the simulations, (iv) gathering and reviewing literature, (v) gsiag

analyzing and interpretation of simulation data, (vi) most of the writing.

Over the past decades, many of the urban areas in the United Bsat been
committed in the development of plans for unhealthy and harmful efééaizone (Q)
based on the National Ambient Air Quality Standards (NAAQS). U8eEPA (United

States Environmental Protection Agency) informed that 474 counttbe ldnited States



were designated as nonattainment for 8-pNAAQS based on 8-hr Omeasurements
from 2001-2003.(Federal Register, 2004)

The three-dimensional (3D) Air Quality Models (AQMs) for thdat8&
Implementation Plans (SIPs) of ozong)@ave been gaining increased attention because
of playing an important role in guiding the development of regulatmgeling with the
National Ambient Air Quality Standards (NAAQS) (Zhang et @D06). The non-
attainment areas for the 8-hr ozone designated by the U.S. Envirohrestiction
Agency (USEPA) must demonstrate the attainment using the 3D AQMse if the
NAAQS for 8-hr ozone does or does not meet a monitoring area céshteThus, each
State having 8-hr ©non-attainment areas are required to submit the SIPs to show for
attainment of the 8-hr NAAQS which currently meets less than 85ap@blocalized
monitoring area. Models generally tend to concentrate on how weklsirepresent real
values. However, there are many uncertainties in meteorologwadel and
photochemical model, and those responsibilities for decisions on conatelgsts need
to use modeled scenarios without concern that inaccuracies and assamptthe
modeling may mislead them.

For the ozone SIPs modeling, air quality model performance nat fyrid
resolutions in the non-attainment areas is desirable becassxiacted to propagate the
actual structure of the atmosphere and show a more detailederfation of emissions,
land use, meteorological, and chemical processes as well as ozonestoategly. Thus,
US EPA recommends that using 4km horizontal grid may be desicahleban and fine
scales of nested regional grids (EPA, 2007). However, recehesthave presented the
impacts of grid resolutions such as 36-, 12-, and 4-km for thesa@h of model
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performance. According to Mathur et al., (2005), 4-km simulationiged the most
accurate and realistic ozone prediction while Arunachalam et al., Zoflgn et al.,
2006; Queen and Zhang, 2008; Wu et al., 2008 found that 4-km grid resolution did not
always provide the better model performance of meteorology AmAQC(Byun and
Schere, 2006). As a result, the 12-km grid simulation becamewndesy and properly
chosen. In addition, for the Visibility Improvement State and Tr&ssociation of the
Southeast (VISTAS)'s regional problem in the Southeast US wasessddl by
conducting the meteorological modeling at 36- and 12-km. Consequently, tiRBPX
produced credible meteorological variables (VISTAS, 2004). Asutréise PX model
was the preferred choice to provide meteorological inputs to &QNHowever, as
indicated by Cohan et al., (2006), the results obtained from fineregadutions become
necessary when localized variability is needed. Hence, s&yssimulations from finer
grid resolutions for ozone non-attainment areas would be necessary.is Tdritically
important when CMAQ assessment and evaluation are performed iredb&atory
modeling.

There are schemes and nudging analyses that may perform diferent
Newtonian relaxation or nudging analysis is one method of four-dior&isdata
assimilation (FDDA). The nudging method described by Stauffek €991, 1994) was
found to be an effective and economical method for performing FDDApaiticular,
some studies have shown that using nudging analysis in MM5 is catksidaluable
because it can provide improved wind fields (Bao and Errico, 1997; Bath&amb,
2000; Cohan et al., 2006). At the fine scale, selecting the appeopratging
coefficients may have impacts on MM5 and CMAQ simulation. Magnitude of the

3



impact of nudging coefficients in MM5 on the CMAQ simulations Imed been
qguantified at a fine grid resolution. Determining the appropratae of nudging in
MMS5 to the CMAQ simulation can be useful to improve model performan@efiner
grid resolution for SIPs in the non-attainment areas. When nudgimgdsin MM5 to
create inputs for CMAQ, it is expected that the improvementsirud fields, shown in
MMS5 with nudging, would also improve daily maximum 8-hr ozone conceéotrat the
CMAQ simulation.

The PBL height in meteorological models plays an important rolgridicting
and understanding ozone formation and other pollutants (Perez et al., Z0@5PBL
has a thickness ranging from a hundred meters to a few kilamater affects the
dynamical and thermal forcing at the surface. Pollutants are emitbeithéinixing layer
(ML) and become gradually dispersed and mixed through the actiorbafe¢nce under
convective (Seibert et al., 2000). Hence, the various PBL scharbdd5 are needed to
account for the influence of PBL or ML on ozone air quality duringtyipecal ozone
summer season in the complex terrain. CMAQ is then executedorgyng
meteorological conditions as an input produced by a single configuctidiM5 (Mao
et al., 2006). Some studies have shown how various PBL schemes tatect
concentration of pollutants of CMAQ. Still, there is a lack\dleation concerning how
PBL schemes associated with LSMs affect CMAQ model pedoo® at 4-km grid
resolution.

In April 2004, US EPA designated non-attainment areas for 8-hour ozone
NAAQS (National Ambient Air Quality Standard). The US EPA has set two Q@84or
O3 from 1-hour standard of 120 ppb to 8-hour standard of 85 ppb. The 8-hour ozone

4



NAAQS was revised by US EPA in 1991 based on the 1-hour NAAQdeta human
health and welfare. The current 8-hour NAAQS requires thathtiee-tyear average of
the fourth highest daily maximum 8-hour average ozone each ydéesdthan or equal

to 85 ppb at a given monitoring site. It is required more demandinglti@ur ozone
NAAQS for protecting human health. The new NAAQS for 8-hoyn@s revised from
0.08 ppm to 0.075 ppm as of May 27 in 2008, expecting that this would resulten mor
nonattainment areas in the United States.

Seven counties in East Tennessee are classified under the Glda @AA) as
8-hour ozone nonattainment areas. These areas must demonstranthat@nment
whether NAAQS will be achieved through an effective state implementalans (SIPs).
Three-dimensional (3D) photochemical air quality models play an taogorole in
demonstrating attainment of 8-hour ozone NAAQS and supporting of tle dithe
nonattainment areas of interest. The CMAQ model is commonly aelywapplied to
determine if the NAAQS for 8-hour{Is met or not at a given monitoring site. The US
EPA has updated a final modeling guidance document for demonstrating attain@gnt of
(USEPA, 2007) providing guidance on how to prepare 8-hour ozone attainment
demonstrations using air quality models. Thus, users follow the itistrsi@rovided by
US EPA to demonstrate attainment for 8-hour ozone NAAQS througresiodts from
the CMAQ model.

Overall, the results of the study will provide a recommendatioheoMM5 and
CMAQ configurations for ozone SIP modeling exercises in the contpleain areas. In

addition, this study might provide thoughtful implications for givingghtrdecision that



helps to improve the air quality management and their impacts on 8#@s¢o the State

having 8-hr Q non-attainment areas.

1.1 OBJECTIVE

The primary objective of this study is to evaluate the performanic the
meteorological model and CMAQ in the complex terrain at a 4-kich rgsolution for
ozone SIPs. We will also examine the impacts of nudging aedtyswinds (and various
PBL schemes associated with LSMs in MM5 on CMAQ simulatianidéntify the most
appropriate PBL schemes associated with LSMs and to deterhmnbetst nudging
coefficient value for winds. We will present our results inghparts. These three parts
are obtained from the submitted journal papers and also attached in Appendix A and B.

Part | describes the influence of various nudging coefficientwiftals, and seven
sensitivity simulations (five different PBL schemes assodiati¢h three different LSMs)
in MM5 at 4-km horizontal grid resolution to provide a better reprasent of the
meteorology. It presents impacts on grid size resolution beth#Zz&m and 4-km for the
31-day period of August 2002 in a complex terrain area (East Te®)dss the ozone
SIPs. In addition, it also identifies the best nudging coefficiehtie for winds and
preferred PBL schemes associated with LSMs in the area of the study.

Part 1l describes daily maximum 8-hour ozone concentrations fiwn2i
sensitivity simulation results of CMAQ. It illustrates sevemsstivity simulations with
the best nudging coefficients, based on the results from Paid.will also discuss the

contribution of MM5 on 12-km grid resolution and 4-km grid resolution fomkotlel in
6



order to study the impacts of grid size resolutions erio@nation in the nonattainment
area.

Part Il presents the effect on Relative Response Factors (RRFs) forSQiRmia
the non-attainment areas of the study, for a 120-day period (from 15 May to 15
September) during a typical summer season. In addition, it evaluates monthalyeave
daily maximum 8-hr @concentration at 4-km horizontal grid resolution. The results of
the study will provide a recommendation of the MM5 and CMAQ configurations for

ozone SIP modeling exercises in the complex terrain areas.



2.0 LITERATURE REVIEW AND BACKGROUND

2.1 OZONE SIPs

The Clean Air Act Amendments (CAA) established three-dimenki(3i2)
photochemical air quality models for analyzing the urban and regovoblem of high
Oz across the US in 1990 as the recommended tools (USEPA, 1991; USEPA, 2007)
These photochemical models such as the Community Multiscal@usility (CMAQ) or
the Comprehensive Air Quality Models with extension (CMAXx)argently and widely
applied to study and plan strategies for meeting NAAQS for@smonattainment areas.

The nonattainment areas must submit the State Implementation (BI&%3 resulting
from these models to the US EPA.

On July 18, 1997, the 1-hr ozone NAAQS of 0.120 parts per million (ppm) was
amended to that of 0.08 parts per million (ppm) of 8-hr ozone based om ingadéh and
welfare effects resulting from the expended exposure of highT@is amended NAAQS
for 8-hr & is required more demanding than the standard of 1zh(Federal Register,
2004)

On April 30, 2004, US EPA designated nonattainment areas for 8-hour ozone
NAAQS. Figure-1 displays Counties designated nonattainmeas &oe 8-hr ozone in
the United States. The CAA (Clean Air Act) includes two sétprovisions such as
subpart | and subpart 1l. Subpart | which is referred to as basiattainment includes

general, less prescriptive, requirements for nonattainment areay foolartants but



Severe 15
[ serious
[ 1 Moderate

Marginal
Subpart 1

Figure-1. Counties designated nonattainment areas for 8-hr ozone (SourdéS EPA,
2009)

subpart Il necessitates additional specific provisions for ozone ammaént areas.
Under subpart Il, areas are classified as listed in Table 1.

More serious areas are required with more recommended contraleragots
and given longer to attain the standards. Under EPA regulatigiis @GER part 50, the
current (1997) 8-hr NAAQS is attained when the three-year azerfaipe fourth highest
daily maximum 8-hr average ozone each year is less than eq&l& ppm (i.e., 0.084
ppm when rounding is considered) at a given monitoring site.(Fedegat&e 2004)
The new NAAQS for 8-hr @was revised from 0.08 ppm to 0.075 ppm as of May 27 in

2008, expecting that this would result in more nonattainment areas in the United States.



Table-1. Classifications for 8-hr Ozone NAAQS

Area Classification

Description

Extreme Area has design value of 0.187 ppm and above and has 20 years to attain
Severe 17 Area has design value of 0.127 up tp 0.187 ppm and has 17 years to attain
Severe 15 Area has design value of 0.120 up tp 0.127 ppm and has 15 years to attain
Serious Area has design value of 0.107 up tp 0.120 ppm and has 9 years to attain

Moderate Area has design value of 0.092 up tp 0.107 ppm and has 6 years to attain

Marginal Area has design value of 0.085 up tp 0.092 ppm and 3 years to attain

Seven counties in East Tennessee are classified under the Glda @AA) as

8-hour ozone nonattainment areas and shown in Figure-2. These aredsmusstrate

the ozone attainment whether NAAQS will be achieved through attie#t state

implementation plans (SIPs). Three-dimensional (3D) photocheniagliaity models

play an important role in demonstrating attainment of 8-hour ozone NAAQd

supporting of

the SIPs at the nonattainment areas of interdst. CMAQ model is

commonly and widely applied to determine if the NAAQS for 8-hogirsOnet or not at

a given monitoring site. The US EPA has updated a final modeligigmee document

for demonstrating attainment ofsqUSEPA, 2007) providing guidance on how to

prepare 8-hour ozone attainment demonstrations using air quality mobels, users

follow the instructions provided by US EPA to demonstrate attaibfioe 8-hour ozone

NAAQS through the results from the CMAQ model.

A State Implementation Plans (SIPs) is federally approved and coestraigulations.

Each state identifies how it will attain or maintain health and welfare ofhusiated to

NAAQS amended by CAA.

10
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Figure-2. 8-hr nonattainment areas in East Tennessee (Source: US EPA)

SIPs documents containing a multiplicity of information includingcaintrol strategies,

modeling demonstration and air quality goals must be approved by EPA.

2.2 METEOROLOGICAL MODELING SYSTEM (MM5)

The model established as MM5 is a non-hydrostatic, prognostic, asusoade
meteorological model developed by the Fifth Generation Pennsylvata Gtiversity,
National Center for Atmospheric Research to predict atmosphecidation. (Dudhia,
2004) The MMS5 involves (i) a multiple-nest capability, (i) nonhydribstdynamics
allowing the model to be used at a few-kilometer scale, giiipur-dimensional data-

assimilation capability, and (iv) more physics options .(Dudhia, 2004)
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Additional Capability — [Main Programs Data Sets

TERRESTRIAL
a—"_ | TERRAIN [ | |
Cld. USGSand ysGs Terrain Other
SiB Landuse LSM Data

\ \ GLOBAL/REGIONAL ANALYSIS
MM5 RAWINS REGRID |
INTERP; littler NClEP NNlRP EJFA .....
ECMWF  ERA AVN
TOGA

OBSERVATIONS

NESTDOWN
RAWINS/
little_r

S

INTERFPBE

Surface Rawinsonde Others

INTERPF

)

Y ———

I NESTDOWN

Figure-3. MM5 modeling system flow chart (Source:MM5 Commurty

Model)

Briefly, the MM5 modeling system consists of five programer¥ain, regrid,
littlr_r, interpf, and MM5 as shown in Figure-3. At first, therrain program details
model domain & map projection and generates terrain, landuse cattgargn model
grids as well as vegetation & soil category data for MM&dat's land surface model
option. Second, the regrid program results in pressure level fields on model’s grids.

Third, the little_r program performs objective analysis with razhde and
surface observations. Forth, the interpf program interpolates prdesatedata from
little_r to model's sigma coordinate. And finally, the MM5 progranifggens time

integration.
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MM5 model insists on an initial condition as well as a boundary dondib run
as a regional model. MM5 program has several physics options tacpréundary

conditions.

2.3 BACKGROUND OF PLANETARY BOUNDARY LAYER (PBL)
AND LAND SURFACE MODELS (LSMS)

Meteorological fields such as wind speeds, wind direction, teryveraand
planetary boundary layer (PBL) have been examined on air qualiprédicting ozone
(O3) concentration because they have direct impacts on air gtabtygh dispersion and
transport. Thus, they are used as input to air quality models (Byun et al., 2087ediet
al., 2005; Perez et al., 2006; Queen and Zhang, 2008; Zhang et al., 20@86mplex
topography with valley and mountain areas in East Tennessegomdaexample in this
study. There, stagnant air traps air pollutants within the valleyeaird he generally low
wind speeds, slow the dispersion and transport of pollutants out of the Vallthis area,
the breezes and winds of mountain and valley induced have important Snopatte
dispersion of the pollutants emitted (Miller and Fu, 2006). Therpattewinds in the
complex area can be even more complicated due to the land-use atypebeof
vegetation (Perez et al., 2006). Some studies have shown that the hid3depredict
well for temperature while wind speed tends to over predi¢enms of overall-wide
statistics and area-specific statistics at a 4-km gsolution (Wu et al., 2008; Zhang et
al., 2006). Jang et al., (1995) and Jimenez et al., (2005) suggest thaddbkng of

photochemical pollution in complex terrains requires a high horizontal grid resolution
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stable layer/free atmosphere J vertical diffusion

entrainment

Figure-4. Explication of PBL processes

and needs to evaluate the meteorological variables such as winl] tgmeperature, and
wind direction with respect to the overall-wide statistics amh-apecific statistics to
provide insights into a local area.

It is divided by three layers such as surface layer, P@&rlnown as mixing layer, and
stable layer in the atmosphere as presented in Figure-4.wétliknown that the PBL’s
flow is turbulent as a major feature of PBL. The velocity,derature, and humidity in a
turbulent flow are random functions of space and time, resultingeruses a statistical
approach to compute the PBL structure. The structure of PBL turbuiergeatly
influenced by surface conditions and temperature. Turbulent convertuatons are

induced when the surface is warmer than the PBL air becaubaoghnt. Hence,

14



boundary-layer convection would extend from a hundred meter to a few teienand
settle the depth of the convective PBL. Under convective conditions, gyauare
released into the mixing layer (ML) and gradually mixed thhotlge turbulence. And
also boundary layer models depend on physical parameters likeath@onductivity in
the soil, soil water content and roughness height. That is, R8Is@face land models
have very strong relationships like couples. A land surface mod&M)Lprovides
surface sensible and latent heat fluxes for momentum, heat, amdusad to determine
the quantities of flux between the land surface and the atmosphdogver boundary
conditions to the coupled PBL. These heat fluxes are then trartsplorteighout the
boundary layer and contribute to atmospheric temperature and moistdendies as
shown in Figure-5. Basically, the LSM replaces the ground tenyperg@trediction

calculation based on the heat fluxes at the ground. The LSM strengthen by

Microphysics | -gesd.detrainment Cumulus

cloud effects

cloud fraction

surfCe fluxes
PBL

SH.LH
/ /smface T.Q, . wigd

emission/albed® Surface

Radiation

Figure-5. Direct interactions of parameterizations
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soil and surface vegetation types, soil moisture, and topography dnétbBd by the
ground surface have complex interactions. That's the reason LSMBansicRemes are

applied in MM5 as a couple.

2.4DESCRIPTION OF FIVE PBL s AND THREE LSM ¢

There are five available options for PBL schemes which users<lvaose for
MM5. These are as follows: Pleim-Xiu (PX), Eta Mellor-YatagEta M-Y), Medium
Range Forecast (MRF), Blackadar (BK), and Gayno-Seam@h PBL schemes. Each

scheme is coupled to a different land surface model.

1. Pleim-Xiu (PX) PBL scheme

The PX scheme is a simple non-local closure model called Astmoaie
Convective Model (ACM) developed for application in regional or mesescal
atmospheric chemistry models. It is based on the assumption theaMeainsport within
the mixing layer is asymmetrical. This scheme is only couplgd PX LSM and

derived from Blackadar (BK) scheme.

2. Eta Mellor-Yamada (Eta M-Y) PBL scheme

The Eta M-Y PBL scheme in MM5 is a local, one and half oottesure scheme

in the PBL with a prognostic equation for turbulent kinetic energy (TKE). Thense is
16



used to forecast the vertical mixing of horizontal wind, potentapegature, and mixing

ratio. This scheme can be coupled with Noah LSM or 5-layer soil model.

3. Medium Range Forecast (MRF) PBL scheme

The MRF PBL scheme is a non-local scheme and known as HongaanBBL
scheme. It illustrates large-eddy turbulence in a wellechi®*BL and is economical in
computation because of its computational efficiency and its atmlisymulate large-eddy
turbulence in well-mixed PBLs. This scheme can be matchiédNwiah LSM or 5-layer

soil model.

4. Blackadar (BK) PBL scheme

This scheme is appropriate for multi-layer PBL and used t@dstehe vertical
mixing of horizontal wind, potential temperature, mixing ratio, cloucewatnd cloud ice.
It has different regimes such as stable, nocturnal and free-conveciimeseduring the
convective conditions, the non-local mixing of the BK PBL scheme asstimat buoyant
plumes from the surface rise and mix across all layers twerboundary-layer,
exchanging momentum, energy, and moisture. This scheme is nihteithea 5-layer

soil model.

5. Gayno-Seaman (G-S) PBL scheme

17



The GS scheme has the capability to provide cloud tendencies arubtitefc
computation is comparable with BL scheme. The local mixing ofa8ePBL scheme
calculates the turbulent kinetic energy (TKE) prognosticallge GS scheme is the most
recent TKE-based scheme. The vertical diffusion is then detednbased on the local
value of TKE. This scheme is matched with a 5-layer soil model.

Three LSMs schemes are available in MM5 as specified irdéiseriptions of

PBL schemes and as follows: PX, Noah, and 5-layer soil model LSMs.

1. PX LSM

The PX (Pleim and Chang, 1992) is established by five different equationslfor soi
temperature and soil moisture in two layers (1-com surface layer anwdtzone layer)
and canopy moisture as displayed in Figure-6. Ground surface téonpasacomputed
from the surface energy balance using a force-restore algdothineat exchange within
the soil. Soil moisture coefficients used in the prognostic soikture equations are

formulated. The coupled PX model can achieve 1.5 m air temperature.

2. Noah LSM

The Noah LSM (Chen, 2001) in MMS5 is used to predict soil moisture and
temperature in 4 layers with thickness from top to bottom of 10, 30, 6Q,0fhdm, as
well as canopy moisture and water-equivalent snow depth. The N&lglhhas one
canopy layer, and its total depth of soil layers is 2m. It can be coupled with Etanbll-Y a

18
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Figure-6. lllustration of Surface Processes

MRF PBL schemes, respectively. The coupled Eta M-Y-Noah nuadediagnostically

produce 2 m air temperature above ground level.

3. 5-layer soil model LSM

The 5-layer soil model predicts soil temperature in 5 layers with thickridss
2, 4,8, and 16 cm and represents higher frequency changes than stwoe-réhis LSM

can be associated with MRF, BK, and GS PBL schemes in MM5 configuration.

2.5DESCRIPTION OF NUDGING METHOD IN MM5

Stauffer et al.,, 1991 indicated that the technique of Newtonianatedax or
nudging, was found to be an effective and economical method foorpénfy Four
Dimensional Data Assimilation (FDDA). Newtonian relaxation, or nudgingi{fetaand

Seaman, 1994; Stauffer et al., 1991) is known to be a method of FDDAngeke
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model state toward the observestiate by adding artificial forcing terms to the model
equations based on the difference between the two states weighed by nudginigmizseffic
in MM5. The nudging toward gridded analysis (based on the model’s tepeas a
simple method nudging FDDA) was used in this study.

The NCEP (National Centers for Environmental Prediction) finalysis data for
REGRID and NCEP ADP Upper Air Observations and NCEP ADP &a@bservations
for the surface FDDA were used. The FDDA 3D and surfaceysinahudging is
available in MM5 application and known to be useful to improve wind fi@d® and
Errico, 1997; Barna and Lamb, 2000; Cohan et al., 2006). The nudging termyhsede
by a selected coefficient. Typically, the nudging coefficieatsge from 2.5 x 10° to
6.0 x 10* per second in the analysis nudging method. The FDDA 3D and surface
analysis nudging was applied for temperature, winds, and mixtig rd@he nudging
coefficients were 2.5 x 10for temperature and 1.0 x 2@or mixing ratio used at each
sensitivity simulation. According to Bao and Errico (1997), nudging only wind was more
effective and dominant than temperature alone. Hence, we appliedidgang winds
with increasing nudging coefficients that could produce better seiwdin using the
nudging coefficients for winds with a default value of 2.5 ¥ p@r second.

In this study, the nudging coefficients for winds of 2.5 ¥,100 x 10%, and 6.0 x

10“ per second were utilized at each sensitivity simulation.
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3. METHODOLOGY

This chapter is revised based on a paper published and a paper sulyitte

Yunhee Kim, Joshua S. Fu, and Terry L. Miller:

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part | — examination of ymslnudging and all PBL
schemes associated with LSMs in meteorological model, AtmospEevironment, 44

(4), pp.523-532

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part Il — Influence MM5 on lp&flaximum 8-hour
Ozone Concentrations and RRFs (Relative Reduction Factors) fas @&IPthe

Nonattainment Areas, accepted in Atmospheric Environment.

My primary contributions to these papers include (i) development of the problem
into a work, (ii) identification of the study areas and objectives, (iii) design a
conducting of the simulations, (iv) gathering and reviewing literature, (v) gsivgg

analyzing and interpretation of simulation data, (vi) most of the writing.

3.1 MODELING COMPONENTS

The MM5-MCIP-SMOKE-CMAQ modeling system is used in thisidst
Version 3.7 of MM5 is used to generate meteorological fields foAQMs inputs. The

output from MM5 is processed by MCIP (Meteorology Chemistry fater Processor)
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version 3.1. It is used and needed by SMOKE Version 2.1 and CMAQ Ve&&as a

proper format.

3.2EPISODE SELECTION

The 31-day episode is selected for the simulation to represetypibal summer
condition. The summer episode is from 1 August to 31 August for thieof/@802 and
included a 5-day spin-up period starting at 26 July 2002. The monthgefsAis chosen
for the simulation due to the fact that the model performance oftreh of August

showed generally poor conditions.

3.3 MODELING DOMAIN AND MONITORING SITES

The 4km modeling domain (ETN 4-km) covers East Tennessee, andan padrti
several surrounding states including North Carolina (NC), Soutbli@a (SC), Georgia
(GA), West Virginia (WV), and Alabama (AL). Figure-7 showise Visibility
Improvement State and Tribal Association of the Southeast (VIE3IA8km and 12km
domains, the nested 4km domains, and all seven monitoring sites repregalieingites
(Anderson, Mildred, Rutledge, and Jefferson) and for mountain &itek (Rock, Cove
Mt., and Clingman’s Dome) observed in this study. The observed alatalfey and
mountain sites are collected by Jim Renfro at the Great SiMokytain National Park
and the National Center for Atmospheric Research (NCAR) datee: (s

http://www.mmm.ucar.edu/mm5/mmb5v3/data/free datayatml
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Valley Sites

Mountain Sites

Figure-7. The VISTAS’s 36 (D01) and 12km (D02) domains and nested 4km
(D03) domain for the East Tennessee and total seven monitor sites for vglites
(Anderson, Mildred, Rutledge, Jefferson) and for mountain sites (Look Rdg Cove
Mt., and Clingman’s Dome) observed in East Tennessee

3.4METEOROLOGICAL CONFIGURATIONS

The 36 and 12km model domains had 34 layers, performed with PX PBL scheme,
Kain-Fritsch2 (KF2) cloud scheme, RRTM radiation scheme, and mpleake
microphysics scheme in the current VISTAS's model configuratidime 4-km grid
resolution has 127 by 118 grids with 34 layers in MM5. The MM5 modal ismbert
conformal projection with true latitudes at°38 and 43 N. The 4-km grid domain also
performs with Kain-Fritsch2 (KF2) cloud scheme, RRTM radiation meheand mixed
phase microphysics scheme, the same as 36-km and 12-km domainSITERPPX is

a new preprocessor used to initialize soil moisture, temperatutlecanopy moisture
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from a previous run and after NESTDOWN (Pleim and Chang, 1992) riiéthod is
known as a soil moisture nudging option and only applied for PX model. Xmeddel
is generally known that it produces poorly forecasted precipitationtauie soil
moisture.

Using the PX model with or without the soil moisture option islyike impact
the skill of the MM5 model. Hence, we need to test the PX motelINTERPPX and
without INTERPPX for the purpose of this study. The NESTDOWNSsid to generate
inputs for finer grid resolution MM5 run from the coarser resolultivi5 output. One-
way NESTDOWN method is selected to generate inputs for the gflanresolution
MMS5 run. This takes output from MM5 run, together with TERRAIN oufputa 4-km
grid domain. Table-2 shows the PBL scheme coupled with LSMs schesatk for

sensitivity test.

Table-2. PBL schemes coupled with LSMs schemes used for sengiitest

MM5 Sensitivity Scenarios A B C D E F G

PBL Scheme PX Eta M-Y MRF Eta M-Y MRF Blackadar ~ Gayno-Seaman
LSM Scheme PX Noah Noah 5-soil layer  5-soil layer  5-soil layer 5-soil layer
Cloud Microphysics Mixed-phase Mixed-phase Mixed-phase Mixed-phase Mixed-phase Mixed-phase Mixed-phase
Cumulus Parameterization KF2 KF2 KF2 KF2 KF2 KF2 KF2
Atmospheric radiation RRTM RRTM RRTM RRTM RRTM RRTM RRTM
Shallow Convection No No No No No No No
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3.5DESCRIPTION OF THE EMISSION MODELING

The SMOKE (Sparse Matrix Operator Kernel Emissions) modelegivn 2.1 is
used to generate emissions for CMAQ required as inputs for the mbAtgust. For
the base case, all source categories are included and artowas:farea, area-fire, fire,
EGU (Electric Generating Unit), NEGU (Non-Electric Getieiga Unit), on-road, non-
road and marine emissions. These emissions data are obtainedI8dAS 2002 Base
G typical emissions (See http://www.vistas-sesarm.org/)is hecessary to generate
biogenic emissions using BELD3 (Biogenic Emissions Landuse Dat&leasien 3) data
to the 4-km grid resolution. SMOKE is produced to use the Biogenisstm Inventory
System Version 3.09 to generate the biogenic components for each sensitivigisim

For on-road, point combined EGU, NEGU and fire emissions, and biogenic
sources, the emissions should be rerun by SMOKE because theseesnigsiens are
changed by meteorology. That is, these three source categeggEre meteorological
data as an input in SMOKE. For each sensitivity simulation, tllbs®e source
categories are rerun by SMOKE and then combined by other scategories that had
already been done for the base case. The SMOKE CB-IV spedmbfiles are used for
CMAQ species in this study. Table-3 shows the definition of \&@r&yer for MM5 and

CMAQ models.
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Table-3. Vertical Layer Definition for MM5 and CMAQ

MM5 Simulation

CMAQ 19 Layers

Layer

34
33
32
3
30
29
28

S = ROy =~ WD

Sigma

0.000
0.050
0.100
0.150
0.200
0.250
0.300
0.350
0.400
0.450
0.500
0.550
0.600
0.650
0.700
0.740
0.770
0.800
0.820
0.840
0.860
0.880
0.900
0.910
0.920
0.930
0.940
0.950
0.960
0.970
0.980
0.985
0.990
0.995
1.000

Pressure Height

sy (m)

100 14662
145 12622
190 11356
235 10127
280 9066
325 8127
370 7284
415 8517
460 5812
505 5160
550 4553
505 3564
640 3448
685 2842
730 2462
766 2085
793 1828
820 1569
838 1400
856 1235
874 1071
892 an

910 753
919 675
928 598
837 521

946 445
955 369
964 204
973 220
982 146
986.5 109
991 73

995.5 36

1000 ]

Depth
(m)
1841
1466
1228
10682
939
843
767
704
652
607
569
536
506
480
367
266
250
169
166
163
160
158
78
T7
77
76
76
75
74
74
37
37
36
36

Layer

19

18

17

16
15
14
13
12

1
10

(SRR SR A = e )

Sigma  Pressure Height

(mk) {m)
0.000 100 14662
0.050 145
0.100 190
0.150 235
0.200 280
0.250 325 8127
0.300 370
0.350 415
0.400 460
0.450 505 5160
0.500 550
0.550 545
0.600 640 3448
0.650 685
0.700 730 2462
0.740 TGE
0.770 793 1828
0.800 a20
0.820 838 1400
0.840 256
0.860 874 1071
0.880 892 911
0.900 910 753
0.910 919
0.920 928 598
0.930 937
0.940 946 445
0.950 955 369
0.960 964 294
0.970 973 220
0.980 982 146
0.985 986.5 109
0.990 991 73
0.995 9955 36
1.000 1000 ]

Depth
{m)
6536

2966

1712

986

633

428

329

160
158
155

153

76
75
74
T4
ar
ar
36
36
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3.6DESCRIPTION OF THE CMAQ MODELING

CMAQ Version 4.5 was used for the simulation in this study. Thelirand
boundary information of the 4-km grids is extracted from VISTASZkm grid
resolution and obtained from VISTAS (VISTAS, 2004). Basically, thETWS’s 36-
and 12-km grid resolutions are simulated on the PX scheme. TherCBond-IV gas-
phase chemistry mechanism, specifically cb4 aed4 aq mechaniseleed for the
ozone simulation. For all grid resolutions, 19 layers are utiliae&MOKE and CMAQ
and then, the first layer (extended from the surface up to about i36exjracted for
analysis of CMAQ. For the ozone SIPs modeling, the sizeseo@tray of nearby cells
around each monitoring site for daily maximum 8-hr ozone values fot-kme and 12-
km grid resolutions are a 7 x 7 array and a 3 x 3 array, respgctiokowed by the

guidance. (EPA, 2007) Figure-8 shows the simplified flow chart for this study.

3.7 DESCRIPTION OF MODLEED ATTAINMENT TEST

For calculating the Relative Response Factors (RRFs) followed by ttengei
(EPA, 2007) we applied the modeled attainment test to seven monitoring sites in East

Tennessee in the 4-km grid. The future year air quality for 2008 is computedasfoll

1. Calculate the current design values (DVCs) from each monitoring site

data. We calculate the DVCs at each site by using fourth highest daily
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Figure-8. Simplified flowchart of this study
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maximum 8-hr O3 concentration in each of three consecutive years
(2000 to 2005).

2. Use air quality modeling results to estimate each monitoring site.RRFs
To do this, we need to determine surface grid cells that are considered
to be near monitoring site rather than just the cell containing the
monitor. The EPA guidance suggests that the size of the array of

nearby cells around each site varies for each grid resolution. For the
36-km resolution, itis a 1 x 1 array; for 12-km, a 3 x 3 array; and for 4-
km, a 7 x 7 array. Then, calculate the daily maximum 8shr O
concentration in every grid cell for each modeled day in the baseline.
After that, find each day’s highest predicted daily maximum 8shr O
concentration. Finally, compute the average of the highest values for all
model days using only days when the highest is greater than 85 ppb to
get a mean baseline value (BVs). For the future modeled values (FVs),
repeat the above steps, using the same days to average in the future year

calculation as are used in the baseline calculation.

3. Calculate the RRFs using this equation; RRFs = mean FVs / mean BVs

4. Compute DVFs (Future Design Values); DVFs = DVCs x RRFs

Compare all DVFs to 8-hr or NAAQS. If all the calculated DVFs are less
than equal to 0.084 parts per million, the modeled attainment test mapdssed and is

set to be in attainment of 8-hr ozone NAAQS in the modeled future year.
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4. RESULTS AND DISCUSSIONS

This chapter is revised based on a paper published and a paper sulyitte

Yunhee Kim, Joshua S. Fu, and Terry L. Miller:

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part | — examination of aslpudging and all PBL
schemes associated with LSMs in meteorological model, Atmospevironment, 44

(4), pp.523-532

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part Il — Influence MM5 on lp&flaximum 8-hour
Ozone Concentrations and RRFs (Relative Reduction Factors) fa @&IPthe

Nonattainment Areas, accepted in Atmospheric Environment.

My primary contributions to these papers include (i) development of the problem
into a work, (ii) identification of the study areas and objectives, (iii) design a
conducting of the simulations, (iv) gathering and reviewing literature, (v) gsivgg

analyzing and interpretation of simulation data, (vi) most of the writing.

The results are shown in three parts such as part I, pardipart 1ll. Part |

presents the results from meteorological performance, Ipdocuses on the CMAQ

model performance, and part Ill shows the results from model attainmeTrgRIRFS.
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4.1 PART |

4.1.1 Statistics for meteorology to PBL schemes

The meteorological performance statistics of seven sengiivitulations are shown in
Table 4. The statistical measures of wind speed, wind directionteanperature at the
surface were calculated by METSTAT program (METSTAT, 2005he METSTAT
program reads predicted temperature at 2-m heights and pdedicigs at 10-m heights
(Louis, 1979). The observed temperature, wind speed, and wind direction \atlley,
mountain sites, and entire 4-km domain (overall) was compared pvtdicted
temperature, wind speed, and wind directiofhe meteorological model performance
statistics of all seven simulations were computed hourly and eedldat mean bias
(MB) and Root Mean Square Error (RMSE) with a benchmark ofavié@ RMSE. For
the temperature, all schemes tend to over predict the surfapertdare, as shown in the
positive bias except sensitivity B (ETA M-Y PBL with NoahMpshowed the lowest
mean bias at valley sites. Sensitivity A (PX) showed dlaeei mean bias at overall and
mountain sites while sensitivity G (5-layer soil model withy@aSeaman PBL) showed
the over prediction with the higher mean bias at overall, vadleg,mountain areas. The
PX sensitivity simulation tends to predict better at overall aalley areas (except
mountain areas) than other schemes. Especially, the PX modetdkamngrid resolution
presents relatively smaller mean bias in predicting temperdtan 12-km resolution.
Because the interactions between surface characterizatidPBindchemes are strongly
associated, vertical transport is one of the most important kegs gbiality modeling

due to the boundary layer turbulence (Mao et al., 2006). Figures 9 through 11 show the
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Table-4. Summary of the meteorological performance statistics o$even

sensitivity simulations used in this study

Wind Speed Wind Direction Temperature
Bias RMSE Bené:ir;r:ark Beg('iﬂhénEark Bias (deg) Bgnchmark Bias (K) Benchmark
Sensitivity (m/sec)  (m/sec) (misec) (m/sec) Bias (deg) Bias (K)
Overall
A 0.62 1.63 <=+-0.5 <=2 5.6 <=+-10 0.28 <=+-0.5
B 0.15 1.52 <=+-0.5 <=2 34 <=+-10 0.56 <=+-0.5
C 0.45 1.68 <=+-0.5 <=2 6.0 <=+-10 0.98 <=+-0.5
D 0.16 1.53 <=+-0.5 <=2 3.1 <=+-10 0.57 <=+-0.5
E 0.47 1.73 <=+-0.5 <=2 54 <=+-10 0.77 <=+-0.5
F 0.63 1.82 <=+-0.5 <=2 4.2 <=+-10 0.62 <=+-0.5
G 0.34 1.86 <=+-0.5 <=2 51 <=+-10 1.12 <=+-0.5
Valley
A -0.18 1.10 <=+-0.5 <=2 4.7 <=+-10 0.39 <=+-0.5
B -0.45 1.14 <=+-0.5 <=2 54 <=+-10 -0.03 <=+-0.5
C -0.10 1.14 <=+-0.5 <=2 9.3 <=+-10 0.41 <=+-0.5
D -0.40 1.14 <=+-0.5 <=2 57 <=+-10 0.27 <=+-0.5
E -0.10 1.16 <=+-0.5 <=2 49 <=+-10 0.43 <=+-0.5
F -0.13 1.15 <=+-0.5 <=2 7.1 <=+-10 0.35 <=+-0.5
G -0.35 1.30 <=+-0.5 <=2 8.1 <=+-10 0.88 <=+-0.5
Mountain
A 0.71 1.78 <=+-0.5 <=2 55 <=+-10 2.03 <=+-0.5
B 0.26 1.76 <=+-0.5 <=2 6.3 <=+-10 2.89 <=+-0.5
C 0.62 1.68 <=+-0.5 <=2 7.4 <=+-10 3.12 <=+-0.5
D 0.33 1.56 <=+-0.5 <=2 4.8 <=+-10 3.00 <=+-0.5
E 0.66 1.74 <=+-0.5 <=2 7.5 <=+-10 291 <=+-0.5
F 0.83 1.81 <=+-0.5 <=2 6.1 <=+-10 2.83 <=+-0.5
G 0.49 1.64 <=+-0.5 <=2 5.3 <=+-10 3.32 <=+-0.5
10
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Figure-9. Mean Bias of MM5 for wind speed at 10m with 7 diffegnt sensitivity
simulations for August in 2002
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mean bias of temperature at 2m and mean bias of wind speed dbrl@me overall
domain of the study, valley, and mountain areas and RMSE (Root Meare juar)
simulated by MM5 with 7 different sensitivity simulations (simow Table 1) from 1
August through 31 August of Year 2002.

All seven sensitivity simulations for wind speed resulted in pesibiases for
overall and mountain sites except for valley sites where negaitages were shown.
Interestingly, sensitivity B (ETA M-Y PBL with Noah LSM) and D (E™-Y PBL with
5-layer soil model), A (PX with PX LSM) and F (Blackadarwii-layer soil model), and
C (MRF PBL with Noah LSM) and E (MRF PBL with 5-layer Ismiodel) show similar
results for wind speed due to the same PBL scheme used wighedtffLSM. This
means that the PBL scheme selected, influences the meteorologicamnfteklthan LSM.
Only sensitivity simulation B, D, and G can meet the benchmark sf(Bi& m/sec) for
wind speed at the whole domain (overall), valley, and mountain sitese. ETAM-Y
PBL schemes with Noah LSM and 5-layer soil model show the towas and RMSE
for wind speed. For the wind direction, all seven sensitivity sinoustmeet the
benchmark of bias, which is 10 degree in bias. However, as irdlicakéan et al, 2008,
(Han et al., 2008) the comparison for wind direction might be unreasonable the
wind direction is a vector while in order to compare with observed saiues a scalar,
thus when wind direction is around is 0° or 360°.

It is noteworthy that the PX scheme (A) used primarilthe Southeast US
(VISTAS, 2004), does not always give good meteorological model peafmen When
even comparing 12-km grid resolution to sensitivity simulationskah4yrid resolution
used PX scheme in order to study the impact of grid resolution aeorokdgical fields,
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as seen in Figure 9-11, the PX simulation at 4-km grid resolutiowifid speed in bias
shows over prediction at mountain areas whereas 12-km grid simutaieant many
under predictions. At valley areas, both of 4-km and 12-km gridutesn, generally

show for wind speeds good model performance with small mean bias &@d1®.07

m/sec, respectively) even though 4-km grid resolution give much I&MSBE (Root

Mean Square Error) with 1.1 m/sec than that of 12km grid resolutitniw2 m/sec.

Overall (valley and mountain areas), the impact of grid resolutbonsneteorological
variations in our local area is also not showing a significaf¢réifice, as indicated in
Cohan et al., 2006 and Wu et al., 2008.

Figures 12 and 13 show the diurnal variations in the PBL height witeatn
sensitivity simulations modeled at valley and mountain sites on dshi02, which
was shown as one of high ozone days. It is interesting thagreditisity simulations
show a similar variation pattern in PBL height during the day@inenighttime at valley
and mountain areas. Generally, as shown in Figures 12 and 13, éiNiégssnulations
show higher in predicting PBL heights at valley areas dutivey daytime than at
mountain areas. In particular, PX scheme (A) consistently peddine highest mixing
depths while ETA M-Y PBL (B and D) and G-S (G) schemes showldively lower
mixing depths than other simulations over the valley and mountain arets.oW
attentions, these schemes (ETA M-Y and G-S schemes) corgigtertuced relatively
lower mixing depths at any areas than other schemes, as fotiaah iet al, 2008. MRF
PBL (C and E) scheme with Noah and 5-layer soil model lookedasiin the mixing
depths and ETA M-Y PBL scheme with Noah and 5-layer soil model tbekmilar as
mentioned previously. Here, we can notice that the pattern of the PBL prediotion fr
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Figure-12. Diurnal variations in the PBL height with seven samarios at
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the TKE PBL schemes such as ETA M-Y (B and D) and G-Sa(@xlike while that of
the non-local schemes such as PX (A) and MRF (C and E) allarsims indicated in
Han et al., 2008, the PBL schemes are more associated witlBthkeight prediction.
Based on the results of the above analyses, the TKE scherbe 4Bd G) shows better
model performance while the non-local scheme (A, C, E, and F) slumeadhat poor
model performance in our study area. It is noted that the TdKEnses compute the
mixing depths using the turbulent energy of the surface mixirgy l@epending on the
situation of convection) whereas Blackadar and PX schemes ptiedi®BL heights
from potential temporal profile. Additionally, the mixing height in MREheme is
determined by a critical bulk Richardson number at the top of PBLnaar surface

(Perez et al., 2006), resulting in considerable difference in PBL height computation.

4.1.2 Statistics for meteorology to nudging analysi

MM5 has two nudging methods that can be used commonly for improving
meteorological variables such as winds, temperature, and nnatingOne is for gridded
analysis and the other one is observational nudging. The griddedsianalyging
method defines adding an artificial forcing term to the modeglagon based on the
difference between the observed state and the model statdedelny nudging
coefficients (Stauffer and Seaman, 1994; Stauffer et al., 1991).ARDAlysis nudging
was used for both 3D and surface fields in all sensitivity MM5ukitrons. FDDA

analysis nudging in MM5 is applied to winds, temperature, and migith It supports
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air quality studies and has been of greater benefit to these ear{dldo et al., 2006). In
this study, 2.5 x 18, 4.5 x 10¢*, and 6.0 x 19 per second for wind nudging coefficients
were applied for 3D and surface fields and 2.5 % i temperature and 1.0 x per
second for mixing ratio were used in 3D and surface fields to improve wind speed.
Figures 14 to 16 show the results from MM5 using three differerngingctoefficients
(2.5, 4.5, and 6.0 x 1Dper second) over seven sensitivity simulations at the whole
domain, valley, and mountain areas. As increased with nudging ceef§i¢or winds in
MM5, wind speeds were decreased gradually at valley and mountam afdl seven
sensitivity simulations with three different nudging coefficiestt®wed improved wind
speed in mean bias and RMSE and no significant difference in tetuger Sensitivity
simulation B and D (ETA M-Y PBL scheme with Noah and 5-lay@rmodel) with 6.0
x 10* had the slowest wind speed and sensitivity simulation G (Gaynmod@e®BL
scheme) with 6.0 x Ibalso showed the second slowest wind speed. As a result, using
6.0 x 10" per second for winds in MMS5 is a good option to improve wind speed in
complex terrain at a fine grid resolution.

Table 5 also shows the summary of meteorological model perfoemahc
statistics among all sensitivity simulations used with thréerdnt nudging coefficients
or winds at 4-km grid resolution. As already mentioned above, theBePBL schemes
(sensitivity B, D, and G) with high nudging coefficient (6 x*1er second) for winds
produce better model performance of MM5 in statistics for wind speed withesmmedan
bias than with other nudging coefficients. It can be explained dtieetaddition of

artificial forcing terms to the model equation. Only PX (A) simulation witbehr
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Figure-14. Plots of bias for wind speed on seven scenario simtibns with three
different nudging coefficients (a (2.5), b (4.5), and ¢ (6 x f@sec)) at the whole
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Figure-16. Plots of Bias for temperature on seven scenario sihations with three
different nudging coefficients (a (2.5), b (4.5), and ¢ (6 x fUsec)) at the whole
domain, valley, and mountain area

nudging coefficients for winds meet the benchmark of bias for tetperat overall
areas, however, all sensitivity simulations with the three nudging ceeffscjexcept G-S
(G) simulation] reach the biases of temperature and wind speedsley sites. At
mountain areas, only the TKE schemes with increased nudging coefficieniadsrare
somewhat superior to other schemes in predicting wind speedsadnsione of the
schemes meets the benchmark of temperature. Obviously, alisgnsitmulations for
the model performance of meteorology at valley sites yield rbettelel performance
with mean bias and RMSE than at mountain. With the view of overaitg) modelers
should be able to choose optimally with good agreement of moderparice at any
area. Therefore, these TKE PBL schemes at 4-km gridutesolgenerally predicted

better at overall, valley, and mountain areas than other grid resolution in our results.
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Table-5. Summary of meteorological model performance statisticsedved

from the CMAQ simulations with three different nudging coefficients for wind

speeds at overall, valley, and mountain areas.

Wind Speed Wind Direction Temperature
e muse N s - - S

Overall
A 25 0.62 1.63 = 5.6 0.28 <=+-0.5
A 45 0.52 1.59 =] 52 0.33 <=+-0.5
A6 0.46 1.57 =] 5.0 0.36 <=+-0.5
B_2.5 0.15 1.52 =] 34 0.56 <=+-0.5
B_4.5 0.09 1.49 =] 33 0.63 <=+-0.5
B_6 0.05 1.48 = 338 0.69 <=+-05
c25 0.45 1.68 =] 6.0 0.98 <=+-0.5
cas 0.31 1.60 =] 5.0 1.03 <=+-0.5
C6 0.31 1.62 = 5.0 0.91 <=+-0.5
D 25 0.16 1.53 =, 31 0.57 <=+-0.5
D 45 0.10 151 =] 3.0 0.67 <=+-0.5
D 6 0.11 1.51 =, 3.0 0.66 <=+-0.5
E_25 0.47 1.73 =] 5.4 0.77 <=+-0.5
E_45 0.38 1.65 =] 5.6 0.59 <=+-0.5
E_6 0.32 1.62 = 5.2 0.62 <=+-0.5
F 25 0.63 1.82 =] 42 0.62 <=+-0.5
F 45 0.53 1.79 =] 45 0.72 <=+-0.5
F 6 0.47 1.80 =, 4.6 0.67 <=+-0.5
G_25 0.34 1.86 S 5.1 1.12 <=+0.5
G_45 0.20 1.77 =] 55 1.25 <=+-0.5
G_6 0.14 1.76 = 4.8 1.30 <=+-05

Valley
A25 -0.18 1.10 S 47 <=+-10 0.39 <=+-0.5
A 45 -0.30 1.11 S 85 <=+-10 0.36 <=+-0.5
A6 -0.35 1.10 = 43 <=+-10 0.43 <=+-05
B_25 -0.45 1.14 = 5.4 <=+-10 -0.03 <=+-0.5
B_4.5 -0.52 1.15 =] 5.4 0.01 <=+-0.5
B_6 -0.55 1.15 = 6.2 0.07 <=+-05
c25 -0.10 1.14 =] 9.3 0.41 <=+-0.5
cas -0.27 1.12 S 75 0.47 <=+-0.5
c6 -0.23 1.12 = 55 0.12 <=+-05
D_25 -0.40 1.14 = 5.7 0.27 <=+-05
D 45 -0.51 1.16 =] 5.8 0.36 <=+-0.5
D 6 -0.53 1.18 = 9.1 0.40 <=+-0.5
E_25 -0.10 1.16 S 4.9 0.43 <=+-0.5
E_45 -0.14 1.14 = 12.2 <=+-10 0.14 <=+-05
E_6 -0.21 1.14 = 9.6 <=+-10 0.15 <=+-05
F 25 -0.13 1.15 S 71 <=+-10 0.35 <=+-0.5
F 45 -0.22 1.16 S 7.8 <=+-10 0.36 <=+-0.5
F 6 -0.32 1.17 = 8.8 <=+-10 0.28 <=+-05
G_25 -0.35 1.30 =] 8.1 <=+-10 0.88 <=+-0.5
G_45 -0.46 1.27 = 11.2 <=+-10 0.98 <=+-05
G_6 -0.53 1.30 = 9.7 <=+-10 1.01 <=+-05

Mountain
A 25 0.71 1.78 = 55 2.03 <=+-0.5
A 45 0.65 1.77 S 5.9 2.01 <=+-0.5
A6 0.58 1.71 = 7.1 1.98 <=+-0.5
B_2.5 0.26 1.76 = 6.3 2.89 <=+-0.5
B_4.5 0.24 1.53 S 6.4 2.89 <=+-0.5
B_6 0.21 1.53 = 5.6 2.87 <=+-0.5
c25 0.62 1.68 =] 7.4 3.12 <=+-0.5
cas 0.55 1.66 =] 6.7 3.11 <=+-0.5
C6 0.57 1.68 = 3.0 3.00 <=+-0.5
D 25 0.33 1.56 =] 48 3.00 <=+-05
D 45 0.27 1.54 =] 48 3.02 <=+-0.5
D 6 0.25 1.56 =, 5.7 3.02 <=+-0.5
E_25 0.66 1.74 =] 75 2.91 <=+-0.5
E_45 0.65 1.72 S 5.0 2.54 <=+-0.5
E_6 0.61 1.72 = 4.8 2.55 <=+-05
F 25 0.83 1.81 =] 6.1 2.83 <=+-0.5
F 45 0.72 1.76 =] 7.2 2.86 <=+-0.5
F6 0.67 1.74 = 7.0 2.77 <=+-05
G_ 25 0.49 1.64 = 53 3.32 <=+-05
G_45 0.44 1.61 = 6.3 3.35 <=+-05
G_6 0.39 1.60 =, 5.6 3.36 <=+-0.5




4.2 PART II

4.2.1 Influence daily Maximum 8-hour ozone concenations from
CMAQ on all seven sensitivity simulations using deifult coefficients for

winds

The NME (Normalized Mean Error), NMB (Normalized Mean Bjad4B (Mean Bias),
UPA (Unpaired Peak Accuracy), and skill score were adopted tgzanthe evaluation
of CMAQ model performance from all seven sensitivity simate for the whole month
of August in 2002 at the 4-km domain at overall, valley, and mountasm eariety of
statistical measures have been used to evaluate the model pederofaair quality
(Hogrefe et al., 2004; Tong and Mauzerall, 2006). Our evaluation fcusthe impact
of meteorological fields such as winds, temperature, and Pghthen CMAQ for daily
maximum 8-hour ozone concentration at the surface. Statisticalinesdisted in Table
6 have been commonly and widely used in recent regional air qoaliel evaluations.
Additionally, Mao et al., (2006) introduced the skill score using the eguatsed on
RMSE (Root Mean Square Error), ABGE (Absolute Bias GrossrEend MB (Mean
Bias). The best model performance corresponds to high skill. sd@dris skill score is
formed to further enhance the assessment on model performanceasa(ibs et al.,
2006). We therefore adopted this skill score to assess the modeh@nce analysis of
air quality on various meteorological sensitivities. Model performance was
calculated by the above statistics for the whole domain, valtelyneuntain sites. Table
7 shows the summary of August 2002 CMAQ model performance statistics for daily
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Table-6. Definition of statistical measures used in this study

Measures Definition
1 N D
Mean Bias (MB) S (P. -0. )
ND ,Z:;‘ ,Z; ' !
N D ( PI B O ‘)
Normalized Mean Bias (NMB) z, %1 _
Z, 2,0
N D | (p‘ _ ol I
Normalized Mean Error (NME) %
z,2,°

N D
Root Mean Square Error (RMSE) {Lz Z (P, - oi)z}

N D
Mean Absolute Gross Error (MAGE) LZ Z |P. -0, |

ND i=1l i=1
. P - O
Unpaired Peak Accuracy (UPA) peak
O pea
Skill Score %[1— | MB /MAGE | +(MAGE /RMSE )]

Table-7. Summary of August 2002 CMAQ model performance statistickor
daily maximum 8-hour ozone concentrations

Sensitivity obs (ppb) Mod (ppb) MB (ppb)  NMB (%) NME (%) RMSE (ppb) MAGE (ppb) UPA (%) Skill Score

Overall
A 74.4 65.5 -8.9 -12 18 16.0 13.4 -9.2 0.58
B 74.4 70.3 -4.2 -6 20 18.9 14.9 -0.1 0.75
C 74.4 66.1 -8.3 -11 19 17.4 14.1 -9.3 0.61
D 74.4 69.7 -4.7 -6 20 18.6 14.5 0.4 0.73
E 74.4 64.8 -9.6 -13 20 18.5 14.9 -14.8 0.58
F 74.4 67.9 -6.6 -9 18 16.8 13.5 1.5 0.66
G 74.4 70.0 -4.4 -6 18 17.2 13.4 2.7 0.72
12-km 74.4 67.6 -6.8 -9 17 15.5 12.5 -1.3 0.63
Valley
A 73.8 67.7 -6.2 -8 16 13.9 11.6 -11.6 0.65
B 73.8 73.2 -0.6 -1 20 18.9 14.9 -0.1 0.87
C 73.8 68.1 -5.7 -8 18 16.1 12.9 -9.3 0.68
D 73.8 72.3 -1.5 -2 20 18.6 14.6 0.4 0.84
E 73.8 65.7 -8.1 -11 19 17.4 13.9 -14.8 0.61
F 73.8 69.7 -4.1 -6 16 14.7 12.0 1.5 0.74
G 73.8 725 -1.3 -2 17 16.5 12.9 -2.7 0.84
12-km 73.8 70.4 -3.4 -5 14 13.2 10.5 -1.3 0.73
Mountain
A 75.2 62.6 -12.6 -17 21 18.5 15.8 -6.3 0.53
B 75.2 66.3 -8.9 -12 20 18.9 14.9 -11.7 0.59
C 75.2 63.5 -11.7 -16 21 19.1 15.7 -18.8 0.54
D 75.2 66.2 -9.0 -12 19 18.7 14.4 -12.0 0.57
E 75.2 63.5 -11.7 -16 22 19.9 16.3 -14.1 0.55
F 75.2 65.4 -9.8 -13 21 19.2 15.6 -4.5 0.59
G 75.2 66.7 -8.6 -11 19 18.1 14.1 -9.0 0.59
12-km 75.2 63.9 -11.3 -15 20 18.2 15.2 1.4 0.54
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maximum 8-hour ozone concentrations at the 4-km domain (overall), valley
mountain sites. All seven sensitivity simulations (using defendfficients for winds)
under predict daily maximum 8-hour ozone concentrations at all ahegmarticular, the
difference between observed and predictgdM@s much larger at mountain sites than
valley sites, corresponding to the meteorological conditions Etyvsikes are smaller in
biases of winds and temperature than those of mountain sites.

Air quality performance of the PX scheme (A) which has beed psearily in
the Southeast US (VISTAS, 2004) showed the poorest statistical perfi@mance with
-12%, -8.3%, and -16.8% for NMB, with -8.9 ppb, -6.2 ppb, and -12.6 ppb for MB, with
0.58, 0.65, and 0.53 for skill score at the entire domain (overall), valleynandtain
sites, respectively at a 4-km grid resolution due to the poor metgmal performance.
Furthermore, the CMAQ performance on PX scheme, showed quhiewhngl speeds
with MB of 0.71 m/sec and relatively lowest MB of temperaturemauntain sites
presented the largest MB of -12.6 ppb, the lowest skill score of 0.53harekceeded
NMB of -17 % over the values af5-15% suggested by US EPA, indicating again that
the PX scheme is not an appropriate choice in predicting dailynmiaxi8-hr ozone
concentration in the complex terrain having mountain and valley areas fom®Htrling.
However, the NME ranges from 14 % to 16 % for the PX simulatioboth grid
resolutions with regard to relatively lower RMSE (root mean aeaor) varying from
10.5 ppb to 11.6 ppb at valley sites when compared to other sensitivithasans. This
seems to suggest that the PX scheme is a better choiceulatsig in a valley area.
Additionally, the CMAQ results from 12-km grid resolution (PX) andm-grid

resolution for PX scheme (A) also do not show significantly in diffee even though
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the outputs from CMAQ at 12-km grid resolution give slightly batiestatistical model
performance than 4-km grid resolution like the results from nheteorological
performance for PX.

CMAQ performance was quite consistent with the results of MMBis heans
that accurate meteorological fields predicted in MM5 as an irgsuited in good model
performance of CMAQ. Overall, sensitivity B (ETA M-Y witholdh LSMs) had the best
skill scores at overall, valley, and mountain sites while sertgittvi(MRF with 5-soil
layers) generally showed the worst statistics in our studg. Sensitivity G (G-S PBL)
also presented the good model performance of CMAQ with the |IdMBgtMean Bias)
for 8.6 ppb, NMB (Normalized Mean Bias) for —11.4 %, NME (Normalizecherror)
for 18.8 %, and MAGE (Mean Absolute Gross Error) for 14.1 ppb at mountain areas.

Sensitivity simulation B (ETA M-Y with Noah LSMs) and D (ET-Y with 5-
soil layers) presented similar CMAQ performance stasistor daily maximum 8-hour
ozone concentration. The CMAQ model performance statistics afiggypsimulation
B and D, sensitivity simulation D and E, and sensitivity simulatio(PX) and F
(Blackadar) achieved similar results. We can notice herethieatifference between
sensitivity simulation B and D, sensitivity simulation C and E, amgisivity simulation
A and F was simulated by only different land surface model (L®MMMS5, indicating
PBL schemes are more dominant than LSM at predicting dailynmiax 8-hour ozone
concentration due to the meteorological input variables. As a resulitpund in our
study that the Noah land surface model showed the slightly Ietidel performance of
CMAQ than 5-layer soil model when compared with the same PBé&nse on different
LSM while PX LSM showed the relatively poor model performaoat&€MAQ when
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compared to Blackadar PBL scheme on 5-layer soil modelsdltcansistently shows the
same results as Han et al., (2008) demonstrating that the PX ahdLSb&s provide
more realistic moisture process in soil moisture. Furthermbee, TKE (sensitivity
simulation B, D, and G) schemes also presented better CMAQ medetmance than
that of non-local PBL schemes (sensitivity A, C, E, and F) asitiomed in
meteorological statistics model performance. Thereforns, riioteworthy that the TKE
schemes are better options to predict ozone concentrations in the complex terrain.

The difference in CMAQ statistical analysis for daily nmxim 8-hour ozone at
overall of domain, valley, and mountain sites, respectively was 5.4ppb, 7.5pphppb
for MB, 6.4%, 10.1%, and 5.4% for NMB, 2%, 4.5%, and 2.8% for NME, 2.9ppb, 5ppb,
and 1.8ppb for RMSE, 1.5ppb, 3.3ppb, and 2.2ppb for MAGE, 14.7%, 14.7%, and
14.3 % for UPA, 0.17, 0.26, and 0.06 for skill score. These differenceshigger at
valley than mountain areas. This suggests that the MM5 PBimsh had significant
impacts on the performance of CMAQ at valley areas while @ Iite effect at
mountain areas. Based on our results, it is found that the MM5 EBemes had
significant influences on CMAQ model performance, eventually tiaguh determining
attainment status for ozone SIPs. This vyields totally opposstglts from Mao et al,
2006 showing that no significant CMAQ sensitivity to any PBL sasmas observed.
The results presented above indicated that the sensitivity BydDGavere identified for
favorite PBL schemes in complex terrain having valley and mouateas at a finer grid

resolution.
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4.2.2 Influence daily Maximum 8-hour ozone concentrationson
seven sensitivity simulations using three differenhudging coefficients

for winds

FDDA analysis nudging was used for both the surface and the BB fireall of
the MM5 simulations. Three different nudging coefficients of 2.5a4¢66.0 x 10 per
second (in FDDA analysis nudging with winds) were applied foisellen sensitivity
simulations. A total of 21 runs were examined in this studyurégy17 through 20 show
NMB, NME, UPA, and skill score from 2002 August CMAQ sensitivity statistics
performance with three different nudging coefficients for wirsd$( and c, respectively)
in daily maximum 8-hour ozone concentrations. Table 8 also predentsitnmary of
performance statistics derived from the 21 CMAQ simulations with threeatitfe
nudging coefficients for winds (2.5, 4.5. 6.0 x*1per second) at overall, valley, and
mountain sites in August 2002.

The MAGE ranges from 12.7 ppb for A_c (PX with 6 x*Leo 15.2 ppb for B_b
(ETA M-Y on Noah with 4.5 x 10) at the entire domain of 4-km resolution. It ranges
from 11.1 ppb for A_c to 15.7 ppb for B_c (ETA M-Y on Noah with 6.0 X)14t valley
and 13.6 ppb for G_c (G-S with 6 x 9o 16.3 ppb for E_a (MRF on 5-layer soil model
with 2.5 x 10%) at mountain areas. This error has strong relationships héttRMSE
(Root Mean Square Error) varying from 15.6 ppb for A ¢, 13.6 ppb for A ¢, and 17.6
ppb for G_c to 19.3 ppb for B_b, 19.6 ppb for B_c, and 19.9 ppb for E_a as WMEs

varies from 17.1 % for A ¢, 15 % for A_c, and 18.1 % for G_c to 20.4 % for B_b,
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Aa Ab Ac Ba Bb Bc Ca Cb Cc Da Db Dc Ea Eb Ec Fa Fb Fc Ga Gb G.c
Sensitivies

B Overal O valley ™ Mounma

Figure-17. NMB (Normalized Mean Bias) of daily Maximum 8-hour Ozoe
Concentration in August 2002 at overall, valley, and mountain areas

H Overall O valey ™  Mouita

Figure-18. NME (Normalized Mean Error) of daily Maximum 8-hour Ozone
Concentration in August 2002 at overall, valley, and mountain areas

Aa Ab Ac Ba Bb Bc Ca Cb Cc Da Db Dc Ea Eb Ec Fa Fb Fc Ga Gb Gc
Sensitivies

M Overal O valey ™  Mouira

Figure-19. UPA (Unpaired Peak Accuracy) of daily Maximum 8-hourOzone
Concentration in August 2002 at overall, valley, and mountain areas
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Figure-20. Skill Score of daily Maximum 8-hour Ozone Concentrationin August
2002 at overall, valley, and mountain area
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Table-8. Summary of performance statistics derived from th&CMAQ simulations
with three different nudging coefficients at overall, valley, ad mountain areas in
August 2002.

Sensitivity obs (ppb) Mod (ppb) MB (ppb)  NMB (%) NME (%) RMSE (ppb) MAGE (ppb) UPA (%) Skill Score

(¢5-15) (30-35) (+15-20)
Overall
A_a 74.4 65.5 -8.9 -12 18 16.0 13.4 -9.2 0.58
Ab 74.4 65.9 -8.5 -11 18 15.9 13.2 -5.6 0.59
A_c 74.4 66.9 -7.6 -10 17 15.6 12.7 -4.9 0.61
B_a 74.4 70.3 -4.2 -6 20 18.9 14.9 -0.1 0.75
B_b 74.4 70.5 -3.9 -5 20 19.3 15.2 29 0.76
B_c 74.4 72.1 -24 -3 20 19.2 15.0 25 0.81
C_a 74.4 66.1 -8.3 -11 19 17.4 141 -9.3 0.61
Cb 74.4 66.8 -7.6 -10 19 17.0 13.8 -10.1 0.63
C_c 74.4 64.9 -9.5 -13 20 19.0 15.1 -10.2 0.58
D_a 74.4 69.7 -4.7 -6 20 18.6 14.5 0.4 0.73
D b 74.4 71.4 -3.1 -4 20 18.7 14.7 5.1 0.79
D_c 74.4 71.4 -3.0 -4 20 18.5 14.6 -1.2 0.79
E_a 74.4 64.8 -9.6 -13 20 18.5 14.9 -14.8 0.58
E_b 74.4 64.1 -10.3 -14 20 19.1 15.2 -11.2 0.56
E c 74.4 64.7 -9.7 -13 20 18.5 14.8 -8.7 0.57
F_a 74.4 67.9 -6.6 -9 18 16.8 13.5 1.5 0.66
F b 74.4 68.1 -6.3 -8 18 16.7 13.3 4.5 0.66
Fc 74.4 69.0 -5.4 -7 18 17.2 13.7 35 0.70
G_a 74.4 70.0 -4.4 -6 18 17.2 13.4 -2.7 0.72
G_b 74.4 70.8 -3.6 -5 18 16.9 13.3 -3.1 0.76
G_c 74.4 714 -3.1 -4 18 17.1 135 -3.4 0.78
Valley
A_a 73.8 67.7 -6.2 -8 16 13.9 11.6 -11.6 0.65
Ab 73.8 68.1 -5.8 -8 16 13.9 115 -5.8 0.66
A_c 73.8 68.4 -5.4 -7 15 13.6 111 -5.1 0.66
B_a 73.8 73.2 -0.6 -1 20 18.9 14.9 -0.1 0.87
B_b 73.8 73.1 -0.8 -1 21 19.1 15.3 29 0.87
B_c 73.8 74.8 1.0 1 21 19.6 15.7 25 0.87
C_a 73.8 68.1 -5.7 -8 18 16.1 12.9 -9.3 0.68
Cb 73.8 68.3 -5.6 -8 17 15.7 12.8 -10.1 0.69
C_c 73.8 65.4 -8.4 -11 20 18.8 14.6 -10.2 0.60
D_a 73.8 72.3 -1.5 -2 20 18.6 14.6 0.4 0.84
D_b 73.8 74.0 0.2 0 21 18.8 15.2 51 0.90
D_c 73.8 74.2 0.3 0 20 18.2 14.5 -2.2 0.89
E_a 73.8 65.7 -8.1 -11 19 17.4 13.9 -14.8 0.61
E_b 73.8 65.0 -8.8 -12 20 18.6 14.5 -11.2 0.58
E c 73.8 65.7 -8.1 -11 19 17.5 13.7 -8.7 0.60
F_a 73.8 69.7 -4.1 -6 16 14.7 12.0 1.5 0.74
F b 73.8 70.2 -3.6 -5 17 15.7 12.4 4.5 0.75
Fc 73.8 711 -2.7 -4 17 16.0 12.8 3.5 0.80
G_a 73.8 72.5 -1.3 -2 17 16.5 12.9 -2.7 0.84
G_b 73.8 73.4 -0.4 -1 18 16.3 13.0 -3.1 0.88
G_c 73.8 73.9 0.1 0 18 16.7 13.3 -3.4 0.90
Mountain
A_a 75.2 62.6 -12.6 -17 21 18.5 15.8 -6.3 0.53
Ab 75.2 63.1 -12.2 -16 21 18.3 15.5 -2.6 0.53
A_c 75.2 64.8 -10.4 -14 20 17.9 14.9 -1.9 0.57
B_a 75.2 66.3 -8.9 -12 20 18.9 14.9 -11.7 0.59
B_b 75.2 67.1 -8.1 -11 20 19.6 15.0 -8.2 0.61
B_c 75.2 68.4 -6.8 -9 19 18.7 14.2 1.5 0.64
C_a 75.2 63.5 -11.7 -16 21 19.1 15.7 -18.8 0.54
Cb 75.2 64.8 -10.4 -14 20 18.6 15.2 -17.7 0.57
Cc 75.2 64.1 -11.1 -15 21 19.3 15.8 -16.9 0.56
D_a 75.2 66.2 -9.0 -12 19 18.7 14.4 -12.0 0.57
D_b 75.2 67.8 -7.5 -10 19 18.4 141 -5.9 0.62
D_c 75.2 67.8 -7.4 -10 19 19.0 14.6 2.0 0.63
E_a 75.2 63.5 -11.7 -16 22 19.9 16.3 -14.1 0.55
E_b 75.2 62.9 -12.3 -16 22 19.8 16.2 -16.1 0.53
E c 75.2 63.4 -11.9 -16 22 19.9 16.2 -14.1 0.54
F_a 75.2 65.4 -9.8 -13 21 19.2 15.6 -4.5 0.59
F b 75.2 65.3 -9.9 -13 19 18.0 14.4 -11.4 0.56
Fc 75.2 66.2 -9.0 -12 20 18.6 14.9 -7.0 0.60
G_a 75.2 66.7 -8.6 -11 19 18.1 141 -9.0 0.59
G_b 75.2 67.3 -7.9 -10 18 17.7 13.8 -11.9 0.60
G c 75.2 67.9 -7.3 -10 18 17.6 13.6 -11.9 0.62
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21.2 % for B_c, and 21.6 % for E_a at the entire domain (overall), valteymountain
sites, respectively. The MB and the NNoah LSM with 6.0 % i€r second), D_b (MRF
PBL on 5-layer soil model with 4.5 x tQer second), D_c (MRF PBL on 5-layer soil
model with 6.0 x 13 per second), and G_c (Gayno-Seaman PBL on 5-layer soil model
with 6.0 x 10" per second) at valley sites.

It indicates that CMAQ generally underestimates surtsily maximum 8-hour
Os. And this also indicates that CMAQ model performance showsrbattvalley sites
than mountain sites showing underestimates with a larger bibs. reBults presented
above suggest that using the FDDA nudging analysis for windstkatstrongest value
(6.0 x 10" per second) generally affected CMAQ performance sigmifigaand
improved statistics model performance.
US EPA has recommended that criteria for regulatory modetsng®to 15% for NMB,
30-35% for NME, £15 to +20% for UPA (Russell and Dennis, 2000). Theiaridee
met at overall and valley sites except mountain sites. At rapumireas, PX PBL
scheme with 2.5 and 4.5 x 1@er second (nudging coefficients for winds), MRF PBL
scheme with 2.5 x Thon Noah LSM and MRF PBL scheme with 2.5, 4.5, and 6.0% 10
on 5-layer soil model are namet by the criteria for NMB indicating the larger
differences between observed and predicted mean biases. Our deguttisstrate that
Noah ETA M-Y PBL with 6.0 x 19 (B_c), 5-layer ETA PBL with 6.0 x 1D(D_c), and
Gayno-Seaman with 6.0 x 2qG_c) yielded the best CMAQ model performance for
daily maximum 8-hour @at overall, valley, and mountain sites. It means that applying
nudging analysis using a strong coefficient value (6.0%) 1@ winds is helpful toMB

are only positive for B_c (ETA M-Y PBL on improve CMAQ mogelrformance at any
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site and also shows again that these PBL schemes are favapéibles in the complex
terrain at a finer grid resolution and identified. The PX, Black#B&), and Gayno-
Seaman (G-S) PBL schemes with increasing nudging coefficiantgrfds were affected
greatly on CMAQ model performance while the ETA M-Y (ETAjd MRF PBL
schemes had little impact on CMAQ simulations at overall, yahead mountain sites.
MRF PBL (sensitivities C and E) schemes presented the I@k#isscore, highest UPA
values, larger ME, and NMB consistently at all sites whilAB1-Y (sensitivity B and
D) and G-S (sensitivity G) were consistent with observed dataagnitude as well as
high skill score, smaller NMB, and UPA values at all sit€&nce the TKE (sensitivity
simulation B, D, and G) and non-local schemes (A, C, E, and F) haldyaid similar
patterns and results with MB, NMB, and skill score each otheh@sn in Table 6, these
two schemes with increasing nudging coefficients for winds alesented slightly more
improved results for statistical analysis of CMAQ than usin wefault (2.5 x 18 per
second) nudging coefficients for winds. Hence, one can find an shigrefact
indicating that the non-local scheme and TKE scheme have shown rdiffeseilts for
statistical analysis due to the different methods in the diagtmpigdict the PBL height.
From our results, the TKE schemes (ETA M-Y and G-S PBL seBgmwith strong
nudging coefficients (6 x Itisec) for winds predicting vertical TKE (Turbulent Kinetic
Energy) show better model performance with good agreement ateak than that of
non-local schemes (PX and MRF PBL schemes) with increasingingudoefficients for

winds.
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4.3 PART IlI

4.3.1 Attainment demonstration

In the modeling conducted to estimate more appropriate DVF (D&&tue for
the Future year) and RRFs (Relative Reduction Factors) inginettainment areas in
East Tennessee, we performed 120 days during typical summer seasons of 2002 and 2008
as a base-case year and a future-year, respectively, M8itsgfrom three sensitivity
simulations (ETA PBL schemes associated with Noah LSMs dages-soil model and
Gayno-Seaman PBL scheme) with a strong value of nudgingiaeetf for winds
(already evaluated in Part I), SMOKE, and CMAQ modeling systeNe performed
simulations from May 16 to September 12 including a 5-day spin-updostarting on
May 11, 2002.

As a result of our extended CMAQ model performance, Figure 21 ssltiosv
normalized mean bias (NMB), the normalized mean error (NME)skilescore, and
unpaired peak accuracy (UPA) for 8-hg @mputed on PX_c (PX with 6 x TOper
second) as a base case, ETA_N_c (ETA PBL on Noah LSM with 6*pd0second),
ETA-5 c (ETA PBL on 5-layer soil model with 6 x t@er second), G_c (Gayno-
Seaman PBL with 6 x 10per second), and 12-km grid resolution (PX) at overall, valley,
and mountain sites in East Tennessee. The daily maximum 8+neén biases on the
TKE schemes (ETA M-Y on Noah, 5-layer soil, and Gayno-Sean&in $¢hemes)
achieved for 120 days are positive at all sites except mouwarids while the PX at both

of 12-km and 4-km grid resolutions shows negative values with a largerakiging
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from -1.3 ppb to -8.8 ppb at all areas. This overall negative meandn the PX
simulation may suggest that thg fGrmation in the complex topography (particularly at
mountain areas) is not sufficiently efficient.

As shown in Figure 22, all four sensitivity simulations (PX_c, ENAc,
ETA 5 c, and G-c) at 4-km grid resolution and the PX at 12-km gradutesn are well
within the statistical measures of MNB and MNGE as a suite of metriey&luating
model performance. However, the TKE simulations at 4-km gsdlugon generally
show over predictions with the positive bias at overall and vailey Gxcept mountain
areas) while the PX model at 12-km and 4-km grid resolution peeseder predictions
with negative bias at all areas (except valley areas). siestical model performance

from the PX at both of 12- and 4-km grid resolutions in the extended period (4-month

PX c Eta N_c Eta 5 ¢ G_c 12-km PX ¢ Eta N ¢ Eta 5 ¢ G ¢ 12-km
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% T
LR IRIE

PX ¢ Eta N ¢ Eta 5 ¢ 12-km PX_ c Eta_N c Eta_5_c G_c 12-km
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Figure-21. NMB (a), NME (b), skill score (c), and UPA (d) of dily maximum
8-hour ozone concentration at overall, valley, and mountain areas
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Figure-22. Mean normalized bias (MNB (%)) (left) and mean normalized
gross error (MNGE (%)) (right) for 8-hr O s at overall, valley, and mountain areas

period) at the valley also shows consistently lower MNB and MNi@ those of the
TKE sensitivity simulations at 4-km grid resolution whereas it produces higher &ANB
MNGE at mountain areas as mentioned in part Il. In additioralge compared
the observed 8-hr ozone concentrations using 60 ppb cutoff to 8-hr modeled ozone
concentrations with 60 ppb cutoff, giving more precise evaluation ofntbdel’s
capability due to the closer predictions to the 8-hr NAAQS ancdedstrg model errors
at low observations (USEPA, 1991). The MNB and MNGE using 60 ppb cutdftior
ozone computed from the TKE sensitivity simulations at 4-km griolugsn as well as
the PX at 4-and 12-km grid simulation as shown in Figure 23 yieklatively smaller
bias and errors than the PX at both of grid resolutions, illustrdbag the models
simulated at 4-km grid resolution tend to produce much higher ozone formationgat vall
and mountain sites and generally show better model performarmamparison with
higher observations than the PX sensitivity simulation. With the purgioagainment
demonstration, this result seems to be more helpful to evaluateaplabildy of the

model and reduce model errors by predicting concentrations closer to the NAAQS.
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Figure-23 Mean normalized bias (MNB (%)) (left) and mean normalized
gross error (MNGE (%)) (right) using 60 ppb cutoffs for 8hr Ozat overall, valley,
and mountain areas

Overall, the sensitivity simulation G_c (Gayno-Seaman PBLreeheith 6 x 10
per second) presents significantly small bias and errors athengfor a 4-month period

at all areas in the East Tennessee.

4.3.2 Modeling System for DVF (Design Values for fure year)

and RRFs (Relative Response Factors)

The US EPA has developed the guidance on how to prepare an 8-hr ozone
attainment demonstration using air quality models. In this stindy DVCs (Current
Design Values) were calculated based on the average annual, fogingst, daily
maximum 8-hr ozone concentration, measured from each monitoringvatea three
consecutive year period from 2000 to 2005. The guide outlines a procediee\ie
RRFs (Relative Response Factors) that are computed by tialgulae ratio between
base-case daily maximum 8-hr ozone concentrations and futureiypeaeled

concentrations at each given monitor. The future-year design @) are then
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calculated by multiplying the RRFs and the DVCs. Finally,nfogleled attainment test
is passed if the DVFs are less than and equal to 84 ppb (NAA@Shio;) at a given
monitor. We performed future-year (DVFs) simulations for 2008 emissions that were
obtained from VISTAS (the Visibility Improvement State and Tlribasociation of the
Southeast).

To facilitate comparisons, Table 9 summarizes the resultseof KE sensitivity
simulations (ETA_N ¢, ETA 5 ¢, and G_c) at 4-km grid resolutions and ¥e P
simulation at 12-and 4-km grid resolutions for RRFs and 2008 DVFs, tlaad
corresponding DVCs at overall, valley, and mountain sitéte difference of RRFs
between 12-km and 4-km grid size for the PX sensitivity sinaras shown as 1% at
overall, 2% at valley, and 1% at mountain sites. These differences in BR&spond to
DVFs differences on average 0.9 to 2.1 ppb between 12- and 4-knmegoiditrons for
the PX simulation at valley and mountain sites. These resaltguate similar to the
findings by Arunachalam et al., 2006; Jones et al., 2005 that présateDVFs in
differences estimating the RRFs uncertainties about 1-3 ppiodeling options. It is
noteworthy that the difference of the DVFs computed from thESRR mountain areas is
generally smaller than at valley sites when comparing 12ekéakm outputs for the PX
simulation due to the relatively poorer meteorological model pedoce of the PX
sensitivity at mountain than valley sites, which indicates tmsitaty of the DVFs
computed from RRFs to the meteorological conditions modeled. Even whgracng
among these TKE sensitivity simulations (ETA_ N _c, ETA 5 ¢, and & & 4-km grid
resolution, the differences of DVFs based on RRFs are obvious. edmsdo indicate

again that estimating the RRFs and then DVFs at a given monitor site is depgutent
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Table-9. Summary of results of the TKE sensitivity simulationsat 4-km grid
resolution and PX at 12- and 4-km grid resolution for DVCs, RRFand DVFs at
overall, valley, and mountain areas

Sensitivity DVCs RRFs 2008DVFs
Overall
PX_c 90.9 0.86 78.6
Eta_N_c 90.9 0.87 78.7
Eta 5 c 90.9 0.87 78.7
G_c 90.9 0.85 77.3
12-km 90.9 0.85 77.1
Valley
PX_c 89.8 0.87 78.1
Eta_ N_c 89.8 0.89 79.9
Eta_5 _c 89.8 0.89 79.8
G_c 89.8 0.86 77.4
12-km 89.8 0.85 76.0
Mountain
PX_c 92.4 0.86 79.4
Eta_N_c 92.4 0.83 77.1
Eta_5 c 92.4 0.84 77.3
G_c 92.4 0.83 77.1
12-km 92.4 0.85 78.5

the meteorological model performance at a given grid resolugamce the G_c (Gayno-
Seaman with 6 x Ibper second for winds) sensitivity simulation produced quite good
model performance in meteorological and CMAQ statistical analysis than o

sensitivity simulations, the RRFs and DVFs from G_c simulatiea were computed
with a consistent average value of 77.3 ppb.

Figure 24 shows the comparison of current design values (DVifls)wedeled
base-case predictions for 8-hg & each area at the TKE sensitivity simulations at 4-km
and the PX at 12- and 4-km grid resolutioriBhe DVCs computed were based on the
average annual fourth highest daily maximum 8-hr ozone concentratasuned from
each monitoring site, over three consecutive years, during the perod2000 to 2005
are related to the modeled values for 2002 in order to calculatevihe édmputed from

RRFs at each monitoring site. As presented in Fig. 8, daily maximum 8-hr ozone
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Figure-24. Comparison of DVCs with base-case modeled;@r the TKE
sensitivity simulations at 4-km and PX at 12- and 4-km grid esolutions at overall,
valley, and mountain areas

predictions modeled from the TKE sensitivity simulations of 4-kmd gesolution at
valley (except PX simulation at 12- and 4-km grid resolutions) tendver predict
whereas all sensitivity simulations including 12-km grid resolution allwayse
tendencies to under predict at mountain. Specifically, the PX isg@gsgimulation
shows more under prediction with larger differences at mountain artelliheN ¢ and
ETA_5 c simulations present over predictions at valley, resultifggher DVFs and
RRFs. Hence, it is believed that computing RRFs and then DVFdependent upon
how well the modeling predicts at a given monitoring site.

As reported in Jones et al., 2005, RRFs differences may give oppasiters to
determine if DVFs is met 8-hr NAAQS or not. Based on our testile 2008 DVFs at
all areas for all sensitivity simulations (including 12-km gedolution) all met the 8-hr

NAAQS. In this study, we found that the result of model performasaffected by
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estimating RRFs for attainment demonstration, indicating thatnecessary to improve
model performance. As a result, G_c (Gayo-Seaman PBL sclsem&)ivity simulation
predicts daily maximum 8-hr ozone concentration closer to observaiioai areas
during typical summer period from May to September and provides camtgistow

DVFs at valley and mountain areas than other simulations.
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5. SUMMARY AND CONCLUSION

This chapter is revised based on a paper published and a paper sulyitte

Yunhee Kim, Joshua S. Fu, and Terry L. Miller:

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part | — examination of aslpudging and all PBL
schemes associated with LSMs in meteorological model, AtmospEevironment, 44

(4), pp.523-532

Kim, Y., Fu, J.S., and Miller, T.L., 2009. Improving ozone modeling in complex
terrain at a fine grid resolution: Part Il — Influence MM5 on lp&flaximum 8-hour
Ozone Concentrations and RRFs (Relative Reduction Factors) fas @&IPthe

Nonattainment Areas, accepted in Atmospheric Environment.

My primary contributions to these papers include (i) development of the problem
into a work, (ii) identification of the study areas and objectives, (iii) desngh
conducting of the simulations, (iv) gathering and reviewing literature, (v) gsivgg

analyzing and interpretation of simulation data, (vi) most of the writing.

5.1 PART I

Twenty-one sensitivity simulations were conducted over a 31-day pefiod
August 2002 to various PBL schemes with three different LSM and thfesrent
nudging coefficients for winds used in MM5 in the complex terrdira a-km grid

resolution. We evaluated the model performance to show which PBL sslasociated
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with LSMs are favorite options in the complex terrain and detexdhihe best nudging
coefficients for winds to use in MM5 at a 4-km grid resolution.

The meteorological model performance statistics of all ssumunlations were
computed hourly and evaluated for bias and RMSE with benchmark of meaaria
RMSE. All seven sensitivity simulations at 4-km grid resolution tend to undeicptiee
wind speed at valley sites and over predict it at mountain sies. temperature, all
simulations overestimate except sensitivity B (Noah LSM witiA °PBL) at all areas.
Sensitivity A (PX) showed the lowest bias for temperature atativend mountain sites
while sensitivity G (5-layer soil model with Gayno-Seaman PBhowed the over
prediction with the highest bias at all locations, making highemgikeight estimation
due to the warmer surface temperature. Planetary boundary (Bdrs have a critical
parameter for air quality simulations (Byun et al., 2007; Pere#.,e2006; Queen and
Zhang, 2008; Zhang et al., 2006). The MRF and PX are non-local scidne$£TA
and G-S are local vertical TKE schemes. Our MM5 resultseptethat sensitivity
simulation B (ETA PBL with Noah LSMs), D (ETA PBL with 5yl soil), and G (G-S
PBL with 5-layer soil) called the TKE PBL schemes produceebeatbdel performance
for winds than non-local schemes (sensitivity PX and MRF). Tloese vertical TKE
schemes (sensitivity B, D, and G) show more underestimation of spedd than the
other non-local schemes at all areas. The weaker winds ilodhkeschemes can be
explained by producing mores@rmation at valley and mountain sites. In addition,
these three local schemes also present the lowest PBL heigthitdighest surface
temperatures, which produce an enhancedo@nation at valley and mountain sites. It

indicates that predicting local TKE in PBL vyields relativbketter meteorological model
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performance than non-local scheme based on Rib number method in thlexctarrain
at 4-km grid resolution.

The results of nudging analysis for winds with three different eamed
coefficient values (2.5, 4.5, and 6.0 x*Ifer second) over seven sensitivity simulations
show that the meteorological model performance was enhancedystigktto improved
wind fields, indicating the FDDA nudging analysis can improve mgugformance
considerably at 4-km grid resolution. More specifically, the sigitgisimulations with
the highest coefficient value (6.0 x #0generally gave more substantial improvements
than with the other values (2.5 and 4.5 X)10

Comparing the 12-km grid resolution to 4-km grid resolution in PX sitaulan
the meteorological model performance of statistics, therenmasignificant difference.
Generally speaking, PX simulation showed the tendencies to pradigtitature well at
most areas whereas Blackadar simulation had tendencies to presgrgoor model
performance with large bias of wind speeds at mountain areasals&/éound that the
PX sensitivity simulation recommended by USEPA did not produce optimal
meteorological conditions in our study area. As previously mentionge Introduction,
ozone SIPs modeling, unlike global or regional modeling, should be fmcused on
local areas to observe the actual atmospheric structure aludtevéne control strategy
for Os. We also noticed that it is very important to find appropriate BBlhemes
associated with direct influence on meteorological conditionscat hreas of interest for
ozone SIPs in a finer grid resolution due to the dependence on MM5ués imip the air
quality model (e.g., CMAQ). Based on our results, the TKE PBLmnseBg ETA PBL

with Noah and 5-layer soil model and Gayno-Seaman PBL) on 4-kmegatution gave
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significant contributions for SIPs modeling in the complex terragasarwith local

perspective.

5.2PART Il

Our results show that all seven sensitivity simulations under@stithobserved
daily maximum 8-hour ozone concentrations at valley sites with rétging from —
8.1ppb to —0.6ppb, NMB ranging from —11% to —1%, NME ranging from 16% to 20%,
UPA ranging from —-14.8% to 1.5%, and skill score ranging from 0.61 to 0.83alsmd
under predicted it at mountain areas with MB ranging from —12.6ppb to —8.6pdd, NM
ranging from —17% to —11%, NME ranging from 19% to 22% UPA ranging from —18.8%
to —4.5%, and skill score ranging from 0.53 to 0.59. The CMAQ staligt@formance
across seven sensitivity simulations is quite consistent withreékalts of MM5
performance, indicating that accurate meteorological fielddigied in MM5 as an input
resulted in good model performance of CMAQ. As previously mentionedhe
meteorological analysis, sensitivity B (ETA PBL with Noah L§MD (ETA PBL with
5-layer soil), and G (G-S PBL with 5-layer soil) from theulés of CMAQ showed better
model performance than other sensitivity simulations. This supptgea that the
meteorological fields such as wind speed, temperature, and PBhitdhas inputs have
critical impacts on air quality modeling. In this study, PBlhesoe plays a more
important role than its land surface models (LSMs) for the model performanceADCM

Assessment of CMAQ results with nudging analysis showed thatethstivity
simulations that used the strongest nudging coefficient value (B0J)xshowed slightly

better model performance than those of lower values, indicatingittigthelpful to
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improve CMAQ model performance at any area and also shows thgtthe highest
value of nudging coefficient for winds might be a good choice in dhgptex terrain at a
finer grid resolution. For regulatory modeling, the criteriggasted by US EPA are met
except sensitivity A (PX), C (MRF PBL with Noah LSMs), andMRF PBL with 5-soil
layer model) used nudging coefficient of 2.5 and 4.5 % d&0mountain sites. However,
these sensitivity simulations used with nudging coefficients of B.0%are met by the
criteria for NMB, which is within £5 to 15%.

The impacts of various PBL schemes associated with threeediffe6Ms (Land
Surface Models) and FDDA nudging analysis for winds in MM5 rgauts for the
complex terrain at a 4-km grid resolution have been investigatedaflyr maximum 8-
hour ozone. As a result, we found that the ETA M-Y PBL schenoziassd with Noah
LSMs and G-S (Gayno-Seaman) PBL schemes were identifitaaste PBL schemes
as well as 6.0 x IHof the nudging coefficient for winds was the best option to improve
wind fields in MM5. Because these ETA M-Y and G-S PBL sa®tend to predict
higher temperature, lower mixing height, and lower wind speeds in the areaypftsayd

promote Q formation and improve the statistical results at all locations.

5.3PART Il

We also simulated for attainment test for 120 days with theyesitsvity
simulations selected from the CMAQ results for 4-km grid tggm. The MNB and
MNGE using 60 ppb cutoff for 8-hr ozone computed from the TKE sengitivi

simulations at 4-km grid resolution yielded relatively smdsies and errors than the PX
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at 12- and 4-km grid resolutions, illustrating that the TKE modeislated at 4-km grid
resolution tend to produce much higher ozone formations at valleynandtain sites
and show generally better model performance in comparison withrhigiservations
than PX at 12- and 4-km grid resolutions. However, the resudts PX sensitivity
simulation at both grid resolutions are generally produced by good merdi@imance in
CMAQ statistical analysis. This seems to suggest thaP¥secheme is a better choice
in simulating in a valley area. Additionally, no significant diffieces are shown to the
grid size sensitivity between 12- and 4-km grid resolutions foPKesimulation in the
CMAQ analysis. Based on our results, the sensitivity simuld@ioo (Gayno-Seaman
PBL scheme using 6.0 x T(er sec) at 4-km grid resolution presents significantly small
bias and errors among them for a 4-month period at all areas in East Tennessee.

As stated, the first objective of attainment test is to ingastithe influence of the
RRFs on grid size resolution and sensitivity in meteorological tondiused as an input
into CMAQ. In our study, DVFs differences were shown with abo8tppb among
sensitivity simulations which may yield opposite responses in dgtiegnf the NAAQS
for 8-hr is meet or not. Hence, it is believed that computingsR&fd then DVFs are
depending on how well the modeling predicts at a given monitoringhsitendicates the
sensitivity of the DVFs computed from RRFs to meteorologioadition modeled at a
given monitoring area. Therefore, simulating on finer resolutionedsssary to evaluate
and assess of CMAQ results giving more detailed representdtioreteorological and
chemical processes fosSIPs modeling.

Overall, using RRFs and DVFs computed from G_c (Gayno-Seaman PBL

scheme) at 4-km grid resolution may be appropriate options fofutbhee attainment
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demonstrations because generally the G_c sensitivity simuktmms consistent model

performance at most areas in the complex terrain having mountain and vadisy ar

5.4 CONCLUSION

Meteorological variables such as temperature, wind speed, windiatisecand
Planetary Boundary Layer (PBL) heights have critical imgbees for air quality
simulations. CMAQ performance was quite consistent with thetsesuMM5, meaning
that accurate meteorological fields predicted in MM5 as an igsuited in good model
performance of CMAQ.

Based on our results, it is found that the MM5 PBL schemes had sagnifi
influences on CMAQ model performance, eventually resulting inméaterg attainment
status for ozone SIPs. Our results indicated that the Semsstifndm Noah Eta (B), 5-
layer Eta (D), and Gayno Seaman (G) were identified for favd?BL schemes in
complex terrain having valley and mountain areas at a finergswmlution. It was also
found that PX simulation did not always give optimal meteorologiodl CMAQ model
performances at mountain sites. Furthermore, we found that theae&MAQ model
performance depending on meteorological variations was affectezstimating RRFs
for attainment demonstration, indicating that it is necessaryintprove model
performance. Overall, G_c (Gayo-Seaman PBL scheme) usirogdififecient for winds,
6 x 10% per second, sensitivity simulation predicts daily maximum 8-honez

concentration closer to observations during a typical summer perod May to
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September and provides generally low future design values (D¥fFsjalley and
mountain areas compared to other simulations.

Finally, a finer grid resolution was necessary to evaluate aoelsa of CMAQ
results for giving a detailed representation of meteorologicalcaedical processes in

the regulatory modeling.
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6. RECOMMENDATIONS FOR FUTURE WORKS

This research simulated the daily maximum 8-hr ozone concentrdtoribe
East Tennessee having valley and mountain areas during typicalesuime (May to
September) for the ozone SIPs. This research has severatibnst and the following
recommendations are made for further study.

First, the model performance generally depends on the temparélegr
speciation, meteorological data, and inventory. All emission debading temporal and
speciation data were obtained from the VISTAS (Visibility Imgment State and Tribal
Association of the Southeast) for this research. Updated tempafde and more
detailed emission inventory could be incorporated in SMOKE to produtss bemporal
hourly emissions and concentrations of ozone at places close to monitors.

Second, SMOKE 2.1 and CMAQ 4.5 with CB-IV chemical mechanisme wer
utilized in this study. SMOKE2.5 and CMAQ 4.6 which are recenthatgaiwith CB05
mechanism may produce better model performance. Since NOX@@dare known as
ozone precursors, recent version of SMOKE and CMAQ could give improved results.

Third, MM5 is a regional meteorological model requiring initiadaoundary
conditions for the nested domain. The boundary and initial condition datataken
from VISTAS'’s 12-km grid domain. The VISTAS'’s 12-km domain vimsed on PX
PBL scheme. As you know that the outputs from the nested domairifested by
boundary and initial conditions, all sensitivity scenarios on 4-krd domain were

simulated and used the PX PBL scheme as boundary conditions. , IHgno® research
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could produce more accurate results if each different PBL sclanthe coarser domain
is used as boundary conditions.

Forth, this study focused on daily 8-hr ozone concentration in tfieTEanessee
during typical summer season. Future simulations could include &M PM sspecies
to identify favorite PBL scheme on complex areas and simula¢atie year to identify
better spatial and temporal variability. Additionally, this studg limited by the lack of

monitored ozone data and meteorological data with the view of local point.
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