ABSTRACT

WANG, BINYU. Intercontinental and Regional Modeling of Air Pollutants
Transport over the Pacific Regions. (Under the direction of Dr. Lian Xie and Dr. Carey

Jang).

Fine particulate (PM;5) continues to be a major air pollution problem due to its
adverse effects on human health and the environment. Recently, the rapid
industrialization now taking place in Asia is producing a large and growing quantity of
NOx, SO;, CO and other atmospheric emissions. This research is part of the work of
project “Intercontinental Transport and Climatic Effects of Air Pollutants” (ICAP)
sponsored by U.S. Environment Protection Agency (EPA). It presents modeling and
interpretation of the impact of Asian anthropogenic emissions on air quality in the U.S.
through long distance transport of Asian air pollutants.

In order to better quantify the magnitude and impacts of Asia anthropogenic
emission on U.S. air quality caused by intercontinental transport, a 3-D regional air
quality model, the EPA Models-3 Community Multiscale Air Quality (CMAQ) system
has been employed in this study. The model is applied to both baseline simulation of
2001 and the sensitivity simulation in which anthropogenic Asian emissions were turned
off. The baseline simulation was evaluated with both surface data over U.S. and aircraft
observation over Western Pacific regions. Compared to surface measurement over U.S.,
over 50% of the simulated PM,s concentrations fall within a factor of two of the
observations in all seasons except winter. Model evaluation using vertical aircraft data
indicates that the model is able to well reproduce the vertical distributions of SO42', NOs5,

NH4" and CO. Concentrations of all species decrease rapidly with increasing altitude



below 6 km, followed by a much slower decrease between 6 and 12 km. Time series
analysis indicates that model can place the plume in the right location, but tends to under-
predict the peak values of the plume intensity.

This study shows that the impact of Asian man-made emissions is persistent
throughout the entire year rather than episodic. There also exists a significant seasonal
cycle with an April/May maximum (I~1.2 pg/m’ by average) and a July/August
minimum (0.2 ~ 0.3 pg/m’ by average) for both eastern and western U.S. despite of the
fact that Asia has the monthly average maximum for PM;s in January. During the
simulated year, SO,* is the major component of Asian pollutants in each month for both
castern and western U.S. Cross section study along 140°E indicates although the
concentration of PM, 5 species has a maximum value below 1 km, while distribution of
eastward fluxes of Asian aerosol species shows the strongest flux at 2-4 km due to strong
westward wind flow. By integrating the flux at different layers along ~140°E, it turns out
that maximum flux of PM, s is at 35-45°N in the boundary (< 2,500m) and at 20-35°N in
the free troposphere (2,500 -16,000 m). Further study on the transport pattern of SO4*
and NOs™ indicates that SO,> is transported mainly from Asia directly to the U.S., while
NO; may be transported through transport of its precursors (mainly PAN).

We also compare the model results over the continental U.S. domain using three
different continental influxes; one from a hemispheric-scale CMAQ simulation, and the
other two from a global model GEOS-CHEM simulation and from static boundary
conditions. The simulation with boundary conditions (BCs) provided by the CMAQ
modeling has a better model performance in the western U.S. than the GEOS-CHEM and

static BCs when compared against CASTNet observation. While further studies on other



species are needed, our results suggest that CMAQ modeling can be a suitable tool to
address intercontinental transport of air pollution, an issue of hemispheric scale in nature

that has been previously addressed by field campaigns or global models.
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Chapter 1. Introduction

1.1 Background

It has been well documented that the increasing outflow of air pollutants from
Asia has significant impacts on atmospheric chemistry and air quality in North America
through transport over the Pacific Ocean (Jaffe et al., 1997; 1999; Jacob et al., 1999;
Jaegle et al., 2003). A series of feedbacks triggered by atmospheric transport of natural
and anthropogenic contaminants have been summarized by Wilkening et al. (2000).
These include impairment on health and welfare in western Pacific, impact on biological
systems throughout the northern Pacific, impact on climate at ocean basin to hemispheric
scales, and impact on air quality in North America. Trans-Pacific transport of pollutants
was at first suggested by Andreae et al. (1988) for non-seasalt sulfate. This was followed
by a report by Kritz et al. (1990) who described an episode of rapid transport of Radon
from Asia to California in the upper troposphere. Parrish et al. (1992) suggested that non-
methane hydrocarbons observed on the California coast under westerly flow were of
Asian origin. But until April 1998, there had been no direct evidence of significant long-
range transport (LRT) of Asian dust to the North American continent. Mckendry et al.
(2001) indicated that as the first documented case of LRT of Asian dust to southwestern
British Columbia, April 1998 particulate episode raises questions about the frequency of
such events and their potential impact on human health, visibility, and soil and water
quality. Not until recently, significant research efforts have been carried out on this LRT
issue, e.g.: Jaffe et al. (1999) showed that a number of primary and secondary industrial
pollutants (e.g. carbon monoxide (CO), peroxyacetyl nitrate (PAN), aerosols,

nonmethane hydrocarbons (NMHCs)) were transported across the Pacific to Washington



State during an episode in March 1997 based on measurements at the Cheeka Peak

Observatory (CPO) on the northwest tip of Washington State (Jaffe et al., 2003a).

A pioneer modeling study by Jacob et al. (1999) suggests that increasing fossil
fuel combustion in eastern Asia over the next decades will cause significant degradation
of mean air quality in United States, especially in the western areas. They also indicate
that monthly mean surface Os concentrations would increase by 2-6 ppbv in the western
United States and by 1-3 ppbv in the eastern United States due to increasing Asian
anthropogenic emissions from 1985 to 2010. That increase would more than offset the
benefits of 25% domestic reductions in anthropogenic emissions of NOx and
hydrocarbons in the western United States and make it more difficult for the United

States to meet its air quality standard.

1.2 Literature Review

1.2.1 Impact of Asian pollutant transport based on measurement and modeling studies

Akimoto (2003) pointed out that only those pollutants with long enough lifetimes
(on the order of 1 week), such as O3, CO, and aerosol, could be transported from one
continent to another. Studies of Musselman et al. (1994) have shown that the elevated
background Os levels by long-range transport can cause the addition of O3 produced
locally or regionally to exceed air-quality standards or critical values. This makes small
increments of O3 concentration from other continents an issue of great concern (Jacob et
al., 1999). CO also plays a key role in the global transport issue because it provides the
primary OH sink in much of the troposphere. OH radical determines the lifetimes of most

atmospheric trace gases such as CHs; and HCFC (Lelieveld et al, 2000). PM is another



important global pollutant with a lifetime of approximately 1 to 2 weeks (Akimoto, 2003).
Transport of PM will lead to climate effects occurring regionally as well as globally
(Ramanathan et al., 2001). In addition to the climatic concerns, import of PM from other
continents has been linked to adverse human health effects. It was reported that the
combination of local sources and the Asian mineral dust increases the PM;g
concentrations to levels associated with health impacts at some locations (Defino et al.,
1994).

In addition to Os, CO, and aerosols, Mercury (Hg) is also recognized as a major
anthropogenic pollutant (Weiss, 2004). Although much work has been conducted on O3,
CO, and aerosols, relatively little has been performed on trace heavy metals such as Hg.
There are substantial uncertainties in the processes and inputs associated with the long-
range simulation of the fate and transport of atmospheric Hg (Seigneur et al., 2001).
Friedli et al. (2001) have shown that eastern Asia currently is one of the major
contributors to global mercury pollution based on available emission inventory. They also
pointed out that quantifying the sources and mercury cycling is essential because mercury
is transported globally, and its health concern in the form of methyl mercury is
considerable.

During the last decade a number of field measurement campaigns have been
conducted to analyze possible transport processes and to quantify the concentrations of
chemical species during specific episodes or seasons. These field experiments over
Pacific include: The Pacific Exploratory Mission to the Pacific Tropics (PEM-Tropics),
Transport and Chemical Evolution over Pacific (TRACE-P) (Allen et al., 2004).

Intercontinental Transport and Chemical Transformation (ITCT) (Parrish et al., 2004);



The Pacific Exploration of Asian Continental Emission phase B (PEACE-B) aircraft
(Oshima et al., 2004). Goldstein et al. (2004) summarized that Ground, airborne, and
satellite based measurements of suites of chemical compounds combined with backward
trajectory analyses have been used over the past two decades to document approximately
20 plumes of air pollution from Asia reaching the west coast of North America (e.g.:
Andreae et al., 1988; Kritz et al., 1988; Parrish et al., 1992; Jaffe et al., 1999; Jaffe et al.,
2003a; Husar et al., 2001; McKendry et al., 2001; Thulasiraman et al., 2002; VanCuren
and Cahill, 2002; Jaegle” et al., 2003; Cooper et al., 2004; Forster et al., 2004), providing
clear experimental evidence that this pollution indeed reaches the western United States.
A variety of chemical species, including radon (Rn), Ozone (O3), carbon monoxide (CO),
peroxyacetyl nitrate (PAN), particulate matter (PM), and nonmethane hydrocarbons
(NMHCs) have been employed to provide transport evidence in those field measurement
studies (Jaffe et al., 1999, 2001). The observed events were highly episodic, with the vast

majority occurring in springtime.

Based on detailed chemical and metrological data obtained at Cheeka Peak
Observatory, Jaffe et al. (1999) indicates that the surface emission were lifted into the
free troposphere over Asia and then transported to North America in ~6 days, which
leads to ~200 particles* cm™ aerosol enhancement over North-western U.S. in spring
1997. On April 15 and 19, 1998, two intense dust storms generated over the Gobi desert
by springtime low-pressure systems were detected by routine satellite sensors, lidar
instruments, Sun photometers, airborne samplers, and a large array of surface-based
aerosol monitors on both sides of the Pacific (Husar et al., 2001). The April 19 dust cloud

crossed the Pacific Ocean in 5 days, subsided to the surface along the mountain ranges



between British Columbia and California, and impacted severely the optical and the
concentration environments of the region, i.e.: increased the spectrally uniform optical
depth to about 0.4, reduced the direct solar radiation by 30—40%, doubled the diffuse
radiation, and caused a whitish discoloration of the blue sky. On April 29 the average
excess surface-level dust aerosol concentration over the valleys of the West Coast was
about 2050 pg/m’ with local peaks 100 pg/m’. The study of Husar et al (2001) indicated
that the April 1998 dust event chemical fingerprints were evident throughout the West
Coast and extended to Minnesota. This event lead to U.S. surface aerosol concentration
increase by 40-63 ug/m3 and 4-11 pg/m’ for PM, and PM, 5 respectively, which is 24
times more than any other dust event since 1988.

The impact from April 1998 dust event was also observed over Lower Fraser
Valley, British Columbia, Canada. The filter samples in the region show a massive
injection of crustal elements (Si, Fe, Al, and Ca) with concentrations of Si approximately
double those previously recorded. It was estimated that 38% - 55% of PMjo
concentrations observed in the Lower Fraser Valley at the peak of the episode were due
to injection of Asian dust (McKendry et al., 2001). Jaffe et al. (2003a) analyzed data
from several ground sites in the Pacific Northwest and from aircraft observations in the
region to identify six ‘new’ (i.e. previously unreported) episodes of trans-Pacific
transport that occurred between 1993 and 2001. They found that Asia dust event occurred
in April 1993 lead to total organic carbon (0.4-0.7 pg/m’), elemental carbon (0.03-0.1
],Lg/m3), non-sea salt sulfate (0.7-1.4 pg/m3), PM,s (3-4.2 ug/m3), PMy (4-9 ug/m3)
increase over Northern California. Jaffe et al. (2003a) also observed that there is a high

degree of variability in these trans-Pacific episodes combining their data with previous



reports. The diversity of a particular episode subjects to bunches of factors: (1) industrial
sources, mineral dust and possibly biomass burning emissions can all contribute in
varying amounts to the concentration of gases and aerosols arriving into western North
America; (2) the varying meteorological and emission conditions in the source regions,
the myriad transport pathways across the Pacific and weather patterns in the receptor
regions all contribute to the diversity of episodes. Their observations from the west coast
of North America indicated that episodic trans-Pacific transport of gases and aerosols is
relatively common, particularly during springtime when trans-Pacific transport is thought
to be most efficient. Based on satellites, ground-based lidar and surface sites observations,
both of two large Asian dusts occurred recently were detected in spring, one is in late
April 1998 and the other is in April of 2001; the latter was believed to be the largest

Asian dust event ever seen in North America (Jaffe et al., 2003b).

Most of the observations and analysis of Asian pollution transport to North
America mentioned above only focused on specific events when coherent plumes were
observed. VanCuren et al. (2003) showed that the transport of pollution from Asia is a
pervasive and persistent phenomena based on observational evidence. VanCuren et al.
(2003) demonstrated that Asian-origin aerosols are regular components of the North
America tropospheric aerosols. After characterizing a subset of samples from selected
sites (Crater Lake, Oregon, and Mount Lassen, California), VanCuren et al. (2003)
presents a statistical analysis of the nondust material that accompanied the Asian dust as
observed in hundreds of aerosol samples collected between 1988 and 1999 and concludes
that the Asian continental aerosol plume is a major contributor to tropospheric aerosols as

measured at high-altitude ground stations in western North America. The findings



indicate that Asian aerosols are a regular component of the North American tropospheric
aerosol, accounting for up to 5 pg/m’ for particulate matter less than 10 pm diameter
(PM), and up to 3 pg/m’ for particulate matter less than 2.5 pm diameter (PM,.s) on the
average concentration based on the data from 1989-1999. Except the influence on North
America’s continental radiation balance, the persistent aerosol impact is important
geophysically due to the interest for air quality regulation, as it constitutes about one
fourth of the health-based annual PM;y and PM; 5 particle standards recently adopted in
California, which is about one tenth and one fifth, respectively, of the health-based
annual PM;, and PM, s standards recently adopted for the United States. On 5 and 17
May 2002, the NOAA WP-3D aircraft sampled air masses off the U.S. west coast that
were influenced by Asian emissions (De Gouw et al., 2004). The layers with the highest
enhancements of CO were attributed to fossil fuel combustion emissions for both cases. It
was shown that biomass-burning emissions are relatively high in the air masses from
Southeast Asia and China, while the air masses from Japan and Korea contain a higher
fraction of pollutants from fossil fuel combustion.

While extensive measurement campaigns have provided important information on
the issue of intercontinental transport, recent years a number of global models are
employed to estimate the impacts of Asian emissions on North American air quality to
assist in scientific investigation and policy development (Jacob et al., 1999; IPCC, 2001,
Fiore et al., 2003). These global models include Goddard Earth Observing System-
Chemistry model (GEOS-CHEM) (Jacob et al., 1999; Goldstein et al., 2004), the
parallelized global-through-urban-scale Gas, Aerosol, Transport, Radiation, General

Circulation, Mesoscale, and Ocean Model (GATOR-GCMM) (Lu et al., 1997), the



Goddard Institute for Space Studies General Circulation Model (GISS) (Rind and Lerner,
1996), the Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and
Transport model (GOCART) (Chin et al., 2003), the Model for Integrated Research on
Atmospheric Global Change (MIRAGE) (Ghan et al., 2001; Easter et al., 2004) and
others.

Most of the modeling studies reveal that the intercontinental transport of
pollutants from Asia presents a significant contribution to the levels of air pollution in the
United States by focus on Oz and CO analysis, which is conducted by using sensitivity
studies. Berntsen et al. (1999) and Yinger et al. (2000) showed that the impacts of Trans-
Pacific pollutant transport are both an episodic as well as a background contribution. It
was also shown that the transport pattern of Os is different from CO and particles in that
Os levels were not typically enhanced during the Asian transport periods. According to
Berntsen et al. (1999), approximately 10% of O; in the air masses arriving in North
America can be attributed to Asian emissions. Their modeling results showed the
calculated present average Asian contributions during spring for CO, PAN and O3 are 34
ppb, 26 ppt, and 4 ppbv respectively and the maximum enhancements in these species
during simulated episodic pollution incursions from Asia were 42 ppb, 75 ppt, and 7.5
ppb, respectively over North-western U.S. With sensitivity simulation by shutting off
surface emissions from source region, Yinger et al. (2000) also concluded that over the
western U.S., direct and indirect Asian contributions to episodic O3 events are generally
in the range of 3-10 ppbv by employing the Geophysical Fluid Dynamics Laboratory
(GFDL) global chemistry transport model (GCTM). A three-dimensional global

tropospheric chemistry model (GEOS-CHEM) driven by assimilated meteorological data



from the Goddard Earth Observing System (GEOS) was applied by Fiore et al. (2002)
use a three dimensional global model of tropospheric chemistry (GEOS-CHEM) driven
by assimilated meteorological observations from the Goddard Earth Observing System
(GEOS) to investigate the origin of O3 background and to quantify its contribution to
total surface O3 on both average and highly polluted summer days in 1995. Their
sensitivity simulation with no anthropogenic NOx and NMVOC emissions from source
region indicated that Anthropogenic emissions in Asia and Europe are found to increase
afternoon O3 concentrations in surface air over the United States by typically 4 —7 ppbv,
under both average and highly polluted conditions, while maximum can reach as high as

14 ppbv.

While most people focus on gas study only, Park et al. (2003) quantify the sources
of elemental carbon (EC) and organic carbon (OC) aerosols in the United States through
simulation of year-round observations for 1998 at a network of 45 sites (Interagency
Monitoring of Protected Visual Environments (IMPROVE)) with a global three-
dimensional model (GEOS-CHEM). In their study, transpacific transport from Asian
pollution sources amounted to annual average of 0.013 pg/m’ and 0.007 pg/m’ organic
carbons to western U.S. and eastern U.S. natural background respectively. Using same
model, they present the sensitivity study on other aerosol component by determining the
difference between the standard simulation and the sensitivity simulation with
anthropogenic sources shut off in Asia. Their finding shows anthropogenic sources from
Asia contribute to 0.13 pg/m’ and 0.12 pg/m’ ammonium sulfate to western U.S. and
eastern U.S. natural background respectively. Goldstein et al. (2004) use a combination

of in-situ ground-based measurements from Trinidad Head, CA, chemical transport



modeling (both GEOS-CHEM and MOZART-2), and backward trajectory analysis to
examine the impact of long-range transport from Asia to the composition of air masses
arriving at the surface of California coast during April and May in 2002. Their model
simulations suggest that Asian emissions were responsible for 33% of the CO observed at
Trinidad Head, providing a larger mean contribution than direct emissions from any other
region of the globe. Model also suggested that on average 4 + 1 ppb of ozone (10% of
observed) at Trinidad Head was transported from Asia. Heald et al. (2005) simulated
springtime Asian enhancements of sulfate in surface air over northwestern United States
using a global CTM (GEOS-CHEM) simulation of MODIS AOD satellite observations
over the North Pacific, and of remote surface air observations in the northwestern United
States from the IMPROVE network. Their study suggested an average of 0.16 pg/m’,
with 24-hour maxima averaging 0.60 pg/m’ and values up to 1.5 pg/m’® SO,

enhancements in Washington State from Asian air pollutant transport.

Model study is also frequently used for future case study by sensitivity simulation.
Jacob et al. (1999) showed that Asian emissions could contribute to the monthly mean O3
concentrations in the surface layer by 2-6 ppbv in the western U.S. and 1-3 ppbv in the
eastern U.S. by 2020 in the case of tripled Asian NOx and NMVOC emissions, offsetting
the Clean Air Act efforts by up to 25% in that region. Yienger et al (2000) conducted the
sensitivity simulation with quadrupled Asian NOx emissions, and predicted that Asian
contribution would reach as high as 40 ppbv at the surface of California in late spring O;

episodes.

1.2.2 Transpacific transport mechanism study:
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Series of observations have shown that Asian emissions of gases and aerosols can
be transported to North America in 5-8 days, under certain meteorological conditions.
Using observations from the Cheeka Peak Observatory in northwestern Washington State
during March-April, 1997, Jaffe et al. (1999) showed that Asian emissions of gases and
aerosols can be transported to North America in ~6 days. Husar et al. (2001) observed
that two intense dust storms were generated over the Gobi desert by springtime low-
pressure systems descending from the northwest on April 15 and 19, 1998 respectively.
The April 19 dust cloud crossed the Pacific Ocean in 5 days, subsided to the surface

along the mountain ranges between British Columbia and California.

Both backward trajectories and TOMS satellite retrievals of absorbing aerosol
index were used to understand the transport and sources of the substantial gas and aerosol
enhancements observed on 14 April 2001 by Price et al. (2003). Backward trajectories
show that the air sampled on 14 April passed over the Gobi desert and industrial regions
of Northeast China and the Korean peninsula 7 days prior to being sampled along the
Washington coast. TOMS data tracked the northern dust laden air masses moving across
the Pacific Ocean, arriving at the west coast of North America on 13—14 April after high
levels of UV-absorbing aerosols were observed over East Asia on 8 April, 2001. It was
observed by Hacker et al. (2001) that a substantial dust cloud originated over western
China was transported across the Pacific in 5-6 days in the mid-troposphere. Following
its arrival to North America, the dust was brought to the surface by high pressure
subsidence and mountain wave activity in 1998. Using back trajectories analysis on 28
April 1993 for three sites including Crater Lake, Mt. Lassen and Mt. Rainier over western

U.S., Jaffe et al. (2003a) found their starting heights and regions within Asia is different
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although all three back trajectories originated from Asia. All the back trajectories spent
around 8 days to reach Asian areas.

Transport of Asian emissions to the North Pacific is strong in spring, but weak in
summer (Balkanski et al., 1992; Liu et al., 2003; Wild and Akimoto, 2001). Liu et al.
(2003) compared the concentrations of Asian CO at 140°E in the springs of 1994, 1998,
2000 and 2001, and found that Asian outflow in the lower free troposphere was strongest
in 1998 and in the upper troposphere was strongest in 2001. Several previous studies
have examined the mechanisms for outflow of Asian pollution to the Pacific. Carmichael
et al. (1998) found that continental outflow of precursors occurring behind cold fronts has
a strong influence on surface ozone levels over Japan during spring. Yienger et al. (2000)
showed that the development of low pressure baroclinic systems over Asia, which vent
the BL and lift pollution into the FT, is an important mechanism for the episodic export
of pollution from Asia. Bey et al. (2001) examined Asian outflow over the western
Pacific during the NASA Pacific Exploratory Mission-West B (PEM-West B) aircraft
mission (February—March, 1994). They found that frontal lifting of pollution over central
and eastern China ahead of eastward moving cold fronts, followed by westerly transport
in the lower FT, was the principal process responsible for export of both anthropogenic
and biomass burning pollution from Asia. Analysis of both observations and modeling
simulations show that there are three main pathways for Asian pollution outflow to the
Pacific in spring, which includes: (1) transport in the boundary layer behind cold fronts
(Liu et al., 2003), (2) vertical transport via convection, orographic lifting, frontal lifting
and ascension in the warm conveyor belts (WCBs) of midlatitude storm tracks (Heald et

al., 2003; Liu et al., 2003; Stohl et al., 2002; Yienger et al., 2000), and (3) large-scale
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lifting by southeastward moving cold fronts and orographic features followed by
eastward transport in the lower free troposphere over the Pacific (Bey et al., 2001; Jacob
et al., 2003; Liu et al., 2003; Stohl et al., 2002). It turns out the maximum concentration
of Asian pollutants is typically within the boundary layer (0-2km), but the highest
westerly outflow occurs in the middle troposphere (Bey et al., 2001; Liu et al., 2003; Liu
et al., 2005). Jaffe et al (2003a) summarized that frontal lifting of pollutants from the BL
to FT has been approved by series of both aircraft observations of trace gases in fronts
(e.g., Bethan et al., 1998) and modeling studies (Bey et al., 2001; Donnell et al., 2001;
Kowol- Santen et al., 2001; Stohl, 2001) . Such frontal lifting largely explains the vertical
transport of the BL pollution to the FT in the main ascending branch of an extratropical
cyclone (the warm conveyor belt (WCB)) (Stohl, 2001; Cooper et al., 2001). The role of
orographically forced vertical advection in pollutant transport was noted by Donnell et al.
(2001) over the Alps. In addition, turbulent mixing may transport pollutants out of the BL

either by detrainment or due to the collapse of the BL (Donnell et al., 2001).

Asia covers a large area, and the emission type is different in the different areas
over Asia. As a most populous and highly industrialized region, East Asia has very high
anthropogenic emissions, in which biofuel emissions play a large role (Woo et al., 2003).
It has been observed that Asian anthropogenic emissions are concentrated near the Pacific
coast and are thus directly swept southward by cold surges followed by lifting, while
biomass burning effluents from Southeast Asia are transported northeastward in the BL
prior to being lifted up at 25 — 30°N along the Asian coast (Bey et al., 2001b; Liu et al.,

2002). They further found that effluents from seasonal biomass burning in Southeast Asia
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were mixed with anthropogenic pollution in the FT frontal outflow, and that the BL

outflow was mainly anthropogenic and confined to north of 35°N.

We must note that intercontinental transport is a global issue. It has been observed
that anthropogenic emissions from Europe and biomass burning in Africa also join the
Asian outflow (Bey et al., 2001) and have been found to influence air quality over the
Pacific and North America (Fiore et al., 2002; Jacob et al., 1999; Lin et al., 2000;
Mauzerall et al., 2000). Using trajectory calculations, Newell and Evans (2000)
emphasized the important influence of European pollution on the Asian outflow in winter.
Bey et al. (2001b) found that European anthropogenic sources and African biomass
burning make major contributions to the Asian outflow of CO in spring. Liu et al. (2002)
showed that European and North American anthropogenic sources as well as African
biomass burning emissions contribute significantly to tropospheric ozone over the Asian
Pacific rim. At the same time, U.S. is both an importer and exporter of air pollutants.
Wild and Akimoto (2001) estimated total effect of current anthropogenic emissions from
the U.S. source continent account for O3 increase 2.0 ppbv and 0.8 ppbv over Europe and
Asia respectively. Derwent et al. (2002) had observed that impact from North America
will lead to O3 increase 18 ppbv over Atlantic fringes, and lead to O3 increase 10 — 15
ppbv over central Europe. So model simulation over Atlantic domain was also conducted
to study the pollutant transport from U.S. to Europe and Africa. The trans-Atlantic
modeling effort on base case study is under way and the sensitivity study will be carried
out later.

Intercontinental transport issue is expected to call for increasing attention with

rapid growth of emissions in Asia in the near future (Jacob et al., 1999; Akimoto, 2003).
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The persistent impacts from the intercontinental transport of air pollutants are significant
as O3 and PM are not only key criteria pollutants impairing public health and welfare, but
also important climate-forcing substances (IPCC, 2001). It has been demonstrated that a
small contribution of increasing Asian sources to surface Os contribution in the U.S.
would lead considerable difficulty for U.S. to meet its air quality standards (Jacob et al.,
1999).

1.2.3 Current problems

While extensive measurement campaigns have provided important information on
transport of pollutants across the Pacific to western North America (e.g., Gregory et al.,
1997; Jaffe et al., 1999, 2003; Goldstein et al., 2000; Yienger et al., 2000; Husar et al.,
2001; Dibb et al.; 2003; Darmenova, 2005), these observed events were mostly episodic,
with the vast majority occurring in springtime. On the other hand, there also exist some
limitations with global chemical transport models in addressing trans-Pacific pollutant
simulation. For example, the GEOS-CHEM global model, driven by assimilated
meteorology from the Goddard Earth Observing System (GEOS), has been extensively
evaluated and used to study ozone and its precursors over different regions of the globe
(e.g., Bey et al., 2001; Liu et al., 2002; Fiore et al., 2002; 2003). The capability of GEOS-
CHEM at its current form to simulate PM, however, is limited since its central theme is to
simulate ozone-NOx-hydrocarbon chemistry. Although an aerosol module that can enable
GEOS-CHEM to study part of atmospheric aerosol species has recently been developed
(Liao et al., 2004; Park et al., 2003, 2004), the application of GEOC-CHEM coupled with
aerosol is rarely addressed and its applicability to simulate intercontinental transport for

major PM species remains unknown.
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Park et al. (2004) reported that the physical parameterizations, such as the
temporal and spatial resolution currently employed in global models do not work at
smaller scales. Grid resolution can significantly influence the competing rate of chemistry
and vertical transport processes for the emitted NOx in O3 formation (Jang et al., 1995).
Fiore et al. (2002) also found that Os; was overestimated along coastal areas due to the
poor representation of the vertical structure of the atmospheric mixing layer between land
and ocean in the GEOS-CHEM model. Coarse horizontal resolution models generally
smooth out the pollutant gradient and can not solve the local maximum (Jang et al., 1995;
Fiore et al., 2002, 2003). Several systematic biases on O3 simulation relevant to coarse
resolution were briefly discussed by Fiore et al. (2003). Another fact about GEOS-CHEM
is related with chemistry module, i.e.: there is no cloud chemistry in the aerosol modules
which actually will bring un-negligible effect for aerosol concentration. Recognizing the
limitations of global models to address the intercontinental transport issue, my research
will employ a 3-D regional air quality model, the EPA Models-3 Community Multiscale
Air Quality (CMAQ) to quantify the impacts of Asian emissions on North American air
quality in our study. CMAQ is a comprehensive Eulerian grid model that simulates the
complex interactions among multiple atmospheric pollutants at regional and urban scales

(Dennis et al., 1996). More details of CMAQ will be given in later sections.
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Chapter 2. Model Description, Data and Objectives

2.1 Overview of Air Quality Modeling Systems

As a powerful and sometimes unique measure, air quality models have been
developed to address regional air quality problem. Those can be broadly categorized as
mesoscale and synoptic models by horizontal scale, episodic and long-term models by
time scale, and Eulerian and Lagrangian model by mathematic framework (Arya, 1999).
Regardless of their diversity, all comprehensive urban and regional air quality models
share a list of essential components (Seinfeld, 1986; Arya, 1999). These components
include anthropogenic and natural emission sources, advection, horizontal and vertical
diffusion, homogeneous and heterogeneous chemistry, and removal processes. Different
models can be distinguished in the manner and complexity of how they deal with each
component.

A 3-D regional air quality model, the EPA Models-3 Community Multiscale Air
Quality (CMAQ) modeling system (Byun and Schere, 2006) is used in this study to
quantify the impacts of Asian emissions on North American air quality due to several
privileges it bears. Among these are its multiscale and multi-pollutant capabilities,
complete documentation, state-of-the-art physical and chemical parameterizations, and a
modular structure allowing flexibility of choice from alternative meteorological, chemical,
and physical modules. As a fully functional multiscale air quality model, CMAQ can be
extended to larger scales for simulating all atmospheric and land processes that affect the
transport, transformation, and deposition of atmospheric pollutants and/or their
precursors. CMAQ is based on Eulerian coordinate system and simulates air quality as a

whole by including state-of-the-science capabilities for tropospheric ozone, fine particles,
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toxic, acid deposition, and visibility degradation. CMAQ is configured in this study with
a detailed implementation of turbulent diffusion (horizontal and vertical) based on K-
theory, horizontal and vertical advection, natural and anthropogenic emissions, dry
deposition, and photochemistry (mixing and attenuation of photolysis rates) (Gery et al.,
1989; Kasibhatla et al., 1997; 1998).

Figure 1 shows a flow chart of CMAQ. Prior to running CMAQ, one needs to
prepare a list of model input data that include meteorology, emissions, initial and
boundary conditions, and photolysis rates for photochemistry. In this study the 5"
generation Meso-scale Meteorology models (MMS5) is used to provide meteorology data
to drive transport and photochemistry in the CMAQ. Emission data is processed by the
Sparse Matrix Operator Kennel Emissions (SMOKE) model. Information is also needed
for initial conditions, boundary conditions, and photolysis rates as input to CMAQ, which
will be discussed in details in coming sections. Inside CMAQ, processes such as transport,
gas chemistry, aerosol chemistry, and cloud chemistry are simulated to determine the
fates of primary and secondary pollutants. More details about the sciences processes
inside of CMAQ are given in Figure 2. In CMAQ), fine particles with diameters less than
2.5 um (PM;5) are represented by two sub-distributions or modes called the Aitken and
accumulation modes. The Aitken mode includes particles with diameters up to
approximately 0.1 pm for the mass distribution, and the accumulation mode covers the
mass distribution in the range from 0.1 to 2.5 um (Binkowski and Roselle, 2003). All the
aerosol chemical species are listed in Table 1. Usually, the smaller Aitken (I) mode
represents fresh particles either from nucleation or from direct emission, while the larger

accumulation mode (J) mode represents aged particles (Binkowski and Roselle, 2003).
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We use the CMAQ model version 4.3 to simulate the transport, chemical
transformation, and deposition of tropospheric PM, s species and its precursors for 2001
from Asia to North America. Our model domain covers Asia, the Pacific Ocean, Canada,
U.S. and Mexico. The horizontal grid size is 108 km and there are 180 columns and 74
rows in the horizontal domain (Figure 3). There are 16 levels vertically extended from the
surface to approximately 100 mb. Anthropogenic emissions of criteria pollutants are
based on the U.S. national emission inventories (NEI 1999 version 1) to the U.S. part of
the domain. The emission inventory in Asia is based on TRACE-P/ACE-Asia 2000 data.
The NCAR/Penn State Mesoscale Model of the Fifth-Generation (MMS5) Version 3.6 is
used for simulating meteorological conditions in this study. The results from a global
chemical transport model GEOS-CHEM output are used to prepare for initial and
boundary conditions to fully account for changes due to long-range transport events. The
simulation using GEOS-CHEM model adopted a 2° x 2.5° horizontal resolution and 3-
hour temporal resolution, and 30 sigma levels in the vertical, from the surface up to 10h

pa. More details about the model configuration are given below.

2.1.1 Emission

Emissions data for year 2001 is created by integrating emissions estimates from
different sources and regions. Temporally and spatially specified emission data, as input
to the chemistry and transport model, is processed by the emission model SMOKE based
on available emission inventory database. Anthropogenic sources, such as point sources
and area sources are estimated on the basis of extrapolation of limited direct
measurements for point sources, and application of limited measurements or estimates to

spatial surrogate data for area sources. Mobile source emissions are prepared using
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MOBILES to generate either portions of emission inventories or hourly data for direct
use in chemistry and transport model. The domain in Figure 3 includes emissions sources
from the United States (including Alaska and Hawaii), Mexico, Canada, and Asia. For
the U.S., we used the National Emission Inventory (NEI) 1999 version 1 for point, area,
and mobile (on-road and nonroad) sources. Emission data for Mexico is based on the
BRAVO 1999 database that includes point, area, and mobile sources. For Canada, the
emission data is prepared from the 1995 area and mobile (on-road and non-road) source
inventory. For the offshore (Gulf of Mexico) sources, we used the 1992 inventory of the
U.S. (federal) point sources located over most of the western Gulf (ICAP, 2005). Asian
inventory is processed in a different way from the Northern American region. There are
10 different anthropogenic emission sectors: aviation, biomass burning, domestic biofuels,
domestic fossil fuels, industry, point sources, power, shipping, transportation, and others.
The Asian inventory was prepared by scientists at the Center for Global and Regional
Environmental Research at the University of lowa (Streets et al., 2003a) to support
TRACE-P (Transport and Chemical Evolution over the Pacific) and ACE-Asia (the
Aerosol Characterization Experiment-Asia). Table 2 listed all the emission estimates
from Asia that were used in our modeling study. These estimates are specific to the 2-
month period of March—April, 2001, when the TRACE-P and ACE-Asia measurements
were taken. The Sparse Matrix Operator Kernel Emission System (SMOKE) is the
emission-processing model used in this study to spatially and temporally allocate
emissions. Profiles for January areas and mobile sources are used for the months of
January, February, March, November and December; while profile for April sources are

used for other 7 months of 2001. Plume rise was performed for all U.S. sources with
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stack height more than 40 m using SMOKE and Meteorology-Chemistry Interface
Processor (MCIP) data. The biogenic emissions are generated using the Biogenic
Emissions Inventory System (BEIS) version 3.9 with Biogenic Emissions Land cover
Database version 3 (BELD3) data. Continuously emitting volcanoes were also included
in the “continuously emitting volcanoes” emissions based on the Global Emissions

Inventory Activity (GEIA) web site.

2.1.2 Meteorology

Meteorological data is essential to provide necessary information such as
transport wind, PBL height, temperature, humidity and solar radiation. In this study, the
meteorology input is prepared by running version 3.6 of MMS5, the Fifth-Generation
Pennsylvania State University/National Center for Atmospheric Research (NCAR)
Mesoscale Model (Grell et al., 1994). MMS provides options to characterize various
physical and dynamical processes relevant to the temporal and spatial scales of various
modeling applications. Hourly meteorological data from MMS5 is converted into CMAQ
compatible form using version 2.2 of the Meteorology-Chemistry Interface Processor
(MCIP). The MM5 domain in this study is shown by Figure 4. Table 3 shows the domain
specifications used for this simulation. The model uses the Lambert Conformal projection
with the true projection latitude at 30° N and 60° N, similar to the CMAQ horizontal
projection. Model vertical layer structure is shown in Table 4: there are 23 MMS5 layers
collapsed to 16 CMAQ layers between the surface and the model top at 100 mb. The
entire metrological input data is prepared by combining several different data sources
including: USGS land use data, European Centre for Medium-Range Weather Forecasts

(ECMWF) Tropical Ocean-Global Atmosphere (TOGA) data, surface observations, and
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rawinsonde observations (ICAP, 2005). The simulation for the trans-Pacific domain was
performed for the whole year of 2001, and was preceded by a 10-day spin-up period. The
MM5 model runs made up the one-year period with each covering 5.5 days, staggered

with a half-day overlap between two runs.

2.1.3 Transport

The transport process principally consists of advection and diffusion that cause
the movement and dispersion of pollutants in space and time, although transport by the
parameterized subgrid scale cloud can be of significance occasionally. To provide
CMAQ with multiscale capability, the transport processes are formulated in conservation
forms for a generalized coordinate system. This enables CMAQ to function under a wide
variety of dynamic situations and concentration distribution characteristics. The
advection scheme used in CMAQ simulations is based on the piecewise parabolic method
(Colella and Woodward, 1984). The vertical diffusion with a local scheme is based on the
semi-implicit K theory.
2.1.4 Chemistry

The representation of chemical interactions among atmospheric constituents is an
essential element of air quality model. Chemical interactions in the gas, liquid, and solid
phases are modeled separately in Models-3/CMAQ: (1) Gas-phase chemistry. CMAQ
currently includes three base chemical mechanisms—Carbon bond (CB4) (Gery et al.,
1989), Regional Acid Deposition (RADM?2) (Stockwell et al., 1990), and SAPRC-97
(Carter, 1997). (2) Aerosol formation. A 29 aerosol extension is needed to address gas
and aerosol interactions. (3) Aqueous chemistry. Another extension is attached to original

chemistry mechanism to simulate aqueous phase chemical interactions. The CB-IV gas-
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phase chemistry mechanism and the Efficient Euler Backward Interactive (EBI) solver
are used in our study. The implementation of aerosol simulation in CMAQ is derived
from the Regional Particulate Model (RPM), an extension of the Regional Acid
Deposition Model (RADM) (Binkowski and Roselle, 2003a). The particle size
distribution is represented as the superposition of three lognormal sub-distributions, and
the processes of coagulation, particle growth by the addition of new mass, particle
formation, dry deposition, scavenging, and aerosol chemistry are included in the aerosol
module (Zhang et al., 2003).
2.1.5 Boundary condition (BCON)), initial condition (ICON), and photolysis (JPROC)
The common practice in CMAQ simulations is to use BCON and ICON
processors to generate boundary and initial concentration field required by CMAQ
chemical transport model (CCTM). The BCON and ICON output generally include gas-
phase, aerosols, non-reactive species and tracer species. The ICON processor generates
species concentrations for every cell in the modeling domain, whereas the BCON
processor generates species concentrations for the cells immediately surrounding the
modeling domain. Both boundary and initial conditions play an important role in
regional/urban air quality models as key inputs required for solving governing partial
differential equations (PDE). In this study, the boundary and initial conditions for the
outmost CMAQ domain (referred as ICAP domain) are prepared in a different way from
the standard method based results from the global GEOS-CHEM simulation. For the finer
resolution domain that focuses on the continental United State, we have used the standard
ICON and BCON processors to provide BC and IC based on the ICAP-CMAQ

simulation. CMAQ’s JPROC processor predicts photolysis rates for various altitudes,
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latitudes, and zenith angles. JPROC computes a table of photo-dissociation rate constants
for the photolytic, gas chemistry reactions. These rates are interpolated in CCTM to the
specified time and location (Byun and Ching, 1999).
2.1.6 Process Analysis

Models-3/CMAQ is equipped with several advanced capabilities to achieve the
objectives of this study. Among these capabilities, process analysis and sensitivity
analysis are particularly of my interest. Process analysis (PA) is a novel approach
developed by Jeffries and Tonnesen (1995) that tracks the contribution of a process to the
species conservation equation. CMAQ incorporates two types of process analysis:
integrated process rate (IPR) and integrated reaction rate (IRR). IPR tracks each process’
contribution to the species conservation equation, where the major processes are
horizontal advection, vertical advection/diffusion, chemical production/loss, and
deposition (O’neill and Lamb, 2005). The major processes and their parameterization in
our CMAQ simulation are: (1) advection based on the piecewise parabolic method
(Colella and Woodward, 1984); (2) horizontal diffusion with scale-dependent diffusivity;
(3) vertical diffusion with a local scheme based on the semi-implicit K theory; (4) Mass
conservation adjustment (Byun and Ching, 1999); (5) emissions injected in the vertical
diffusion module; and (6) deposition flux as bottom conditions for the vertical diffusion.
Not all the processes could be of equal importance in the budgets analysis. A general

mathematical representation of IPRs for individual processes can be expressed as follows:

H

(8), = [ M odr,
’ (1)

Where (Ac)y is the change in a species' concentration due to operator 7, Lais the

differential operator associated with a process, and Af is the model synchronization time
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step. In this study, IPR is employed for both budget calculations over U.S. areas and
outflow analysis from Asian areas.
2.1.7 Sensitivity Study and Future Sceneries

Sensitivity analysis can provide quantitative information on the influence of
varying emissions associated with seasonality and anthropogenic activities. It has been
used in our study to investigate the impact of Asian anthropogenic emission to U.S. in
2001. It was also employed to predict the air quality over U.S. in 2030 based on projected
emissions resulting from both sustainable development (2030A1B) and Growth Scenario

(2030B1) (IPCC, 2001).

2.2 Measurement Data

In our study, measurement data collected by different surface monitoring
networks was used for modeling evaluation performance covering the surface of
contiguous United States. Data collected by aircraft observations was used for vertical
profile evaluation over pacific regions.

Our study domain covers most of Asia and North America, so a wide set of
observations are needed for model evaluation. For the part of the domain over the United
States, we use aerosol observations for the year 2001 obtained from the Interagency
Monitoring of Protected Visual Environments (IMPROVE) and Clean Air Status and
Trends Network (CASTNET) sites (see Figures 5a and 5b: CASTNET and IMPROVE
network map). The sampling protocol and standard operating procedures are different
between the two networks. These differences result in species-specific differences in
levels of accuracy, biases, and precision thereby hindering comparability across the
networks (Eder et al., 2005).

2.2.1 IMPROVE
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The IMPROVE network, which began operations in 1985, is designed to
document and characterize long-term trends in both visibility and visibility degrading
aerosols at over 100 Class I areas across the United States, mostly at National Parks and
National Wilderness Areas (Eder et al., 2005). The majority of IMPROVE monitors, are
located in the western United States. Data for 2001 consist of 24-hour sulfate and nitrate
concentrations measured every third day by particle-induced X-ray emission (PIXE) and
ion chromatography (IC), respectively. IMPROVE species employed in this evaluation
include 24-hour PM,; s, SO42', NOs’, EC and OC concentrations measured every third day.
A detailed description of the network, including sampling protocol can be found in Malm

et al. (2004) or the IMPROVE website (http://vista.cira.colostate.edu/improve).

2.2.2 CASTNet

The CASTNET network was initiated in 1990, which provides weekly average
concentrations of sulfate, nitrate, and ammonium predominately at rural sites. There are a
total of 51 weekly observations available from nearly 80 sites for 2001 used in our
evaluation including: SO42', NO5, and NH,". The majority of those sites are in the eastern
United States. Sampled are collected using open-faced, 3-stage filter packs that are
exposed for 1-week intervals. The Teflon filter is extracted in deionized water with
sonication and shaking, and then analyzed for sulfate, nitrate and ammonium ions.
Additional information about CASTNet can be obtained from the website:

http://www.epa.gov/castnet/.

2.2.3 NADP/NTN
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The precipitation data collected at National Atmospheric Deposition
Program/National Trends Network (NADP/NTN) is used in our study to evaluate
precipitation prediction that might have impact on the simulated aerosol concentrations.
NADP/NTN is a nationwide network of precipitation monitoring sites, which has grown
from 22 stations at the end of 1978, to nearly 200 sites distributed across the United
States. The purpose of the network is to collect data on the chemistry of precipitation for
monitoring long-term geographical and temporal trends. The precipitation samples at
each station are collected weekly and then sent to the Central Analytical Laboratory
where these samples are analyzed for hydrogen (acidity as pH), sulfate, nitrate,
ammonium, chloride, and base cations. Sites are predominantly located in rural areas and
away from large point sources or urban areas, designed to assess the relationship between
regional pollution and changes in regional patterns in deposition. More information can
be obtained from the NADP/NTN website (http.//nadp.sws.uiuc.edu/nadpoverview.asp).
2.2.4 TRACE-P

CMAQ model was historically used mainly in urban and mesoscale and the focus
is to capture the surface patterns of high pollutant episodes. This study uses CMAQ to
investigate long-distance transport on a scale that far surpasses any domain in previous
CMAQ applications. A rising issue is whether the CMAQ is able to satisfactorily
reproduce the transport and chemistry of air pollutants on such large a scale. Model
performance on capturing vertical profiles of pollutants becomes particularly important as
most long-distance transport involves strong vertical atmospheric motions. In this study,
we have evaluated the model performance using the surface data of PM,s over U.S.

domain, and model’s capability to resolve vertical patterns of major pollutants using
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aircraft measurements. The aircraft data is obtained from Transport and Chemical
Evolution over the Pacific (TRACE-P) for vertical evaluation. The NASA aircraft
mission TRACE-P was conducted in February — April 2001 over the Northwestern
Pacific. The field campaign used two airplanes, namely DC-8 and P-3B, operating out of
Hong Kong and Yokota Air Force Base (near Tokyo), with secondary sites in Hawaii,
Wake Island, Guam, Okinawa, and Midway (see the route for both two flights in Figures
6a and 6b). There was much commonality between the two aircraft but also some
differences in their operation and hence the measurements. For instance, the DC-8 had a
higher ceiling (12 km) than the P-3B (7 km), and a greater range and payload capacity.
The purposes of these flights are (1) to characterize the Asian chemical outflow and relate
it quantitatively to its sources and (2) to determine its chemical evolution. More
information about this aircraft mission, design and execution has been given by Jacob et
al. (2003). Additional details about TRACE-P can be obtained from Jacob et al. (2003)

and the TRACE-P website.

2.3 Methodology of Model Evaluation
2.3.1 Evaluation Statistics

In order to avoid the symmetrical problem existing in the currently used statistics
metrics for air quality model evaluation (Russell and Dennis, 2000), we adopted in this
study a new set of statistical metrics, mean normalized gross factor error (Emnge) and
normalized mean error factor (Exmer), which were proposed by Yu et al. (2006) and are
listed in Table 5. A new concept “fraction” is introduced in definition of these metrics for
the data pair for which the ratio of model prediction to observation is higher or less than

one. Their new metrics are both symmetric, in the sense that the overprediction and
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underprediction are treated proportionally, and unbiased, in the sense that they avoid

inflation often associated with small concentrations (Yu et al., 2006).

2.4 Objectives

The ultimate goal of this proposed study is to improve our understanding of
intercontinental transport of PM; s and O3 by employing a regional air quality modeling
system. Within this goal the following objectives are delineated:

1) Quantify the contribution of outflow from present-day Asian anthropogenic

emission to air quality in the United States. The key questions to be addressed are:

a. What is the magnitude and frequency of the transported pollutants
including PM; 5 and O5?

b. What are the pathways of transport for each species?

2) Estimate the impacts from the future changes in anthropogenic Asian emissions
on U.S. air quality. A key question to be addressed is how the emission changes in
Asia will affect air quality in the United States?
3) Examine how sensitive the particulate sulfate predictions are to the boundary
conditions used in the continental United States.
4) Identify the relative contribution of individual physical and chemical processes
over U.S. from Asian anthropogenic emissions
This study is part of the project of Intercontinental Transport and Climatic Effects
of Air Pollutants (ICAP), a multi-institutional effort initiated in 2002 to better quantify
the intercontinental transport of air pollutants, particulate matter (PM;s) and ozone (O;)
in particular, to help assess the ability of the United States to meet the attainment goal of

National Ambient Air Quality Standards (NAAQS).
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Towards the goals of our study, four different simulations were designed and
performed: (1) a full-year simulation for 2001 using standard emission inputs; (2) a full-
year simulation for 2001 using the emission inputs after turning off Asia anthropogenic
emissions in the model while leaving the other emissions unchanged; (3) a full-year
simulation for 2030 under the assumption of increasing emissions (scenarios 2030 A1B);
(4) a full-year simulation for 2030 under the assumption of decreased emissions (scenario
2030B1). All these simulations are conducted with the same meteorological inputs of
year 2001. To determine the contribution of Asian emissions to the U.S. regional air
quality, simulation results from scenario 2 are subtracted from baseline simulation
(scenario 1). It is expected that future increases in Asian emissions of air pollutants could
degrade U.S. air quality. The model simulation of PM,s under each condition was

compared with 2001 base case.
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Table 2.1 Aerosol species applied in our model simulation (Binkowski and Roselle,
2003).

Abbreviation Diescription
1al} ASO4) Accumulation mode sulfate mass
{a2} ASO4I Aitken mode sulfate mass
{3} ANH4] Accumulation mode ammoniom mass
1ad} ANH41 Aitken mode ammaonium mass
1a5} ANO3] Accumulation mode nitrate mass
1ab} ANO3L Aitken mode aerosol nitrate mass
{a7} ADRGAJ Accumulation mode anthropogenic
secondary organic mass
1al} AQRGAIL Aitken mode anthropogenic
secondary organic mass
1a9} AQRGPAJ Accumulation mode primary organic mass
{al0} ADRGPAIL Aitken mode mode primary organic mass
tall} AQRGRBI Accumulation mode secondary
biogenic organic mass
1al2} AORGBI Aitken mode biogenic secondary
biogenic organic mass
{al3} AECT Accumulation mode elemental carbon mass
1al4} AECI Aitken mode elemental carbon mass
1als} A25] Accumulation mode unspecified
anthropogenic mass
1al6} A251 Aitken mode unspecified anthropogenic mass
{al7} ACORS Coarse mode unspecified anthropogenic mass
1al &} ASEAS Coarse mode marine mass
{al9} ASOIL Coarse mode soil-derived mass
1820} NUMATEN Aitken mode number
1a2l} NUMACC Accumulation mode number
1422} NUMCOR Coarse mode number
1423} SRFATKN Aitken mode surface area
{a24} SRFACC Accumulation mode surface area
{a25} AH200 Accumulation mode water mass
1a26} AH20L Aitken mode water mass

*Concentration units: mass [jLg m_j], number [m_j].



Table 2.2 Emission from all source types in our emission input from March-April 2001.

Anthropogenic
(This Work) All
Species Natural | combustion Open sources
sources burning

SO, 2.0 5.6 0.2 7.8
NOx 0.005 4.0 1.1 5.1
CO, 1453.0 459.6 1912.6
CO 34.7 27.8 62.5
CH4 16.5 1.3 17.8
NMVOC 18.3 6.7 5.0 30.0
BC 0.3 0.2 0.5
oC 1.2 1.4 2.6
NH; 4.7 0.4 5.1
PMio 107.7 116.0
PM; s 26.2 31.2
Sea Salt 41.6 41.6

Emissions are in Tg/2 mo.

Source: Streets et al., 2003.
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Table 2.3 Domain specifications.

Central Central Number of | Number of Grid
latitude | longitude grid cells grid cells spacing
Domain | (degrees) | (degree) | x direction | y direction (km)
Trans- 1540 | -1750 200 80 108.0
pacific

Table 2.4 Vertical structure of the MMS5 and CMAQ modeling systems.

23 MM5 Full Height Pressure | 16 CMAQ
layers sigma* | AGL (m) (mb) layers
0 1.00 0.0 1000 0
1 0.995 38.0 995.5 1
2 0.988 91.5 989.2 2
3 0.98 152.9 982.0 3
4 0.97 230.3 973.0 4
5 0.956 339.5 960.4 5
6 0.938 481.6 944.2 6

7 0.916 658.1 924.4
8 0.893 845.8 903.7 .
9 0.868 | 1053.9 881.2
10 0.839 | 1300.7 855.1 g
11 0.808 | 1571.4 827.2
12 0.777 | 1849.6 799.3 9
13 0.744 | 2154.5 769.6
14 0.702 | 2556.6 731.8 10
15 0.648 | 3099.0 683.2
16 0.582 | 3805.8 623.8 11
17 0.50 4763.7 550.0 12
18 0.40 6082.5 460.0 13
19 0.30 7627.9 370.0 14
20 0.20 9510.5 280.0
21 0.12 | 11465.1 208.0 15
22 0.052 | 13750.2 146.0
23 0.00 | 16262.4 100 16
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Table 2.5 Definition of the statistical measures.

Normalized mean bias factor (Byusr) Normalized mean error factor (Byzr)

ZMi Z(Mi_Oi) Z|Mi_0i|
Bysr =" 5——1="—3 Evver =%
ZOi ZO,. ZOf
i=l N . i=l N i=1
ZOI- Z(Mz _Oi) Z|M1 _Oi|
Bygr =1- 3 == Eyyer ==
> M, M, M
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Figure 2: CMAQ Science Process
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Flight Tracks for the NASA P3B Aircraft During
the TRACE-P Mission
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Chapter 3. Intercontinental Modeling of Particulate Matter over the
Pacific Regions

Abstract:

USEPA’s Models-3/CMAQ system coupled with the Mesoscale Meteorological Model
(MMS5) is employed to estimate the influence of trans-Pacific transport of Asian pollution
on PM, 5 concentrations in the United States. We present a full year simulation for 2001.
Model simulations revealed that PM, s concentration in Asia reached its maximum in
January, while in North America reached in July, which is consistent with observations.
Sensitivity analysis by removing Asian anthropogenic emissions showed that the impact
of Asian emissions on North America was persistent throughout the entire simulated year,
although there existed large seasonal variation. The Asian emissions had a lower impact
in the summer, while a maximum impact occurred in the spring (around April), up to 1.4
ug/m’ (monthly average PM, s concentration) in the western U.S. and up to 1.0 ug/m’ in
the eastern U.S. The large impact of Asian emissions in the spring was attributed to a
combination of active uplifting of pollutants over Asia and strong eastward transport by
subtropical jet stream or warm conveyer belt during this period. Sensitivity analysis
showed that the seasonal trends of impact on the eastern U.S. and western U.S. were
similar, but the magnitude of the impact varied with region and chemical species.
Western U.S. had higher impact than that of eastern U.S. at each month, and SO,* is a
large dominant component for both parts of U.S. in most of the twelve months. Cross
section analysis along 140°E indicates that PM, 5 concentrations were the highest below 1

km, but the strongest eastward fluxes of aerosol species are found between 2 and 4 km
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above sea level. Latitudinal, the maximum flux of PM, 5 occurs from 35°N to 45°N in the
boundary layer (below 2.5 km) and between 20 °N and 35°N in the free troposphere.

3.1 Introduction

The impacts of intercontinental transport of pollutants from Asia to the levels of
air pollution in the United States have been widely studied using both observational and
modeling techniques (Jacob et al, 1999; Jaffe et al., 1999, 2001; Fiore et al., 2003). Using
a global 3-dimentional chemical transport model (CTM), Jaffe et al. (1999) concluded
that 22% of the observed CO at the Cheeka Peck Observatory, Washington (48.3°N,
124.6°W) is due to emissions in the Eastern Asian region. Based on a ten-year
measurement (1989-1999), VanCuren et al. (2003) demonstrated that Asian-origin
aerosols are regular components of the North America tropospheric aerosols, accounting
roughly up to 5 pg/m’ for PM; and up to 3 ug/m3 for PM, s by average in the western
North America. The intercontinental transport issue is expected to become more
important with rapid growth of emissions in Asia in the near future (Jacob et al., 1999;
Streets et al., 2003). The persistent impacts from the intercontinental transport of air
pollutants are significant since O3 and PM are not only key criteria pollutants impairing
public health and welfare; but also major climate-forcing substances.

While extensive measurement campaigns have provided important information on
pollutant transport across the Pacific to western North America (e.g., Gregory et al., 1997;
Jaffe et al., 1999, 2003; Goldstein et al., 2000; Yienger et al., 2000; Husar et al., 2001;
Dibb et al.; 2003; Darmenova, 2005), these observed events were highly episodic, with
the vast majority occurring in springtime. On the other hand, there also exist some

limitations with global chemical transport models on addressing trans-Pacific pollutant
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simulation. For example, GEOS-CHEM, global model, driven by assimilated
meteorology from the Goddard Earth Observing System (GEOS), has been extensively
evaluated and used to study ozone and its precursors over different regions of the globe
(e.g., Bey et al., 2001; Liu et al., 2002; Fiore et al., 2002; 2003). The capability of GEOS-
CHEM at its current form to simulate PM, however, is constrained since its central theme
is initially designed to simulate ozone-NOx-hydrocarbon chemistry. There is no cloud
chemistry in the aerosol modules which actually will bring un-negligible effect for
aerosol concentration. Other limitation of global model came from the fact that the
resolution of global model may not sufficiently characterize the formation of
computational restrictions.

3.2 Model description

Recognizing the limitations of global models and measurement campaigns to
address the inter-continental transport issue, this study employs a 3-D regional air quality
model, EPA Models-3 Community Multiscale Air Quality (CMAQ) to quantify the
impacts of Asian emissions on North American air quality in our study. CMAQ is a
comprehensive Eulerian grid model that simulates the complex photochemical
interactions among multiple atmospheric pollutants between regional and urban scales
(Byun and Schere, 2006). It is driven by meteorological fields from the fifth generation
Mesoscale Meteorological Model (MMS5) (Grell et al., 1994) developed by PSU/NCAR.
As a fully functional multiscale and multi-pollutant air quality model, CMAQ has been
used for multiscale (urban and regional scales) to simulate atmospheric processes that
affect the transport, transformation, and deposition of atmospheric pollutants and/or their

precursors. Detailed description of CMAQ and its formulation and code can be found and
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downloaded at CMAS (2006), so only a brief description relevant to our study is given
here. To the authors’ knowledge, this is the first effort to use a regional air quality model
to simulate aerosols and Oz and then precursors on a hemispheric scale. Zhang et al.
(2003) had used CMAQ coupled with the Regional Atmospheric Modeling System
(RAMS) to analyze the Asian continental outflow for CO, O3 and SO, using 80 km
model resolution applied to areas of 6240*5440 km” on a rotated polar stereographic map
projection centered at (25°N, 115°E). Our model domain covers Asia, the Pacific Ocean,
North America, and Western Atlantic Ocean. There are 180 columns and 74 rows in the
horizontal domain with a resolution of 108 x 180 km?. There are 16 vertical levels, from
the surface to approximately 100 mb. Emission input to CMAQ is created using the
Sparse Matrix Operator Kernel Emissions (SMOKE) model. The emission inventory for
U.S., Canada and Mexico area in North America are based on NEI 1999, 1995 EI and
BRAVO (Big Bend Regional Aerosol and Visibility Observational Study, 1999)
respectively, together with BEIS-3 database for biogenic emissions. The emission
inventory in Asia is based on TRACE-P/ACE-Asia 2000 data developed by Streets et al.
(2003). The NCAR/Penn State Mesoscale Model of the Fifth-Generation (MM5) Version
3.6 is used for simulating meteorological conditions in this study. There are 23 sigma
vertical layers collapsed to 16 CMAQ layers processed by the Meteorology-Chemistry
Interface Processor (MCIP). Simulations by the global chemical transport model, GEOS-
CHEM (2°x2.5° horizontal resolution and 3- hour temporal resolution), are used as initial
and boundary conditions. This study is part of the Intercontinental transport and Climatic
effects of Air Pollutants (ICAP) project sponsored by USEPA’s Office of Air Quality

Planning and Standards (OAQPS). More detailed information about both metrological
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and emission input can be found from ICAP site
(http://www.cep.unc.edu/empd/projects/ICAP/index.shtml).

As discussed in the second part of this thesis (model evaluation), CMAQ was able
to represent many of the important spatial features in the observed trace species
distributions, including the horizontal and vertical variations. In this study, we will only
focus on model simulation results analysis. Our study intends to quantify the magnitude
and impacts of the current Asia anthropogenic emission on U.S. air quality. Towards this
goal, two simulations have been performed in this study: (1) a full-year simulation for
2001 using standard emission input, referred to as standard or base simulation; (2) a full-
year simulation for 2001 using the emission input after removing Asia anthropogenic
emissions in the model while leaving emissions from other areas unchanged, which is
referred to as sensitivity simulation.

We present here the modeling study of the impacts of PM,s from Asian
anthropogenic emissions to U.S. for the entire year of 2001. We recognize that the
attribution of the role of anthropogenic impact determined by removing man-made
emissions in this manner (especially for O;) may disturb chemical regime due to
nonlinearities in the photochemical oxidization cycle (Tang et al., 2003). However, our
analysis has shown that model-derived results are consistent with some the previous

studies.

3.3 Results

3.3.1 Spatial and temporal distribution of PM, s and its major components
We will first describe the spatial and temporal distribution of PM, s and its major

components as simulated in the baseline scenario for the entire year of 2001. All PM; s
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and species concentration including SO42', NOj5, NH,;", OC, EC and PM, s others are
referred to the values at the surface, unless stated otherwise. To differentiate the impacts
of inter-continental transport on different U.S. regions, we have divided the whole
continental U.S. into western and eastern U.S. as illustrated by Figure 1. The monthly
average of PM, s over both western and eastern U.S., and four typical months in each
season, January, April, July and October, are selected for comparison between model
prediction and observation. The monthly average concentrations of PM,s in the four
representative months from the baseline run is given in Figures 2a-2d respectively. The
maximum value of PM,s concentration in January is 80 pg/m’ (see figure 2a), much
higher than those in other months. In each of the four examined months, the highest
PM, 5 concentrations are found over Asian areas especially in eastern China and northern
India. Figures 3a-3d also reveal that in Asia the highest value appears in January, while
the highest concentration appears in July over U.S. domain, which is consistent with
observations (e.g., Streets et al., 2003; Malm et al., 2004). The concentrations of PM; s
components including SO42', NO;5", NH,", OC, EC and the “others” component in PM; s
in January and July are given in Figures 3a-3f and Figures 4a-4f respectively. Those
pictures show that except OC, concentrations of all species are much higher in the eastern
U.S. than in western U.S. in January and July. For both Asia and U.S., SO,* is the
dominant component during summertime, particularly in the eastern China and U.S. The
“others” PM,; s component, a surrogate of all unspecified ingredients in PM, s, ranks the
second in Asia, especially in north of India where the concentration of other PM; 5 can
reach as high as the magnitude of 10 pg/m’, probably due to high levels of local

emissions uncommon to other part of the domain, such as fly ash. Concentrations of
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NOs", OC and PM; 5 “others” are much higher in January than in July, but the opposite is
found for SO,*, especially in U.S. During the wintertime, “others” PM is a large
component in Asia and NO; is relatively high over the U.S. Analysis of PMys
components in April and October shows that their distribution is similar over both Asia
and U.S. (Figures 5 and 6). Examining SO4> distribution in all months reveals a
considerably higher level of SO4> over the Pacific Ocean in April than in other months,
suggesting a strong trans-Pacific transport from Asia to North America since eastward
transport via “warm conveyer belt” is predominant in this month.

Figure 7 depicts vertical profiles of monthly PM,s average through X-Z cross
section for each month. In order to make those plots, we first extract the X-Z cross
section for each row (74 rows in the studying domain), next sum up all the 74 sections,
and finally calculate the average value as shown in the figures. In general, PM;s
concentrations decrease with increasing altitude in each month, and the concentration
decreases sharply at layers 7 and 8, corresponding a height of approximately 1000 m
ABL. The two high PM, s concentration areas correspond to Asia and North America in
the plot of PM,s surface concentrations (Figure 2), respectively. As expected, PM; s
concentration is much lower over the Pacific Ocean due to absence of high emission
sources. PM; 5 concentration has the maximum value in January in the boundary layer
over Asia, while the minimum value is found in October over North America. In the
lower troposphere (6 km and below), PM, s concentrations over pacific regions is the
highest in April than any other month, indicating stronger outflow from Asia during this

period, a pattern consistent with our previous discussion.
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3.3.2 Enhancement of PM;s and its components over the United States due to
anthropogenic emissions from Asia

In this section we present the results of sensitivity analysis to quantify the
contribution of Asian anthropogenic emissions to regional pollution in the United States.
As mentioned above, quantitative information of Asian contribution is obtained by using
the emission input after removing or “zero-out” Asian anthropogenic emissions in the
model while leaving emissions from other areas unchanged. We quantify the contribution
of anthropogenic emissions by calculating the difference between baseline simulation and
the perturbation simulation in which the Asian anthropogenic emission was removed. The
difference represents the contribution of Asian emissions to the levels of air pollutants in
the targeted region, which in our case is the continental United States. Figure 8 shows the
time series of monthly average enhancement of PM; s concentration at surface (first layer,
~ 20 meters above the sea level) over the U.S. due to anthropogenic emissions from Asia.
The top and bottom curves represent the impact of Asian emissions on PM;;s
concentration in the western and eastern U.S. area respectively, and the middle curve
represents the averaged impact for the whole U.S. domain. These curves show that the
impact of Asian man-made emissions on U.S. air quality are persistent throughout the
entire year rather than episodic, although there exists a seasonal cycle with an April/May
maximum (1~1.2 pg/m’) and a July/August minimum (0.2 ~ 0.3 pg/m’) for both eastern
and western U.S. Figure 8 also reveals that the seasonal trend in the impact between
eastern and western area is similar with a spring maximum and summer minimum, but
the magnitude of impacts does not vary concurrently during the simulated 12 months.
The spatial distributions of PM, s impact in the four representative months are displayed

in Figures 9a-d respectively. A few intriguing points can be illustrated by these plots: (1)
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Impacts of Asian emissions prevail throughout the whole domain of North America, not
just on the western pacific coast; (2) Western U.S. received higher influx of air pollutants
from Asian transport than eastern U.S. due to the relative distance from Asia to U.S. It
has been pointed out that the western U.S. are usually under the influence of westerly
flow from the Pacific Ocean, while the eastern U.S. are more influenced by southerly
flow from the Gulf of Mexico (Jacob et al., 1999); (3) In the western U.S. the maximum
impact from Asian anthropogenic emissions appeared in April regardless of the fact that
in Asia the maximum aerosol concentration appears in January (see Figures 2a-d). The
inconsistence between the maximum impact and the maximum levels of PM,s in the
source region is mostly due to the strongest eastward transport of Asian air across the
North Pacific in the spring (Merrill, 1989). Pollutants emitted from Asia are lifted to the
free troposphere, followed by rapid advection in the westerlies and subsidence over the
U.S. The impact of each species due to Asia anthropogenic transport in the twelve
months is shown in Figure 10. Apparently, in each month, SO4* is the major component
(0.2 - 0.8 ug/m’) of Asian pollutants for both eastern and western U.S.; NH," associated
with the formation of SO4”, is the second major component (0.1 pg/m’ in average). By
average, the concentrations of OC and PM, 5 “others” are increased by around 0.08 pg/m’,
and NO;™ and EC by 0.01 ug/m’ due to the impact of Asian emissions. Overall, the
impact of Asian emissions reaches its maximum in April, during which month there is an
increase of 1.3 pg/m’ and 0.9 pg/m’ in PM, s concentrations in the western and eastern
U.S. respectively. However, the exact monthly peaks for each region are slightly different.

In the Western U.S. the maximum impact is found in April, while the peak impact is
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found in May in the eastern US. The impact in the western U.S. outweighs the impact in
the eastern, resulting in an overall peak in April.

Time series analysis for each species reveals that while most species, including
SO4* and NH.,", OC, EC and PM; 5 “others”, have a similar seasonal trend as that of total
PM, s (maximum in April/May and minimum in July/August), NOs™ display a different
pattern in the eastern US from that in the western. Asian emissions lead to a negative
response in NOj;  concentration in western U.S. in some months, including January,
February, October and November (Figure 10). This may be attributed to the fact that
SO, is preferentially exported from Asia to U.S. relative to NHy" (Park et al., 2004),
which results in a higher ratio of sulfate to ammonium and a lower nitrate content due to
competition of sulfate. This explanation can be confirmed by higher values of imported
SO4*/NH," ratio in those months than in other months. Park et al (2004) observed that
trans-Pacific transport from Asia to the U.S. mostly involves lifting of Asian air to the
free troposphere by wet processes (convection, warm conveyor belts), followed by rapid
advection in the westerlies and subsidence over the U.S., generally behind cold fronts.
Ammonium aerosol and gas-phase ammonia are scavenged in this wet lifting and we see
therefore much lower trans-Pacific transport of NH," compared to SO42'. In contrast,
significant trans- Pacific transport of SO4> can occur as SO, partly escapes scavenging
during lifting [Mari et al., 2000; Koike et al., 2003; Tu et al., 2003]. Trans-Pacific
transport of carbonaceous aerosols (including both OC and EC) from Asian pollution is

less efficient than that of sulfate because of scavenging during the transport processes.
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To quantify the relative contribution of Asian emissions, we calculate the
percentage of the percentage contribution to PM, s and each species concentrations from
Asian anthropogenic emission using the following formula:

Percentage contribution = (Cpase - Ceut) / Chase ¥100% (1)
Where Cppe and Cgy are the concentrations of PM,s or its component from the
simulations with and without anthropogenic Asian emissions, respectively. The
percentage contribution of each species during 2001 shows different patterns (Figure 11).
Except that for NOs', which shows a negative contribution from Asian impact in a few
months; the percentage contribution of SO4* and NH," is the highest among all other
species, varying between 8%-28%, 7%-28% respectively in the western U.S. The
percentage contribution to all other species falls between 2% and 20% in the western U.S.,
and between 0.6% and 6% to in the eastern U.S. except SO,” and NH;". The temporal
variation of percentage contribution shows a maximum in April for SO4* and EC, and in
May for NOs, NH,", OC, and total PM;s (Figure 11). The minimum percentage
contribution is in August for all species in both eastern and western U.S, likely linked to
shorter lifetimes and meteorological conditions disfavoring long-distance transport during
midsummer. Again, SO,* shows the highest percentage contribution among all species,
especially during winter over the western US when the baseline concentration is low.

There are several processes that will shape the formation, transport, and removal
of air pollutants across the Pacific transport: emissions, meteorology, topography, and
chemistry. Actually, these factors are themselves closely interwined. For instance, the
longer lifetime will contribute to the intercontinental transport and a lower temperature

will favor a strong transport during Winter/Spring. Another important contributor in the
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spring is the atmospheric circulation. It has been widely observed that the trans-Pacific
transport is most efficient during springtime due to pre-frontal flow lifting pollutants
from the surface followed by southeastward moving cold fronts which transport the
pollutants above the boundary layer (Liu et al., 2003). Based on satellite and aircraft
monitoring, such a transport event from Asia to US has been detected in April 2001,

which is the largest Asian dust event ever observed in the U.S. (Jaffe, et al., 2003).

3.3.3 Vertical Structure of CO, SO4* and NO5’

In the previous section we have found that the spatial distribution of SO4> on the
surface along the pathway of transport from Asia to U.S. is different from that of NOs
(Figure 12a-b). We now compare the spatial distribution, especially the vertical structure,
between SO4> and NOs™ along the pathway. As we did before, we first plot the X-Z cross-
sections for both SO4* and NOj". Cross-sections are generated by averaging all rows
along each column. Examination of these cross sections (Figures 13a and 13b) reveals
that both NO;~ and SO4* were initially lifted to the upper troposphere at 14" layer
(approximately 7 km above sea level) over the eastern Asia. But the ways in which they
are transported following the lifting are different. SO4> is transported both within and
above the boundary layer, and there is no sharp concentration gradient along the pathway
over the Pacific Ocean. Compared to SO42', NOs'concentration is very low over the
Pacific Ocean. It is very interesting to compare the special distribution of NOs in the
different height over U.S. domain: NO;™ is low between the area of layer 7th and layer
12th, and even lower than the concentration under the area between layer 7th and the
surface. It seems that most NOs” is transported through upper troposphere and does not

sink until it reaches the top of U.S. domain, while sulfate aerosols are deposited to a large
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area along the transport pathway. Figure 13c shows an X-Z cross section map for total
reactive nitrogen oxides (NOy). The transported NOy decreases to an unnoticeable level
below layer 8. The collocation of decreasing NOy and increasing NOj3™ suggests that NOy
may have been converted into NOs;™ when encountering air masses of high ammonia
content during the subsiding process over the eastern US. Actually we did find NOs™ was
lifted to the 14™ layer above the ground (~mb), then likely transported through the upper
atmosphere and subsided until it reaches the upper troposphere over the eastern U.S.
domain. This may be a possible explanation to the occasional occurrence of higher
APM; 5 in the eastern US than in the western U.S. It has been observed by Koike et al
(2003) that most of NOy in the northern plume is presented as PAN in the Asian outflow
(only 0.5% as NOx) and most of SOx exists as sulfate. Previous studies also reported that,
because of its long lifetime in the free troposphere, PAN can be transported farther
downwind and provide a remote source of NOx after descending to lower altitudes [e.g.,
Moxim et al., 1996; Koike et al., 1997]. We should note that PANs is the dominant
source of NOx over the Pacific Ocean as the chemical lifetime of NOx is too short to
allow direct transport. The impact of trans-continental transport on PM in the U.S.
boundary layer is largely attributed to formation and transport of PANs followed by
dissociation at low altitude to release NOx (Berntsen et al., 1999). Figure 13c reveals that
the maximum influence of NOy is found in the middle troposphere, with significant
influence throughout the upper troposphere in the eastern pacific.
3.3.4 Transport Pathway study

In section 3.2 we found that maximum impact from Asian transport occurred in

April. By studying seasonal and inter-annual variability of transport potentials, Liu et al.
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(2005) has also reported a strongest mid-latitude transport in April, and a low inter-
annual variability in meteorology driven transport. Therefore, we have conducted case
studies for April of 2001 in the following sections. We should note that spring 2001 (La
Nin“a) was characterized by unusually frequent cold surge events in the Asian Pacific rim
and strong convection in Southeast Asia, leading to an unusually strong boundary layer
outflow of anthropogenic emissions and convective outflow of biomass burning
emissions in the upper troposphere (Liu et al., 2003). CO has been used as tracer for
export study in previous research (Liu et al. 2003; Bey et al., 2001) because of its long

lifetime and inactivity, so we will focus on aerosol study in our study.

Cross sections along 140°E and 130°W are often chosen for tracer export studies,
which represent the section where Asian pollutants starts to enter the western Pacific and
leaves the eastern Pacific respectively (Bey et al., 2001, Liu et al., 2003, Liu et al., 2005).
Figure 14 shows the vertical distribution of aggregated monthly mean concentrations for
PM, 5 and its major components, including SO42', NO;5", NH4', OC, EC and “others”. The
aggregated mean concentrations are calculated by averaging all grid cells along the
longitude line for each layer, and then averaged over all hours in the month. Figure 15
shows the vertical distribution of mean eastward fluxes of PM,s and its major
components. We should note here eastward flux refers to only the portion of horizontal
flux that enters western pacific after leaving Asia; flux toward other direction isn’t
counted in this study as our main interest is to quantify the outflow. The thickness of each
layer increases logarithmically with height (first layer of 38m) with denser layers to
better resolve the boundary layer and lower troposphere. The height for each layer is

given by Figure 16. Figure 14 shows that the concentrations of all species decreases with
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altitude, and the highest concentrations over the western pacific are found in the
boundary layer (2 km or below). While the maximum outflow flux (Figure 15) are in the
lower free troposphere (4- 6 km) for PM, s, SO42', NH," and OM, which is consistent
with the results of global model studies by Liu et al. (2005) and Bey et al. (2001), who
studied Asian outflow using GEOS-CHEM and Model of Ozone and Related Tracers
Version 2 (MOZART-2), respectively. The different locations of peak concentration and
peak flux can be explained by vertical profile of wind speed (Figures 17a and 17b. Wind
speed is calculated as below:

Wind speed = sqrt (U*U+V*V) (2)

The eastward wind speed along the 140°E is around 2 m/sec in the surface layer, and over
20 m/sec on the 13" layer, where the flux peaks. So the high flux between 4 and 6 km is a
combination of high wind speed and relative high concentration.

Figure 15 also shows a second peak around 1300m ABL corresponding to 8"
layer. To investigate the sources of these peaks, we depict the results of two sensitivity
studies, one to measure the contributions from biomass burning and other natural sources
(Figure 18) and the other to measure the contributions from anthropogenic emissions
(Figure 19). The figures show that the two peaks are mainly attributed to anthropogenic
emissions. Unlike the overall outflow flux (with both natural and anthropogenic
contributions) as shown in Figure 15, the vertical distribution of outflow flux attributed
to natural contribution in Figure 18 shows a smooth curve with only one peak occurring
between 4 and 6 km. Liu et al. (2003) has reported similar results from tagged tracer
simulations using the GEOS-CHEM model. They showed that the former mostly reflects

anthropogenic emissions and the latter includes contributions from both anthropogenic
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and biomass-burning emissions. Both the variations of flux and concentration for PM, s,
SO42', EC, OM and NH4" show the same pattern along 130°W as Asian outflow. The
concentration of each species decreases with altitude. Although the highest concentration
is found in the lower atmosphere below 1 km, the strongest export is found at heights
between 4-6 km. Recognizing the importance of long-distance transport in the free
troposphere, we have increase the vertical resolution in this height by adding two more
layers (one is between layer 11" and 12™; one is between layer 12" and 13" respectively)
from the initial model configuration. The locations and strength of Asian anthropogenic
emissions and biomass sources are different, which lead to a different distribution of flux
from anthropogenic and natural sources. It has been observed that Asian anthropogenic
emissions are concentrated near the Pacific coast and are thus directly swept southward
by cold surges followed by lifting, while biomass burning effluents from Southeast Asia
are transported northeastward in the BL prior to being lifted up at 25 —30°N along the

Asian coast (Liu et al (2003) and reference therein).

Cross section plots over different latitudes along 140°E also reveal that the
vertical distributions of PM, s vary with different altitude. Figure 20a shows a higher
concentration between 25-40°N, corresponding to the higher pollution sources in the
eastern Asia. Generally, concentration of PM; s decreases with increasing height as we
observed earlier. If we take a close look at PM, s profile, different with other layers below,
the concentration of PM,s at layer 10" shows a significantly higher value at ~34°N
(Figure 20b). This maximum concentrations corresponds to the location of Miyakejima
volcano emissions (139°31°E, 34°04°N), where the SO4> concentration is very high. The

concentration of SO, at 34°N is up to nine-fold to that at other latitudes (Figure 21). Liu

64



et al. [2003] showed that eastward fluxes of Asian CO is strongest at 30-45°N in the
boundary layer and at 20-35°N in the lower free troposphere. They also found that mid-
latitude transport in the free troposphere is the major trans-Pacific pathway for Asian
emissions. Our results based on the CMAQ simulation show a similar transport pathway,
i.e., the strongest flux at 35-50°N in the boundary layer (below 2 km) and at 20-35°N in
the free troposphere (see Figures 22 and 23). It has been reported that strong westerlies
are the prevailing meteorological pattern at altitudes above 2 km and at latitudes above
20°N (Zhang et al., 2003), and it will affect the Asian aerosol transport into the Pacific
Ocean, which is consistent with our results. Further examination based on sensitivity
analysis confirms the conclusion as we made earlier: the boundary layer peak mostly
reflects anthropogenic emissions; eastward flux of PM, s from anthropogenic emissions is
around 5-6 times of that from natural sources at this height along 140°E. The maxima
value in the free troposphere includes contributions from both anthropogenic and biomass
burning (with other natural sources) emissions.

The vertical distribution of concentration (Figure 24) and flux (Figure 25) as well
as the horizontal concentration (Figure 26) along longitude 130°W is very similar to that
along 140°E. Although the strongest flux appears at ~6000m (13" layer) at both
longitudes, the magnitude along 130°W is only half of that along 140°E due to the loss
during the transport. Sensitivity analysis reveals that the average flux contributed by
natural sources is around 40% of the total flux from anthropogenic and natural sources.
There is another difference between the profiles along 140°E and 130°W: there is only

one peak in 130°W flux profile instead of two as shown in Figure 15 for 140°E, implying
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the enhancement by anthropogenic emissions along the 130°W areas has been partly

removed when the air masses approach the locations along 140°E.

3.3.5 Process Analysis

Physical/chemical processes in CMAQ are cast into modules following a time-
splitting approach, which makes it possible to analyze budgets of modeled species by
examining contribution from each modeled process [Tonnesen and Jeffries, 1994; Jang et
al., 1995; Byun and Ching et al., 1999]. To illustrate the role of each process in
determining the impacts of Asian emissions on US air quality, a processes analysis was
performed. To the purpose of this study, we have combined process analysis and
sensitivity analysis, by turning on and off anthropogenic emissions in Asia, to quantify
how the Asian air pollutants are transported and transformed over the Pacific Ocean until
approaching the North America. There are eight processes examined here and the
physical meaning of these processes is as follows, XYADYV stands for the contributions
from horizontal advection, ZADV for contribution from vertical advection, CHEM for
gas-phase chemistry, AERO for aerosol chemistry, CLDS for cloud physics (including
cloud convection and wet deposition) and chemistry (aqueous chemistry), VDIF for
vertical diffusion, EMIS for local emission and DDEP stands for dry deposition. It should
be noted that the contribution from one process can be either positive or negative.
Positive values mean that the process makes a positive contribution (build-up) to the
concentration, while negative values mean a negative contribution from the process.

Not all the processes could be of equal importance in the budgets analysis. A
general mathematical representation of contribution for individual processes can be

expressed as follows:
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t+At
(AC), =[ " L,dt 3
Where (AC), is the change in concentration for a species due to operator n, L. the
differential operator associated with a process, and Afthe model synchronization time
step.

Figures 27(a)-(f) show the monthly mean contribution of each process to mass
concentrations of particulate sulfate (SO4>), particulate nitrate (NOs") and particulate
ammonium (NH,") in the boundary layer from surface to 2500 m ABL (1-10 layer) over
U.S. in the whole month of April. In this study, horizontal advection (XYADYV), vertical
advection (ZADV), and mass adjustment terms (ADJC) are summed up together,
accounting for the total contribution of transport driven by mean wind (indicated as ADV
in the figures). Considering the varying height of vertical layers, we convert the unit of
each process of different layers into kg/month. The mean budget for each concerned
species is calculated by averaging all grid cells in a sub-domain and then summing up all
layers in the semi-column. There are two sub-domains in the U.S. (the eastern and
western U.S.) for layers below 2.5 km (from layer 1 to layer 10). Over both eastern and
western U.S., aerosol process (AERO) is the largest contributor to particulate NOs™ and
NH," formation. At the same time, the magnitude of SO42' and NHy " is higher in eastern
U.S. than that of western U.S., while it is the opposite for NOj;". Cloud process (CLDS) is
the major important contributor for SO4> consistent with its role as a major source via
aqueous phase chemical formation of sulfate on regional and global scales (Seinfeld and
Pandis, 1997). Annually, more than 60% of the ambient sulfate in central and eastern U.S.
is produced in mostly non-precipitating clouds (Mchenry and Dennis, 1994). Hegg (1985)

also predicted that aqueous-phase SO, oxidation in clouds is the most important pathway
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for the conversion of SO, to sulfate on a global scale. Advection decreases the mass
concentrations of all the species in both western and eastern U.S., suggesting that the
synoptic scale circulations brings more aerosols out of than into these areas.

Turning off Asian emissions influences the process budget of each species in U.S.
in different magnitude. Cutting Asian emissions leads to a smaller contribution of aerosol
chemistry to SO4> and NH,4" resulting from the absence of transported aerosol precursors.
Different from that to SO42' and NH,', the aerosol contribution to NOs™ from in the
emission-cut simulation is higher than that from the baseline simulation. This may be

attributed to the decreased SO4>” which competes against NOs™ for NH,".

3.3.6 Impacts of future emissions change

The rapid economic growth in Asia is expected to result in increased emissions of
NOx, SO,, CO and other atmospheric emissions (Streets et al., 2003). It was estimated
that from the mid-1970s to the 1990°s the emissions of both NOx and SO, from the East
Asian region has increased at an average rate of ~ 4%/year (Jaffe et al., 1999). It was also
predicted that Energy consumption in China, India, and most of the rest of Asia increased
by 5% /yr over the period 1970 -1995, and this rate of growth is expected to continue at
least until 2015 (Jacob et al., 1999). Tripling Asian anthropogenic emissions from 1985
to 2010 is expected to increase the monthly mean O3 concentrations by 2-6 ppbv in the
western United States and by 1-3 ppbv in the eastern United States, which will offset the
benefits of 25% domestic reductions in anthropogenic emissions of NOx and
hydrocarbons in the western United States (Jacob et al., 1999). Therefore, a global
perspective is necessary when designing a strategy to meet regional O; air quality

objectives.
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In this work, we present a modeling investigation of the effect of rising Asian
emissions on PM; s concentrations in surface air over the United States by 2030. Two
additional simulations were conducted, including a sensitivity simulation for the year of
2030 under IPCC growth scenarios, referred as 2030A1B, (2) a second sensitivity
simulation for the year of 2030 under IPCC sustainable development, called 2030B1
(IPCC, 2001). For these simulations, we have changed only the emission input, while
leaving unchanged all other input, including meteorology data, boundary condition, and
model configuration.

The mean PM, 5 concentrations at the surface for both 2030A1B and 2030B1 are
shown in Figures 28(a)-(d) and 29(a)-(d), respectively. For each projected emission
scenario, we have run CMAQ for four typical months: January, April, July and October.
A few points stands out: (1) In each month, the highest PM, 5 concentrations are found
over the eastern China and northern India based on both projected emission scenarios; (2)
Over the Asian areas, the highest PM; 5 concentration is found in January, and the lowest
in July, a similar trend as in 2001 base case; (3) Compared the two sensitivity tests, PMj s
in any month of the 2030A 1B scenario has a higher concentration than that of 2030B1; (4)
PM, 5 concentration in July of both 2030A1B and 2030B1 is much lower than that of
2001, which may be due to significant emission control of SO, in this month.

To make further comparisons among 2001 base case and two sensitivity runs, two
series plot for the January and July months are made in Figures 30(a)-(c) and Figures
31(a)-(c). Figures 30-31 displays the difference in PM,s concentrations between the
2030A1B scenario and the 2001 base case, between 2030B1 and base case; and between

the 2030A1B and 2030B1 scenarios. Compared to the mean concentration of PM,s in
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January of the base case, PM,s concentration in 2030A1B increases over India but
decreases over the eastern China in 2030A1B, due to that China had begun to take steps
for pollution mitigation. Compared to the Asian areas, PM; 5 concentration over US does
not change too much under the growth scenarios. PM, s concentrations under 2030B1
case, however, are predicted to decrease significantly over both Asia and U.S., especially
in the eastern US. Compared to that in January, the projected emissions result in different
concentrations changes in July. PM,s concentrations are predicted to increase in the
2030A1B case over both the eastern China and India, indicating pollutant emissions in
summertime has not been given enough attention as in January. Under the 2030B1 case,
although PM, s concentration over north of India and eastern China areas decrease
significantly due to pollutant control, PM, s concentrations over the U.S. show significant
decrease compared to the base case. Compared Figure 3d and 3e, there is considerable
drop with PM; s concentration over surface of Asian areas in January, and there is big
decrease with PM; s concentration over U.S. too, especially in eastern U.S.; while the air
quality improvement over Asian areas is much less in July (Figure 30c) than that of
January, and less improvement over U.S. as well.

3.4 Conclusion

We used a regional photochemical Air Quality model (CMAQ) to quantify the
influence of aerosol transport from Asia to U.S. by conducting both standard and
sensitivity simulation for 2001. Our simulations show that Asia-originated particles are
transported to North America throughout the whole year. In addition, we find that Asian
dust exists throughout the whole domain of North America, not just on the Pacific coast.

Because the relative distance from Asia to different U.S. area, the impact on the western
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U.S. air quality is expected to be higher than that on the Eastern U.S. Time series plot
among the twelve months indicate that U.S. obtained the maximum impact in April due
to the strong westies. Cross section analysis along 140°E Asian outflow indicates that
PM, s concentration is the highest below 1 km, but the strongest eastward fluxes of
aerosol species are found between 2 and 4 km above sea level. Cross section studies with
SO,* and NOs™ indicates that different species shows different transport mechanism:
SO,” is realized by direct transport from Asia to U.S., but NO;” is realized by precursors
transport. The results of future scenarios modeling indicated that sustainable development
(IPCC B1 case) will have significant improvement over the continued growth (IPCC A1B

case) on the air quality across the Pacific regions.
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Figure 3.1 Model domain dividing.
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Figure 3.2 Monthly average of PM, s (Unit:pg/m’) over surface in January (top_left),
April (bottom_left), July (top_right), and October (bottom_right).
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Figure 3.3 The average concentration of PM; 5 & species over surface in January of 2001.
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Figure 3.4 The average concentration of PM, s & species (ug/m’) over surface in July of
2001.
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April 1,20011:00:00 April 1,2001 1:00:00
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Figure 3.5 The average concentration of PM, 5 species (ug/m’) over surface in April of
2001. (top_left: NH,", top_right: SO4*, middle_left: NOs", middle_right: others,
bottom_left: OC, bottom_right: EC).
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Figure 3.6 The average concentration of PM, s species (ug/m’) over the surface in
October of 2001. (top_left: NH,", top_right: SO4*, middle left: NO5", middle_right:
others, bottom_left: OC, bottom_right: EC).
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Figure 3.7 X-Z cross section of monthly average of PM, s (up_left: January, up_right:
April, bottom_left: July, bottom_right: October).
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Fig8. Enhancement of PM2.5 over U.S. due to Asian Anthropogenic
Emission

PM2.5 (ug/m3)

—e— West
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—aA— Whole domain

Figure 3.8 Enhancement of PM, 5 (ug/m’) over U.S. domain due to Asian anthropogenic

emission.
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Figure 3.9 Change of PM, 5 concentrations (pg/m’) over surface due to impact from
Asian man-made emissions.

(Top_left: January, Top_right: April, Bottom_left: July, Bottom right: October).
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Figure 3.10 Enhancement of PM; 5 over the western U.S. due to Asian anthropogenic
emission (monthly average) (Top: eastern U.S., bottom: western U.S.).
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Figure 3.11 The percentage contribution to U.S. PM, 5 and species.
concentrations from Asian anthropogenic emission (top: west of US, bottom:
east of US).
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Figure 3.12 Impact of Asian Man-made Emissions on Sulfate & Nitrate PM, s in January
(Top: Sulfate PM; s, bottom: Nitrate PM; s).
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Figure 3.13 X-Z Cross Section by averaging 1-74 rows in January.
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Concentration of PM2.5 and species along 140E (Asia_base)
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Figure 3.14 Vertical distributions of average PM, 5 concentrations (ug/m’) along 140°E.

Flux of PM2.5 and species along 140E (Asia_base)
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Figure 3.15 Vertical distributions of average horizontal eastward fluxes of PM; s and its
species (base case), unit: pg/(m>*s).

Note: height marked at this figures (Y-axis) refer to the altitude from surface to top
height of each layer, same as figures below.
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Figure 16 height configuraiton
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Figure 3.16 Height configuration.
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Figure 3.17a & 3.17b Wind profile on Layer 1 (up) and 13 (bottom).
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Figure 3.18 Vertical distributions of average horizontal eastward fluxes of PM; s and
its species (sensitivity case: from natural emission only).
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Figure 3.19 Vertical distributions of average horizontal eastward fluxes of PM; s and
its species (base-sensitivity case: from anthropogenic emission only).
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Figure 3.20a Distribution of PM; s concentration at each layer along 140E (base case).

12

& layert
m layer2
layer3
layerd
X layerb
® layer6
+ layer7
-layer8
layer9
layer10
layer11
layer12
layer13
layer14
layer15

45

55

65

75

Latitude distribution of PM2.5 concentration along 140E (base)

85

10

Figure 3.20b Distribution of PM, 5 concentration at layers 10™-16™ along 140°E (base
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Figure 3.21 The distribution of SO, at different latitude along 140°E.
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Distribution of PM2.5 flux at layer 1-10 (base)
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Figure 3.22a Base case: with both natural emission & anthropogenic emission.

Distribution of PM2.5 flux at layer 1-10 (cut)

& layer1
m layer2
layer3
layer4
@ layerb
+ layer6
=layer7
layer8
layer9

layer10

20 ¢ layer1
18 1 m layer2
16 1 - layer3
141 e- layer4
12 4 +.|:;£'* @ layer5
10 f‘ [}
N - + layer6
8 - .t-";‘ “#‘é T -layer7
°1 #” et ‘fiﬁg *s. layers
4 * o, . <m s
4 A0 . layer9
2 1 : T e
““j layer10
0 4 i At T T T T T T T T T T T i
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Figure 3.22b Cut case: with only natural emission.
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Figure 3.22¢ Base-cut: only anthropogenic emission.

Figure 3.22¢ Distribution of PM, s flux along 140E at different height (layer 1-10)

from different emission sources.
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Distribution of PM2.5 flux at layer 1-10 (base)
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Figure 3.23 (d-f) Distribution of PM, s flux along 140°E at different height (layer 11-
16) from different emission sources (unit: pg/(mz*s)). (Up: with both natural emission
& anthropogenic emission; Middle: with only natural emission; Bottom: with only
anthropogenic emission).
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Figure 3.24 Vertical distributions of average PM, 5 concentrations (ug/m’) along
130W°.
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Figure 3.25 Vertical distributions of eastward PM, s flux (ug/m’) along 130W°.



base_PM25_conc(130W)

3.5 & layer1
m layer2

layer3

layer4
X layer5
o layer6
+layer7
-layer8
—layer9

layer10
layer11
0.5 12 layer12
layer13

0 T T T T T T T Iayer14
5 15 25 35 45 55 65 75 85 layer15
layer16

Figure 3.26 Distribution of PM, 5 concentrations (ug/m’) at different latitude along
130W°.



NH4_east

1000000 @ NH4(base)

800000 1 m NH4(cut)
600000 -

400000 ~
200000 ~

0 =
200000 | AERO DDEP VDIF
-400000 ~
-600000 -

NO3_east
400000 +

300000 1 @ NO3(base)

200000 -| m NO3(cut)

100000 -
0 -

] T L=
AERO L DDEP  EMIS VDIF All
-100000 -

-200000 -

-300000 -

SO4_east
1500000 -

1000000 -
500000 -

@ SO4(base)
m SO4(cut)

0 - [ = T

500000 . AERO  CLDS DDEP  EMIS VDIF Al

-1000000 -
-1500000 -
-2000000 -
-2500000 -

Figure 3.27a-c Contribution of each process to the mass of NH," (up), NO;™ (middle)
and SO,> (bottom) in each column over eastern U.S. during April.
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Figure 3.27d-f Contribution of each process to the mass of NH4" (up), NO3™ (middle)
and SO,> (bottom) in each column over eastern U.S. during April.
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Figure 3.28 PM, 5 concentration (ug/m3) over the surface in future case: 2030A1B.

(Top_left: January, Top right: July, Bottom_left: April, Bottom_right: October)
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Figure 3.29 PM, 5 concentration (ug/m’) over the surface in future case: 2030B1.

(Top_left: January, top_right: July, Bottom_left: April, Bottom_right: October).
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Figure 3.30 The difference of PM; 5 concentration between different simulations in

January.
(Top: 2030A1B-2001, middle: 3030A1B-2030B1, bottom: 2030B1-2001)
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Figure 3.31 The difference of PM, 5 concentration (ug/m’) between different

simulations in July.
(Top: 2030A1B-2001, middle: 3030A1B-2030B1, bottom: 2030B1-2001).
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Chapter 4. Using a Regional Air Quality Model to Simulate
Atmospheric Aerosols on a Hemispheric Scale

Abstract:

USEPA’s Models-3/CMAQ system is employed to study the influences of Asian
anthropogenic emissions on airborne aerosols in the United States of 2001. Two different
observed data sets were used to evaluate the model results across our modeling domain,
which extends from India to western Atlantic Ocean. These data sets include the surface
data over U.S. obtained from CASTNET and IMPROVE, and vertical measurement data
obtained during the NASA Transport and Chemical Evolution over the Pacific (TRACE-
P) aircraft mission. Comparison of surface concentrations indicates that PM, s and most
species are over-estimated, plausible due to two reasons that: (1) emissions of aerosol and
its precursors, particularly for SO, is over-estimated (by ~30% for SO,) over U.S. domain;
(2) There exists considerable uncertainties in the metrological input; for instance, we
found that precipitation is under-estimated by 31%, 35% and 32% in the spring, fall and
winter, and by 46% in summer. We also evaluate the vertical profile of major aerosol
components with TRACE-P measurement data. Overall, the model is able to well
reproduce the vertical distributions of SO42', NO;, NH4" and CO. Concentrations of all
species decrease rapidly with higher altitude below 6 km, followed by a much slower
decrease between 6 and 12 km. Time series analysis indicates that model can place the
plume in the right location, but tends to under predict the peak values of the plume
intensity. The model was able to represent many of the important spatial features in the

observed trace species distributions, including the horizontal and latitudinal variations.
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Most species showed an increase in value with increase in latitude, reflecting the

latitudinal distribution of emissions in East Asia.
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4.1 Introduction
Both measurements and modeling studies reveal that the intercontinental transport

of pollutants from Asia presents a significant contribution to the levels of air pollution in
the United States (Jacob et al, 1999; Jaffe et al., 1999, 2001; Fiore et al., 2003). Previous
studies suggested that Asian emissions contribute to the monthly mean O3 concentrations
in the surface layer by 2-6 ppbv in western U.S. and 1-3 ppbv in the eastern U.S. (Jacob
et al., 1999; Fiore et al., 2002). VanCuren et al. (2003) indicated that Asian-origin
aerosols are regular components of the North America tropospheric aerosol, accounting
roughly up to 5 pg/m’ for PMjo, including 3 pg/m’ for PM,s on the average in the
western North America. A series of feedbacks triggered by atmospheric transport of
natural and anthropogenic contaminants have been summarized by Wilkening et al.
(2000). These include impairment on health and welfare in western Pacific, impact on
biological systems throughout the northern Pacific, impact on climate at ocean basin to
hemispheric scales, and impact on air quality in North America.

During the last decade a number of field measurement campaigns have been
conducted to analyze possible transport processes and to quantify the concentrations of
chemical species during specific episodes or seasons. A variety of chemical species,
including Ozone (O3), carbon monoxide (CO), peroxyacetyl nitrate (PAN), particulate
matter (PM), and nonmethane hydrocarbons (NMHCs) have been employed to provide
transport evidence in the field measurement studies (Gregory et al., 1997; Jaffe et al.,
1999, 2001; Goldstein et al., 2000; Husar et al., 2001; Darmenova, 2005). While
extensive measurement campaigns have provided important information on this issue,
recent years a number of global models have also been employed to estimate the impacts

of Asian emissions on North American air quality in order to assist in scientific
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investigation and policies development (Jacob et al, 1999; IPCC, 2001; Liu et al., 2002;
Fiore et al., 2002; 2003). Both measurement and modeling analysis have provided
valuable information for studying the intercontinental transport of pollutants from Asia to
North America. However, these observed events were highly episodic, with the vast
majority occurring in springtime. On the other hand, there also exists some limitation
with global chemical transport models on addressing trans-Pacific pollutant simulation.
For example, the capability of GEOS-CHEM at its current form to simulate PM, however,
is constrained since its central theme is initially designed to simulate ozone-NOx-
hydrocarbon chemistry. More limitation about measurements and global modeling studies
has been explained in the previous section. In our study, we use a regional chemical
transport model, US EPA’s Models-3/CMAQ, to simulate particulate matters in a
hemispheric scale. The CMAQ model is driven by a regional meteorological model and is
configured to incorporate our state-of-the-science understanding of aerosol physics and
chemistry. A detailed description of the CMAQ model, measurement data used for model
comparison and evaluation statistics are given in section 2. Section 3 presents evaluation

results. We conclude in section 4.

4.2 Methodology
4.2.1 Model description

Given the known limitations of measurement and global models to address
transcontinental transport, we present in this study a new methodology using a 3-D
regional air quality model, the EPA Models-3 Community Multiscale Air Quality
(CMAQ) to quantify the impacts of Asian emissions on North American air quality.

CMAQ is a comprehensive atmospheric modeling systems that approach air quality as a
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whole by including of tropospheric ozone, fine particles, toxic, acid deposition, and
visibility degradation. It is a 3-D grid-based air quality model driven by meteorological
fields from the fifth Generation Pennsylvania State/National Center for Atmospheric
Research Mesoscale Meteorological Model (MMS5) (Grell et al.,, 1994). As a fully
functional multiscale and multi-pollutant air quality modeling, CMAQ can be extended to
larger scales for simulating all atmospheric and land processes that affect the transport,
transformation, and deposition of atmospheric pollutants and/or their precursors. Our
model domain covers Asia, Pacific, Canada, US and Mexico, the horizontal grid size is
108 km with 180 and 74 grids in X and Y direction respectively. There are 16 vertical
levels, from the surface to approximately 100 mb. Its emissions input are created by
extending the established US national emission inventories (NEI 1999 version 1) to the
whole studying domain using the Sparse Matrix Operator Kernel Emissions (SMOKE)
model. The emission inventory in Asia is based on TRACE-P/ACE-Asia 2000 data. The
NCAR/Penn State Mesoscale Model of the Fifth-Generation (MMS5) Version 3.6 is used
for simulating meteorological conditions in this study. The results from GEOS-CHEM
output are used as initial and boundary conditions because the fixed profile for boundary
conditions cannot account for changes due to air pollution long-range transport events.
More detailed information about both metrological and emission input can be found from
ICAP site (http://www.cep.unc.edu/empd/projects/ICAP/index.shtml).
4.2.2 Measurements and evaluation statistics

In this study we focus on evaluating the capability of the CMAQ model to
reproduce aerosol concentrations both at and above surface. For the surface comparison,

we use observed aerosol concentrations in 2001 at more than 100 CASTNET and
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IMPROVE sites. The CASTNET network was initiated in 1990, which provides weekly
average concentrations of sulfate, nitrate, and ammonium predominately at rural sites.
There are 80 CASTNet sites for 2001 used in our evaluation. The majority of those sites
are in the eastern United States. The IMPROVE network, which began operations in
1985, is designed to document and characterize long-term trends in both visibility and
visibility degrading aerosols at over 100 Class I areas across the United States, mostly at
National Parks and National Wilderness Areas. The majority of IMPROVE monitors, are
located in the western United States. IMPROVE sites provide 24-hour average PM; s,
SO4*, NOs", EC and OC concentrations measured every third day. The precipitation data
monitored at National Atmospheric Deposition Program/National Trends Network
(NADP/NTN) is also used in our study in order to assess the impact of precipitation on
the aerosol simulation. NADP/NTN is a nationwide network of precipitation monitoring
sites; precipitation data at each station is collected weekly according to strict clean-
handling procedures (http://nadp.sws.uiuc.edu/nadpoverview.asp). NADP/NTN sites are
predominantly located in rural areas and away from large point sources.

In addition to model evaluation at the surface, we use the aircraft data obtained
from Transport and Chemical Evolution over the Pacific (TRACE-P) for vertical
comparison between measurement and model prediction. The NASA aircraft mission
TRACE-P was conducted between February and April in 2001 over the Northwest
Pacific. The extensive field campaign employed two aircraft, a DC-8 and a P-3B,
operating out of Hong Kong and Yokota Air Force Base (near Tokyo), with secondary
sites in Hawaii, Wake Island, Guam, Okinawa, and Midway. More details about this

aircraft mission have been given by Jacob et al. (2003).
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Statistical metrics used in this study are defined in Table 1.

4.3 Results and discussion

4.3.1 Model performance on surface aerosol simulation over the United States

In this section, we compare CMAQ simulation with observed concentrations of PM; s and
its major components including sulfate (SO4%), nitrate (NO3), ammonium (NH,"),
elemental (EC) and organic carbon (OC). In order to get a clear view of the whole U.S.
domain, spatial variations in model performance, indicated by Normalized Mean bias
(NMB) for each specie are presented in Figure 1. While the temporal plots of monthly
NMB are provided in Figure 2. We should note the temporal variations in NMB plot are
calculated using the median data instead of average data in order to remove the impact
from outliers (data that stands far away from the rest). Scatter plots of seasonal
aggregated CMAQ simulation results versus observations are also given for each species

in Figure 3.

Examination of Figures 1 through 3 reveals that CMAQ over-predicted total
PM; s and many components consistently. The biases in PM,s comparisons are high,
particularly in the Western and the Northeastern US, where many sites have a NMB
value higher than 100%. The biases are lower in the rest of Eastern US, southern
California and Arizona, with a positive NMB of 47% in the eastern US except in
Vermont, New Hampshire and Maine. In the Western US, PM, s in two areas is severely
overestimated with NMBs higher than 100%: one area consists of Colorado and north of
New Mexico, another area extends along the west pacific coast, from Oregon to
Washington and north California. The values of normalized mean bias for PM, s vary

from 38% to 79%, with an annual average of 64%. Model predictions are closest to
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observations in the summer, represented by the lowest NMB values, while the
discrepancies are largest in the winter. At the same time, Fig. 2 indicates the value of
PM, s is over-predicted persistently throughout the year. We compared the emission data
(both SO, and NOx) over U.S. with those used in the input for EPA CAIR (2005)
modeling system and the comparison indicates that both SO, and NOx are over predicted
in our model input. So there are two factors that have been confirmed: first, both SO, (~
30%) and NOx (~10%) is over-predicted over U.S. domain in the emission inventory
based on our emission analysis, which will lead to higher sulfate and ammonium
concentration; secondly, precipitation is under-predicted in metrological input, which
leaves more aerosol in the atmosphere due to less scavenging. Actually, temporal
variation of NMB in simulations of precipitation compared to NADP observation shows a
similar trend with that of PM,s. Styer et al (1992) indicated that during rainy days,
accurate simulation of precipitation is critical for sulfate concentration, which is subject
to both the amount and speed of precipitation due to both in-cloud and below-cloud
scavenging. Overall, precipitation performance at the NADP sites is under-predicted
although the correlation ranges from 0.50 - 0.60 for each season. Among all sites,
precipitation at 178 of them is under-predicted, which accounts for 88% of the whole data
set. The overall NMB and NME for the whole domain are —26% and 68% respectively.
Spatially, the distribution of NMB is more homogenous in the east than in the west,
which to some extent may help to explain the homogenous distribution of NMB for PM s,
SO42' and NH," in the east than those in the west of U.S. Precipitation is under-predicted
by 31, 35 and 32% in spring, fall and winter, and by as high as 46% in summer. Although

precipitation can not exclusively account for the difference between simulated and
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monitored concentrations for PM,s, SO,* and NH, during the whole year, the
correlation of temporal and spatial variations between precipitation and PM; 5 serves as
strong evidence that the simulation of precipitation can significantly influence PM; s
(particularly SO4%) predictions, especially during summer time. It should be noted that
we have only compared the precipitation simulation over U.S. since there are no
monitored data available along the transport pathway where precipitation might have also
impacted PM, s concentrations and hence the contribution of transported aerosol to the

surface PM; s levels in U.S.

Next we compare the simulated annual average SO, concentrations with
observed surface data from CASTNET and IMPROVE monitoring sites. The spatial
pattern of NMB for S04 is comparable to that of PM; s as shown in Figure 1la. CMAQ
predicts SO4> better in the eastern U.S., where the majority of NMBs lie between £50%
and NMEs less than 70%. SO,> in the western is systemically over-predicted, especially
for sites located in Wyoming and Colorado, where NME generally exceeds 75% and
NMB 50%. SO,* concentrations are at low levels at both CASTNET and IMPROVE
sites in these states. The large discrepancies at these relatively clean locations suggest
that CMAQ may have difficulty to reproduce sulfate aerosol at low levels. Furthermore,
most of these monitor sites are located at an elevation of over 2000m ABL along the
Rocky Mountain. Therefore, the worse performance of CMAQ at these locations may be
attributed to the well-known inability of MMS5, which provides meteorology to drive
CMAQ, to accurately represent wind and stability fields over complex topography (Deng
et al., 2004; Gilliam et al., in press, 2006; Tong and Mauzerall, 2006). The sites located

in the West Pacific areas are well predicted except one site (YOS404) which has the
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minimum annual average of SO4* concentrations among all monitored sites. Precipitation
at the YOS404 site is under-predicted with a NMB value of over 50% compared to
NADP measurements. A similar CMAQ simulation of atmospheric aerosols over the
continental United States has been previous compared to the same measurement dataset
by Eder and Yu (In press, 2006). Although the cross-domain performance of SO4*
simulation in the current study is not necessarily better than Eder and Yu (in press, 2006),
our SO,* simulation in the western Pacific region is noticeably better. Such improvement
may come from the difference in lateral boundary conditions. As mentioned in section
2.1, the current study uses dynamic lateral boundary conditions that fully consider the
temporal and spatial variability, as well as the magnitude of trans-pacific influence from
Asian emissions, while the boundary conditions used in Eder and Yu (2006) are simply
derived from a static profiles. The spatial and temporal differences in performance are
evident in plots of the NMB when we compare the simulated SO,> evaluation against
CASTNET and IMPROVE. SO4” is under-predicted during the winter, while over-
predicted in the other months, especially in the summer compared to CASTNET
observation; while SO,* is over-predicted during the whole 12 months for IMPROVE
due to the site selection. The performance tends to be slightly worse in the Colorado state
areas when compared to the rest of the domain. The considerable over-prediction of SO4*
concentrations across the country, however, points to other factors related to production
and removal processes that determine SO42' concentrations. One of these factors, for
instance, is the domain-wide under-prediction of precipitation, which is efficient to
remove airborne sulfate through wet deposition and other scavenging processes (Styer et

al., 1992).
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Figure 3 compares simulated SO,* concentrations with observed data obtained
from the IMPROVE network. The strong correlations between model and observations
are high for the annual mean values (R* = 0.93) and also for the seasonal means (spring:
0.88, summer: 0.94, fall: 0.90, winter: 0.63). While the CASTNET data is predominantly
collected from rural sites, mostly in the eastern United States, the majority of IMPROVE
monitors are deployed at national parks and national wilderness areas, mostly located in
the western United States. One of the reasons that model performance with CASTNET is
better than that with IMPROVE is likely attributed to the longer sampling protocol at
CASTNET (weekly average at CASTNET versus 24-hour average at IMPROVE). Other
reasons include better representation of emissions in the eastern than western and more
complex topography in the western.

The spatial distribution of NMB for NH," displays a similar pattern as for SO4*
(Figure 1b). NH," is simulated better in the east and Midwest, with most sites having a
NMB value between -25% and 25%. CMAQ over-predicts NH," in the western US,
especially over Wyoming and Colorado State where NMBs at some sites exceed 75%.
The magnitude of spatial variability in NH," simulation performance (indicated by NMB)
is substantial in the western U.S. Regardless of the spatial difference, the model is able to
reproduce the variability of observed ammonium concentrations across the domain with
an annual mean R” value of 0.90 and a seasonal mean ranging from 0.84 to 0.86 (Figure
2). The across-domain annual mean NMB is 30%, with the largest NMBs found in April,

May, and June (NMB > 50%).

The overall annual mean NMB for NO3™ is 12% for CASTNET and 14% for

IMPROVE. The good performance is somewhat misleading. NOs;  simulation
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performance show substantial and compensating spatial and temporal variations in NMB
values. The discrepant distribution of NMB can be illustrated by the value of NME with
49% for CASTNET and 68% for IMPROVE respectively. The spatial distribution of
NMB for NOj™ is different with that of SO,* and NH,". The model under-predicts NOs
concentrations in the western, particularly in California, while over-predicts the same in
the eastern US, especially in the northeast states where NMBs exceed 75% at most of
sites. Comparisons with both CASTNET and IMPROVE data show that NOs™ is over-
estimated in spring and winter, and under-estimated in summer and fall. The annual mean
R? values are 0.62 and 0.35 for comparisons between model and CASTNET, and between
model and IMPROVE, respectively. The overall performance for NOs™ prediction is
worse than for SO,* and NH,". The accuracy of nitrate prediction is subjected to a few
factors including: 1) NH; emissions; 2) deposition of HNO; and NHjs, (3) night time
chemistry of N>Os and HNOs3, and (4) the diffusivity of night time atmospheric chemistry
of HNO; (Phillips et al., 2005). Yu et al. (2005) has demonstrated that the difficulty in
NO;™ prediction is partly due to volatility issues associated with NOj;, and their
exacerbation due to uncertainties associated with SO42' and total NH," simulations, which
play a role major role in determining the partitioning of NOs".

CMAQ systematically over-predicts both organic carbon (OC) and elemental
carbon (EC) (Figures 1 to 3), with an overall NMB of 39% for EC and 66% for OC
respectively. Besides the uncertainties in organic emissions, the discrepancies between
simulated and observed carbon concentrations result, in part, from a lack of
understanding the chemical and physical characteristics of carbonaceous aerosols,

especially OC, which is a complex mixture of hundreds of organic compound, each with
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different formation mechanisms (Eder and Yu, 2005). The correlation of EC ranges from
0.30 to 0.42 in the four seasons, with nearly 75% of the simulated EC concentrations
falling within a factor of two of observations. The annual mean value of R for OC is less
than 0.1, significantly lower than that for soluble species. As one of the two most
dominant components for PM,s, the considerable over-prediction of OC contributes
substantially to the overestimation of totalPM, s, as shown by the similarity of temporal
variability of NMB for OC and PM, s (Figure 2d). Both EC and OC are simulated better
in the eastern U.S., but are significantly over-estimated in the western U.S. where NMB
values are mostly higher than 100%. The large discrepancies are likely attributable to the
flawed temporal allocation of wildfire emissions associated with several large fires that

impacted the western United States during this year.

4.3.2 Model evaluation with aircraft data in the eastern Asia

After comparing model results with surface observations, we now use
measurements from the TRACE-P experiment to evaluate how well the CMAQ is able to
represent the vertical profile for PM, s species. The flight tracks for both DC-8 and P-3B
are given at Figures 4 and 5. In this study, the 5-min averaged data sets for the P-3B and
DC-8 were used for the vertical comparison. The observation is not continuous for either
flight, and we used only measurement data for March 2001. The 5-minute data is then
averaged into hourly concentrations to match CMAQ model output. Model results were
extracted along the flight track based on the location and time of sampling. We consider
here both the major aerosol components (SO4*, NOs and NH, ") and CO. CO is included
in our study because it is a widely-used indictor to the influence of anthropogenic

emissions (Carmichael et al, 2003a). We should note that the measurement techniques are
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different between the DC-8 and P-3B flights. More details of the differences and data
quality can be found in Dibb et al. (2003), Ma et al. (2003), and Moore, K., II, et al.
(2004).

In our study, we used the altitude of 1 km or lower to represent the boundary layer,
1-6 km as lower troposphere, and 6 - 12 km as the upper troposphere, respectively. For
the upper troposphere, only data from the DC-8 flight is available. The P-3B flight
concentrated in the altitude from 0.15 km to 7 km, and very few samples were taken
above than 6 km. Tables 2 and 3 summaries the performance of the model for the four
species using the DC-8 and P-3B data respectively. In general, the regression coefficients
(R) decrease with increasing altitude. In fact, the mean NMB for each species (not shown
here) also decrease with higher altitude. In the boundary layer (1 km or lower),
correlation coefficients (R) range from 0.54 for SO,* to 0.86 for CO or NO;™ for the two
flights. In the lower troposphere, the correlation between model and measurements
becomes weaker, with R values ranging from 0.4 for SO42' and NO5™ to 0.71 for CO. In
the upper troposphere, the R values for both SO,* and NO; decrease to as low as 0.2,
and the value for CO, the best simulated species, is 0.57. Apparently, CO has been
simulated best among the four species, which is not surprising since the distribution of
CO is mainly controlled by transport and emissions processes and simpler removal
mechanisms in the atmosphere compared to other species (Carmichael et al, 2003a).
Kiley et al. [2003] inter-compared results from seven different chemical transport models
applied to the simulation of TRACE-P CO observations. While same anthropogenic and
biomass burning sources of CO are used, and model show the similar correlation

coefficient r (r = 0.5-0.7) between simulated and observed CO concentrations. Our
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results show that CMAQ is able to reproduce the overall flight measurements with an R
value of 0.79, slightly better than these simulations. Similar to our results, the previous
studies have also observed larger discrepancies in the free troposphere (Kiley et al., 2003).

The model performance using the P-3B data is similar to that using the DC-8 data,
although the correlations vary with species, probably due to the differences in the
sampling strategies (e.g., the P-3B flew lower and spent more time in the boundary layer
(Jacob et al., 2003)) and measurement techniques. Overall, model over-predicts aerosol
concentrations at higher altitude and under-predicts the concentration at the height lower
than 2km over pacific regions. We will discuss in more details about the vertical profiles

in model performance in the following section.

4.3.3 Comparing the vertical profiles

As discussed above, the model performance varied significantly with altitude.
Additional insights into the model performance as a function of height can be seen by
comparing vertical profiles of predicted and observed concentrations. Figure 6 presents
the comparison of vertical profiles of DC-8 observations and model predictions. The
vertical profiles are plotted as the mean value of each 1-km bin, and the bars indicate
standard deviation. The model reproduces the vertical structure of all species including
S04*, NOy, NH4" and CO. Generally, both model and observed concentrations of the
four species decrease quickly in the lower troposphere with altitude to low levels
prevailing in the upper troposphere. All observed SO4>, NO3', and NH," concentrations
for almost all altitudes are systematically over-predicted, which may have significant
influence to estimating the Asian outflow. Although we did not compare the

meteorological data at locations where the aircraft measurements took place, our earlier
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evaluation results in the western part of the domain show that the precipitation is much
under-predicted. The under-predicted precipitation may lead to less removal of the
aerosol species in the lower troposphere, and result in higher concentrations of these
species at both lower and, through vertical transport, higher altitudes. Moreover, the
observed SO,* concentrations shown here represents only the non-sea-salt SO,>, which
will amount to a lower observed SO,* concentration than the real value. Carmichael et al.
(2003b) shows that model resolution could have an important impact on simulating
species which or whose precursors are emitted from large point sources (such as SO,).
The low horizontal resolution of 108 x 108 km? in this study may an underestimation of
SO4> concentrations in the lower boundary where SO4> concentration is more influenced
by the local sources. In addition, Carmichael et al (2003a) also found the sampling
strategies, such as focusing on sampling frontal events, can result in a biased sampling of
high concentrations. Compared to other species, CO concentrations are well reproduced
above 2 km, suggesting that the model is able to capture the human-induced pollution
plume along the main transport pathway. The near uniform vertical distribution of CO
concentration above 6 km is associated either with deep convection within East Asia, or
long range transport from extra-Asia regions (Carmichael et al., 2003b).

Figure 6 also reveals differences in the vertical profiles of these species. Both the
model and flight data observed a higher value of SO,* at height of 4500 km than the
point underneath at 4000 km, it turns out that the higher value comes from the fact that it
catches the volcanic plume from the Miyake-jima volcano in southern Japan sampled on
DC-8 flight 17 [Carmichael et al., 2003a]. The under-prediction of sulfate in the lowest 2

km reflects both the uncertainties in emissions data (Streets et al., 2003) and the sampling
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strategies during the flights (Carmichael et al, 2003a). The persistent over-prediction of
ammonium aerosols is in part linked to uncertainty in NH; estimation emissions
introduced by using European-based emission factors in the Asian region (Streets et al.,
2003). Different from the aerosol species for which we see mostly overpredition, CO
profile is underestimated constantly at all altitudes. This is consistent with results from a
variety of global and regional models used in the TRACE-P analysis (Kiley et al., 2003).
Analysis of emission data has shown a persistent negative (under-prediction) bias for CO
in the Central China extending from Chongqing to Shanghai (Carmichael et al, 2003b). A
previous study using reverse modeling demonstrated that the total anthropogenic CO
emissions from China in the Streets et al. [2003] inventory, which is used as input to
CMAQ in this study, is under estimated by 30% (Palmer et al. 2003a). This
underestimate was attributed to lower emissions from domestic combustion sector in
rural China, in particular residential coal use. Following that, it has been suggested that
adjusting emissions by a factor of 3-5 from the bottom-up estimates for this sector would
be necessary to reconcile model results with observations (Carmichael et al, 2003b; Jocab

et al., 2003).

4.3.4 Case study with time series comparison

This section compares time series of modeled and observed mass concentrations
with a high temporal resolution. The plume encountered over the Yellow Sea on P-3B
light 14 on March 18 is unique in that it contained the highest NH;", NO3 and SO,*
concentrations recorded during TRACE-P. It has been observed that on March 17, 2001 a
developing wave cyclone was located east of Shanghai, China and an anticyclone was

centered just east of Tokyo, Japan. The wave cyclone intensified during the day and
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moved eastward, and its associated cold front also swept towards the east. On March 18
the wave cyclone was located just off the northeast coast of Japan, and was moving
towards the northeast. Pollutants were transported off the coast of China at low altitudes
and towards Japan as this front swept to the east (Carmichael et al., 2003a). Time series
plot for the concentration of each species containing both observation and model
simulation inside this plume are given by Figure 7. CMAQ has correctly located the
intense Shanghai plume that was sampled on two flight legs (near 0450 and 0600 UTC).
However, the model tends to consistently underestimate the intensity of both aerosol
species and CO at low altitudes over the Yellow Sea, and this is clearly shown in the low
altitude leg at ~4 GMT. CMAQ also slightly under-predicted SO,>, NO; and NH;" mass
peak at ~6 GMT, which may be explained by the incapability of the model with a 108 km
horizontal resolution to resolve the plume. The model places this plume at the right
location but underestimates the value. Both the flights and model simulation capture
another elevated value for CO and SO42' at 8 GMT, which is located at the backside of
cold front (postal frontal boundary layer outflow) (Zhang et al., 2003). Different from the
simulation by Zhang et al’s (2003), our simulation has over-predicted sulfate levels for
the peak value in the boundary layer. Generally, both model and flight measurements
show a decreasing peak value with time as the plume intensity decrease along transport
trajectories. The comparison between simulation and observation is also performed with
data obtained by another flight conducted by DC8 on March 18 (Figure 8): elevated
levels of pollutants were found at multiple levels throughout the flight track, and the
model simulations reproduced these features. As mentioned before, the model

consistently under-predicted CO at the maximum value in the low altitude leg at ~4 GMT.
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At the same time, model catches the timeliness of the maximum value of SO4* and NH,,
and tends to over-predict other peak values at ~ 5 GMT and ~7 GMT. CMAQ places this
plume of NOj;™ at the right location at ~7GMT but overestimates the values; it under-

predicts the peak at ~SGMT and missed the peak value at ~7GMT.

4.3.5 Spatial variability in model performance over Asia-Pacific region

In order to show the capability of the model to reproduce spatial variability of
concerned species across the domain, we also compare the latitudinal and longitudinal
distributions of these species (CO, SO42', NO3™ and NH4+) between observations and
model prediction. Observations were averaged over 5° latitude or longitude bands for all
layers (Figure 9). Figure 9 shows that observed concentrations of SO, NO;” and NH4"
increase with latitude from either 20°N or 25°N where the continental outflow is
maximum (Blake et al, 1997) until it reaches 30°N, after that, the concentrations decrease
with latitude. Meanwhile, the concentration of each species reaches its maximum around
125°E and then begins to decrease due to dilution of the Asian outflow. Although the
model underestimates SO4> and overestimate NO;3 levels, it well reproduces the
latitudinal and longitudinal gradients, including the enhancement due to continental
outflow. For CO, there exists persistent under-prediction at locations above 40°N. This
result is consistent with the Ethane study using CFORS/STEM-2K1 regional-scale
chemical transport model by Carmichael et al (2003a), who attribute this underprediction

to emission source from western Russia which are not considered in the model input.

4.4 Conclusion
USEPA’s Models-3/CMAQ, a regional air quality model, is employed to estimate

the impacts from Asian anthropogenic emission on PM,; 5 concentrations over the United
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States in 2001. We evaluate the model simulation with the surface data over U.S.
obtained from two nationwide networks. Our study indicates that PM; s and most species
are over-estimated. The correlation analysis with SO,* indicates model simulations well
match the observations (R” is bigger than 0.90 with both data from CASNET and
IMPROVE network), but it is positively biased on the average. Spatially, CMAQ’s
performance was better over the eastern U. S. than that of western U.S. and the
simulation of PM, s show similar performance as SO,*. NH4" is well simulated at eastern
U.S., as well as in the Midwest areas, with most sites recording NMB between -25% and
25%. However, CMAQ tends to over-predict NH," in western part of the country. The
correlations of NOs™ is 0.35 and 0.62 for IMPROVE and CASTNET respectively,
however, the NMBs of NOs™ simulations exhibit large variation over different areas.
CMAQ varies in its ability to simulate different aerosol species concentrations by
showing significant different correlation value for OC ("2 < 0.1) and EC (12 = 0.4). Our
analysis indicates that there are two parameters that will significantly lead to PM, s and
species, especially SO,4*, over-predicted: (1) SO, is over-estimated from emission input,
(2) precipitation is under-estimated in metrological input. Vertical data obtained from
TRACE-P flights is used to evaluate how well the CMAQ is able to represent the vertical
profile for PM; s species. Through comparison between observation and model simulation
from a mission-wide perspective, along flight paths, and by analysis of latitudinal
distributions and vertical profiles, the model was shown to accurately predict many of the
observed features. The model was able to represent many of the important spatial features
in the observed trace species distributions, including the horizontal and latitudinal

variations. Most species showed an increase in value with increase in latitude, reflecting
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the latitudinal distribution of emissions in East Asia. Those species with significant
emissions from biomass burning (e.g., CO) showed significant enhancements at 20-30°N,
which is the major outflow zone of biomass emissions from SE Asia during March
(Carmichael et al., 2003). Predicted CO in the boundary layer is lower compared to the
observed data from both DC-8 and P-3B flights, implying that CO is under-estimated in

the emission inventory.

125



References

Bey, 1., Jacob, D.J., Logan, J.A., Yantosca, R.M., 2001. Asian chemical outflow to the
Pacific in spring: origins, pathways, and budgets. Journal of Geophysical Research 106,
23097-23113.

Byun, D.W., Ching, J.K.S., 1999. Science algorithms of the EPA Models-3 community
multiscale air quality (CMAQ) modeling system. USA EPA/600/R-99/030.

Carmichael, G. R., Tang, Y., Kurata, G., et al., 2003a. Regional-scale chemical transport
modeling in support of the analysis of observations obtained during the TRACE-P
experiment. Journal of Geophysical Research 108, NO. D21, 8823,
doi:10.1029/2002JD003117.

Carmichael, G. R., et al., 2003b. Evaluating regional emission estimates using the
TRACE-P observations, J. Geophys. Res., 108(D21), 8810, doi:10.1029/2002JD003116.

Eder B., Yu S., 2006. A performance evaluation of the 2004 release of Models-3 CMAQ
Atmospheric Environment. In press.

EPA CAIR Modeling: U.S. Environmental Protection Agency, March 2005a. Technical
Support Document for the Clean Air Interstate Rule: Air Quality Modeling, Office of Air
Quality Planning and Standards, Research Triangle Park, NC. (Docket No. OAR-2005-
0053-2151).

Fiore, A. M., D..Jacob, [.Bey, R.M.. Yantosca, B.D.Fiels, A.C.Fusco, and
J.G.Wilkinson, 2002. Background ozone over the United States in summer: Origin,
trendand contribution to pollution episodes, J. Geophys. Res., 107 (D15), 4275,
10.1029/2001D000982.

Fiore, A. M., D.J.Jacob, R. Mathur, R.V.Martin., 2003. Application of empirical
orthogonal functions to evaluate ozone simulations with regional and global models,
J.Geophys. Res., 108 (D14), 4431, 10.1029/2002JD003151.

Grell, G.A., Dudhia, J., Stauffer, D.R., 1994. A description of the Fifth Generation Penn
State/NCAR Mesoscale Model (MMS5), Rep. NCAR/TN-389+STR, 138pp., National
Centre for Atmospheric Research, Boulder, CO.

Interfovernmental Panel on Climate Change (IPCC), Atmorpsheric chemistry and
greenhouse gases, in Climate Change 2001: The scientific Basis, Edited by J.T. Houghton
et al., Cambridge Univ. Press, New York, 2001.

Jaffe, D. A., A. Mahura, J. Kelley, J. Atkins, P. C. Novelli, and J. Merrill (1997), Impact
of Asian emissions on the remote North Pacific atmosphere: Interpretation of CO data
from Shemya, Guam, Midway, and Mauna Loa, J. Geophys. Res., 102(D23), 28,627—
28,635.

126



Jaffe, D.A., Anderson, T., Covert, D., Kotchenruther, R.,Trost, B., Danielson, J., Simpson,
W., Berntsen, T., Karlsdottir, S., Blake, D., Harris, J., Carmichael, G.,Uno, 1., 1999.
Transport of Asian air pollution to North America. Geophysical Research Letters 26,
711-714.

Jaffe, D, Snow, J. and Cooper, O., 2003. The 2001 Asian Dust Events: Transport and
Impact on Surface Aerosol Concentrations in the U.S, Eos,Vol. 84, No. 46, 18 November.

Jacob, D.J., et al., 1997. Evaluation and intercomparison of global atmospheric transport
models using radon-222 and other short-lived traces, J.Geophys.Res., 102, 5953070.

Jacob, D.J., Logan, J.A., Murti, P.P., 1999. Effect of rising Asian emission on surface
ozone in the United States. Geophysical Research Letters 26, 2175-2178.

Jacob, D., J. Crawford, M. Kleb, V. Conners, R. Bendura, J. Raper, G. Sachse, J. Gille,
and L. Emmons, 2003. The transport and chemical evolution over the Pacific (TRACE-P)
mission: Design, execution, and overview of first results, J. Geophys. Res., 108(D20),
8781, doi:10.1029/2002JD003276..

Jaegle” L., Daniel A. Jaffe, Heather U. Price, Peter Weiss-Penzias, Paul 1. Palmer,
Mathew J. Evans, Daniel J. Jacob, and Isabelle Bey, 2003. Sources and budgets for CO
and O3 in the northeastern Pacific during the spring of 2001: Results from the PHOBEA-
IT Experiment, J.Geophys.Res., 108, D20, 8802, doi:10.1029/2002JD003121.

Jang, Ji-Cheng Carey, Harvey E. Jeffries, Daewon Byun, Jonathan E. Pleim, Sensitivity
of ozone to model grid resolution—I. Application of high-resolution regional acid
deposition model, Atmospheric Environment, Volume 29(21), November 1995, 3085-
3100.

Liu, H., D. J. Jacob, L. Y. Chan, S. J. Oltmans, 1. Bey, R. M. Yantosca, J. M., Harris, B.
N. Duncan, and R. V. Martin, 2002. Sources of tropospheric ozone along the Asian
Pacific Rim: An analysis of ozonesonde observations, J. Geophys. Res., 107(D21), 4573,
doi:10.1029/2001JD002005.

Ma, Y., Weber, R. J., Y.-N. Lee, D. A. Orsini, K. Maxwell-Meier, D. C. Thornton, A. R.
Bandy, A. D. Clarke, D. R. Blake, G. W. Sachse, H. E. Fuelberg, C. M. Kiley, J.-H. Woo,
D. G. Streets, and G. R. Carmichael, 2003. Characteristics and influence of biosmoke on
the fine-particle ionic composition measured in Asian outflow during the Transport and
Chemical Evolution over the Pacific (TRACE-P) experiment, J. Geophys. Res., VOL.
108, NO. D21, 8816, doi:10.1029/2002JD003128.

Malm, W.C., Sisler, J.F., Huffman, D., et al., 1994. Spatial and seasonal trends in

particulate concentration and optical extinction in the United States. Journal of
Geophysical Research. 99, 1347-1370.

127



Merrill, J.T., Atmospheric long-transport to the Pacific Ocean, Chemical Oceanography,
10, 15-50, 1989.

Moore, K., II, et al. (2004), A comparison of similar aerosol measurements made on the
NASA P3-B, DC-8, and NSF C-130 aircraft during TRACEP and ACE-Asia, J. Geophys.
Res., 109, D15S15, doi:10.1029/2003JD003543.

NEI, 1999 ,http://www.sciencedirect.com/science? ob=RedirectURL& method=externOb
jLink& locator=url& cdi=6055& plusSign=%2B& targetURL=http%253A%252F%25
2Fwww.epa.gov%252Fttn%252Fchief%252F.

Palmer, P. 1., D. J. Jacob, D. B. Jones, C. Heald, R. Yantosca, J. A. Logan, G.W. Sachse,
and D. Streets, 2003. Inverting for emissions of carbon monoxide from Asia using

aircraft observations over the western Pacific, J. Geophys. Res., 108(D21), 8828,
doi:10.1029/2003JD003397.

Park, R. J., D. J. Jacob, M. Chin and R. V. Martin, 2003. Sources of carbonaceous
aerosols over the United States and implications for natural visibility, J. Geophys. Res.,
108(D12), 4355, d0i:10.1029/2002JD003190.

Park, R. J., D. J. Jacob, B. D. Field, R. M. Yantosca, and M. Chin, 2004. Natural and
transboundary pollution influences on sulfate-nitrate-ammonium aerosols in the United
States: implications for policy, J. Geophys. Res., 109, D15204, 10.1029/2003JD004473.

Tan Q., Chameides, W. L., Streets, D., Wang, T., Xu, J., Bergin, M., and Woo, J., 2004.
An evaluation of TRACE-P emission inventories from China using a regional model and
chemical measurements, J. Geophys. Res., vol. 109, D22305, doi:10.1029/2004JD005071.

Streets, D.G.; Bond, T.C.; Carmichael, G.R.; etc., 2003. An inventory of gaseous and
primary aerosol emissions in Asia in the year 2000. J.Geophys. Res, vol. 108, NO.D21,
8809,d0i1:10.1029/2002JD003093.

Styer, Patricia E. and Stein, Michael L., 1992. The effect of changes in emissions: an
exploratory investigation utilizing meteorological variables. Atmospheric Environment,
Part A. General Topics, Volume 26, Issue 16, Pages 3019-3028.

VanCuren R.A.; DELTA Group, 2003. Asian aerosols in North America: Extracting the
chemical composition and mass concentration of the Asian continental aerosol plume

from long-term aerosol records in the western United States. J.Geophys. Res, vol.108,
D20, 4623,d0i:1029/2003JD003459.

Zhang, M., et al., 2003. Large-scale structure of trace gas and aerosol distributions over
the western Pacific Ocean during TRACE-P, J. Geophys. Res., 108(D21), 8820,
doi:10.1029/2002JD002946.

128


http://www.sciencedirect.com/science?_ob=JournalURL&_cdi=12896&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=bd3731cb1fa045d256c111013e01b2a0
http://www.sciencedirect.com/science?_ob=JournalURL&_cdi=12896&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=bd3731cb1fa045d256c111013e01b2a0
http://www.sciencedirect.com/science?_ob=IssueURL&_tockey=%23TOC%2312896%231992%23999739983%23419501%23FLP%23&_auth=y&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=00c12904156f9c76d0856e54b183ca4d

Table 4.1 Statistics used in our study.

1 N Z(Cm_co)
MB=NZ(C,,, -C,) M NMB=——  .100% 2)

N
2.C,
1

N

2.lc. ¢,

NME =1 .100% (4)

N
2.€,
1

RMSE = \/%ZN:(C,,, -C))’ (3)

Where C,, and C, are modeled and observed concentrations, respectively.
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Table 4.2 Summaries of CMAQ performance for the four species (SO4%, NO5", NH, " and CO) using DC-8 flights data.

Variable 0-1km 1-6km 6-12km ALL

Obs mod r n obs mod r n obs mod r n obs mod r n

SO~ 5.98 4.44 0.56 192 1.87 2.65 0.4 186 | 0.25 0.61 0.20 198 2.72 2.54 0.66 566
Obs mod R n obs mod r n obs mod r n obs mod r n

NO; 1.76 1.59 0.80 190 0.53 1.09 0.62 | 145 | 0.03 0.23 0.2 118 0.92 1.08 0.78 453
Obs mod R n obs mod r n obs mod r n obs mod r n

NH,' 1.14 1.61 0.75 192 0.33 0.98 0.63 | 184 | 0.03 0.14 0.30 324 0.41 0.76 0.78 700
Obs mod R n obs mod r n obs mod r n obs mod r n

co 221.20 168.97 0.86 200 166.01 145.45 0.59 426 116.04 107.33 0.57 472 154.58 133.35 0.79 1098

Table 4.3 Summaries of CMAQ performance for the four species (SO4~, NOs~, NH, " and CO) using P-3B flights data.

Variable 0-1km 1-6km ALL
obs Mod r n obs mod r n obs mod r n
SO~ 6.01 6.18 0.58 | 263 1.16 2.58 0.69 680 2.52 3.58 0.71 943
obs Mod r n obs mod r n obs mod r n
NO; 1.57 0.80 0.86 | 260 0.62 0.52 04 349 1.02 0.64 0.71 609
obs Mod r n obs mod r n obs mod r n
N
NH, 1.92 1.56 0.69 | 262 0.54 0.85 0.64 473 1.04 1.10 0.69 735
obs Mod r n obs mod r n obs mod r n
co 229.63 166.75 0.67 | 261 | 165.63 141.63 0.71 673 183.49 148.64 0.73 934
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IMP_ SO4* Cast NH,"

Cast_ SO4* Cast NO3”

Figure 4.1a NMB metric for each specie vs IMPROVE & CASTNET observations.

Top_left: Model simulated SO4* vs. IMPROVE observed SO,*
Top_right: Model simulated NH;" vs. CASTNET observed NH4"
Bottom_left: Model simulated SO,* vs. CASTNET observed SO,*
Bottom_right: Model simulated NO3™ vs. CASTNET observed NO5
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Figure 4.1b NMB metric for each specie vs IMPROVE & CASTNET observations.

Top_left: Model simulated PM, 5 vs. IMPROVE observed PM; 5
Top_right: Model simulated NOs3™ vs. IMPROVE observed NO3
Bottom_left: Model simulated EC vs. IMPROVE observed EC
Bottom right: Simulated OC vs. IMPROVE observed OC
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Figure 4.2 Temporal plots of monthly NMB. (X-axis: month)
Top_left: Median of monthly NMB for simulated SO4> vs. CASTNET and IMPROVE SO,
Top_right: Median of monthly NMB for simulated NOs™ vs. CASTNET and IMPROVE NO;
Middle left: Median of monthly NMB for simulated PM, s vs. IMPROVE PM; 5
Middle_right: Median of monthly NMB for simulated NH," vs. CASTNET NH,"
Bottom_left: Median of monthly NMB for simulated OC and EC vs. IMPROVE OC/EC
Bottom_right: Median of monthly NMB for simulated precipitation vs. NADP precipitation
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Figure 4.3a Correlation of simulated SO4* (Y-axis) vs. observed SO4* (X-axis) and

simulated PM; 5 (Y-axis) vs. observed PM; s (X-axis).

134



correlation of simulated NH4 vs. - -
CASTENT observation in Spring correlation of simulated NH4 vs.
4 5 'CASTENT observation in Summer
4 4 S *
8
39 A
%’1.2154x +0.1417
2 R?=0.8464
K>
14
0 ; ; ; .
0 1 2 3 4 5

correlation of simulated NH4 vs. correlation of Simu'_ated, NH4_ V8.
CASTENT observation in Fall CASTENT observation in Winter

w

.856x +0.3955

2 _
1 0%523x +0.1263 R?=0.8474
R?=0.8415 1 A
0
0 0 1 2 3 4
0 1 2 3

correlation of simulated NO3 vs.

CASTENT observation in spring correlation of simulated NO3 vs.

CASTENT observation in summer

4
y = 0.7936x + 0.3748
2 _
3+ o RT50.4979
2 y=0.1858x +0.1967
R?=0.0248
*
1 “ <*
*® o0
0
0 1 2 3 4 0 1 2 3
correlation of simulated NO3 vs. correlation of simulated NO3 vs.
CASTENT observation in Fall CASTENT observation in winter
4 - 0
8
3 |
y=0.4704x+0.0746 s
R%=0.5645

y’: 0.9726x + 1.1511
R?=0.6816

0 2 4 6 8 10

Figure 4.3b Correlation of simulated NH," (Y-axis) vs. observed NH;" (X-axis) and
simulated NO;™ (Y-axis) vs. observed NO3™ (X-axis).
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Figure 4.3c Correlation of simulated EC (Y-axis) vs. observed EC (X-axis)
and simulated OC (Y-axis) vs. observed OC (X-axis).
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Flight Tracks for the NASA P3B Aircraft During
the TRACE-P Mission
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Figure 4.4 Flight tracks for both DC-8 (left).
Figure 4.5 Flight tracks for both P-3B (right).

Flight Tracks for the NASA DC-8 Aircraft During
the TRACE-P Mission
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Figure 4.6 Vertical profile for DC8 flights: SO42', NO;", NH4" and CO.
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Figure 4.7 Time series plot for SO4*, NOs", NH, " and CO conducted by flight 14 on March 18, 2001 (P-3B flight).
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Figure 4.8 Time series plot for SO4*, NO3", NH, " and CO conducted by flight 12 on Mar. 18, 2001 (DC-8 flight).
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Distribution of NH,* along different longitude
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Figure 4.9a Latitude or longitude bands for CO and NH, " over all sites.
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Distribution of NO3™ along different longitude
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Figure 4.9b Latitude or longitude bands for SO42' and NOj5™ over all sites.
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Chapter 5. Impact of Trans-Pacific Transport on Particulate Sulfate in
the U.S.: Comparisons of Model Simulations Using Three Different
Laternal Boundary Conditions

Abstract

We present in this and accompanying papers a series of research efforts to apply a
regional photochemical air quality model, the Models-3/Community Multiscale Air
Quality (CMAQ) modeling system developed at U.S. EPA to study and better quantify
the impacts of trans-Pacific transport to regional air quality in the United States. The
focus of this paper is to compare the model simulation results over the continental U.S.
domain using three different continental influxes; one provided by a set of static
boundary conditions typically prescribed for regional simulations and the other two
provided from dynamic boundary conditions generated by a global chemistry/transport
model, GEOS-CHEM, and a hemispheric-scale CMAQ simulation. The performance of
continental U.S. CMAQ simulations of fine particulate matter, especially particulate
sulfate, with the three BCs were evaluated using measurements from two U.S. monitoring
networks, the IMPROVE and CASTNet networks. The results showed that the
simulations of particulate sulfate over the western U.S. can be significantly impacted by
different BCs, while the impacts were less significant over the eastern U.S.  The
continental influxes provided by the BCs from the trans-Pacific CMAQ modeling were
able to give a better model performance in the western U.S. when compared against
observed data. While there were seasonal variations, the intercontinental influxes of
particulate sulfate into the western U.S. via trans-Pacific transport can be up to 1 pgm™ in
the spring, as simulated using the BCs provided by the trans-Pacific CMAQ modeling

system, and the influxes were lower but consistent throughout other seasons. The
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intercontinental influxes simulated by the model using the other two BCs (static default
and provided by the global model) were much less significant in magnitude. While
further studies on other PM and ozone precursor species are needed, our results suggest
the regional air quality model CMAQ can be a suitable tool to address long-range and

intercontinental transport of air pollution.
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5.1 Introduction

There is mounting evidence that the increasing outflow of air pollutants from Asia
may have significant impacts on atmospheric chemistry and air quality in the North
America via transport over the Pacific Ocean (Jaffe et al., 1997, 1999, 2003; Jacob et al.,
1999; Fiore et al., 2002; Jaegle et al., 2003). A series of feedbacks triggered by
intercontinental transport of natural and anthropogenic contaminants have been
summarized by Wilkening et al. (2000) and their potential impacts on global and regional
air pollution and climate have been reviewed by Akimoto (2003) and Ramanathan et al.
(2001). These impacts include impairment on health and welfare in western pacific,
impact on biological systems throughout the northern Pacific, impact on climate on ocean
basin to hemispheric scales, and impact on air quality in North America.

During the last decade a number of field measurement campaigns have been
conducted to analyze plausible transport processes and to better quantify the
concentrations of atmospheric pollutants during specific episodes or seasons (e.g.,
Gregory et al., 1997; Jaffe et al., 1999, 2003; Allen et al., 2004; Parrish et al., 2004;
Oshima et al., 2004; Goldstein et al., 2000; Yienger et al., 2000; Husar et al., 2001; Dibb
et al.; 2003; Darmenova, 2005). While providing important information on transport of
pollutants across the Pacific to western North America, these observed events were
highly episodic, with the vast majority occurring in springtime. Meanwhile, global
chemical transport models are widely employed to estimate the impacts of Asian
emissions on North American air quality to assist in scientific investigation and policies
development (Jacob et al, 1999; IPCC, 2001; Fiore et al., 2003). For example, these

global models include Goddard Earth Observing System-Chemistry model (GEOS-
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CHEM) (Jacob et al., 1999; Goldstein et al., 2004), the parallelized global-through-urban-
scale Gas, Aerosol, Transport, Radiation, General Circulation, Mesoscale, and Ocean
Model (GATOR-GCMM) (Lu et al., 1997; Jacobson, 2001), the Goddard Institute for
Space Studies General Circulation Model (GISS) (Rind and Lerner, 1996), the Georgia
Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport model
(GOCART) (Chin et al., 2003), the Model for Integrated Research on Atmospheric
Global Change (MIRAGE) (Ghan et al., 2001), etc.. However, there also exist some
limitations with global chemical transport models in addressing trans-Pacific pollutants
transport. For example, the capability of most global chemical transport models at their
current status to simulate sophisticated secondary aerosol formation is often highly
simplified because of computational limitations. Park et al. (2004) also described that the
physical parameterizations, such as the temporal and spatial resolution currently
employed in global models may not work at finer scales needed for aerosol and
simulations. In addition, several systematic biases on Oz simulation relevant to coarse
resolution were briefly discussed by Fiore et al (2003). Recognizing the limitations of
global models to address the intercontinental transport issue, we took a pioneering effort
in this study to apply a regional photochemical air quality model, the Models-3/
Community Multiscale Air Quality (CMAQ) modeling system (Dennis et al., 1996; Byun
and Ching, 1999) developed at U.S. EPA to study and better quantify the impacts of
trans-Pacific transport to regional air quality in the United States.

Unlike in global models, boundary conditions play an important role in regional-
scale and urban-scale air quality models to provide influxes of atmospheric species into

the modeling domain. Proper boundary conditions are essential to accurately resolve the
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magnitude and distribution of air pollutants across the studied domain. Boundary
conditions can be prepared using actual in-situ measurements or from numeric
simulations of a larger domain. Since numerical models are frequently applied to
locations where no sufficient observations are available to compile boundary conditions,
it has been widely used in regional modeling practice to extract boundary conditions of a
smaller nested domain from the results of larger domain simulation (nesting) (Seinfeld
and Pandis, 1997). The nesting approach of using dynamic boundary conditions extracted
from a larger domain is preferred to the traditionally static boundary conditions as the
fixed profiles cannot reflect changes due to long-range pollution transport and other time
and space varying events (Russell and Dennis, 2000).

The focus of this paper is to compare the model simulation results over the
continental U.S. domain using three different continental influxes. The first one was
provided by a set of static boundary conditions typically prescribed for regional
simulations. The static boundary condition holds constant variable values throughout the
entire simulation period and the default specified values are commonly used in regional
air quality modeling simulations over the United States. The other two boundary
conditions were obtained by applying multiscale —nested modeling approaches from a
global chemical transport model (GEOS-CHEM) simulation and from a hemispheric-
scale CMAQ model simulation, respectively. Both boundary conditions are dynamic and
related variables vary with time and locations. Using the two dynamic and one static
boundary conditions, we run a full-year simulation for 2001 and then evaluate model
results by comparing observations obtained from two monitoring networks, the

Interagency Monitoring of Protected Visual Environments (IMPROVE) and Clean Air
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Status and Trends Network (CASTNet), which provide 24-hour average particulate
sulfate concentrations every three days and seven days, respectively.

5.2 Methodology

5.2.1 Model description

A global model and a region model, GEOS-CHEM and CMAQ), ran on a global
and hemispheric domain, respectively, were used to provide boundary conditions for the
nested continental U.S. CMAQ domain. GEOS-CHEM is a three-dimensional global
model with tropospheric chemistry driven by assimilated meteorology from the Goddard
Earth Observing System (GEOS) of the NASA Data Assimilation Office. Further details
of model application and evaluation of GEOS-CHEM can be found from the studies of
Jacob et al. (1999) and Bey et al. (2001). The model output applied in this study with
resolution 1° latitude x 1° longitude and 30 sigma levels in the vertical, varies from the
surface up to 10h pa.

The EPA Models-3/CMAQ modeling system version 4.4 was used in this study.
CMAQ is a 3-D regional chemical transport model (Byun and Ching, 1999) and is
configured in this study to cover a hemispheric domain so that long-range pollutant
transport from Asia to North America can be investigated. This effort was undertaken as
part of USEPA’s Intercontinental transport and Climatic effects of Air Pollutants (ICAP)
project and further details of model simulations, processing of meteorology and emission
inputs are given in the ICAP website (ICAP, 2005) and upcoming companion papers. The
CMAQ Northern hemispheric domain covers the Pacific basin across the Pacific Ocean,

including most of Asia and North America. The horizontal grid size is 108 km with 180
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and 74 grids in X and Y directions, respectively. There are 16 vertical layers used from
the surface to approximately 100 mb.

Nested Continental U.S. CMAQ modeling domain in this study covers the lower
48 states and extends from 126 degrees to 66 degrees west longitude and from 24 degrees
to 52 degrees north latitude based on the Lambert Conformal map projection. The
horizontal grid size is 36 km by 36 km. In addition, the modeling domain contains 14
vertical layers with the top of the modeling domain at about 16,200 meters, or 100 mb,
with denser layers in the lower atmosphere to better resolve the boundary layer. A
spatially interpolated particulate sulfate (SO4*) observations from IMPROVE sites in
July 2001 shown in Figure 1 reveals the model domain. The metrological inputs for
CMAQ are provided by the fifth Generation Pennsylvania State/National Center for
Atmospheric Research Mesoscale Meteorological Model System (MMS5) version 3.6.
(Grell et al., 1994); while the emission input is processed with the Sparse Matrix
Operator Kernel Emissions system (SMOKE) based on 1999 EPA National Emissions
Inventory (NEI99 version 1) (EPA report, 1999). Detailed information about preparation
of Emission and Metrological input can be found at EPA CAIR modeling document
(2005).
5.2.2 Observational databases and statistics for model evaluation

We assess the impacts of boundary conditions on aerosol sulfate by comparing
model simulations with measurements over the entire year of 2001. Weekly average
concentrations of sulfate obtained from CASTNet and biweekly average concentrations
of sulfate obtained from IMPROVE are employed for our model evaluation. To represent

a good coverage over the continental U.S., we selected six sites to represent geographical
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locations from each monitoring network. These sites were chosen based on locations in
the eastern U.S. (CA, AZ, and UT from CASTNet and IMPROVE) and western U.S. (PA,
VA, and GA from CASTNet and NJ, VA, and GA from IMPROVE). Hereafter the three
sets of boundary conditions will be referred as called GEOS (GEOS-CHEM), ICAP

(Hemispheric CMAQ), and STAT (Static), respectively.

A new suite of metrics proposed by Yu et al. (2005) are employed for normalized
mean bias factor (Byypr) and the normalized mean error factor (Enyzr) calculation. The
advantages of both metrics have been discussed by Yu et al. (2005) and the definition of

Bnysr and Eyygrare listed in Table 1.

5.3 Results and discussion

Figures 2 and 3 compare the simulated and observed particulate sulfate
concentrations (SO4> PM) from CASTNet and IMPROVE sites, respectively. Those two
figures show that the observed SO,> PM concentrations are much higher in the eastern
than the western areas, reflecting the anthropogenic emission pattern (EPA, 2000). All
three model simulations with different BCs predicted the magnitude of sulfate PM
concentrations remarkably well in the East throughout much of the year for both
IMPROVE and CASTNet networks, as shown in the three right frames in Fig. 2 and 3. In
addition, the temporal trends and variations were well captured. It appears that the
CMAQ at the grid resolution of 36 km was able to adequately simulate regional
formation and transport of sulfate PM, which also indicates that the meteorological and
emissions inputs prepared for the continental U.S. CMAQ simulation well replicate the
regional physical and chemical processes affecting sulfate formation and transport in the

East.
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However, the model performance was not as good in the West, as shown in the
three left frames in Fig. 2 and 3. It appears that the model simulations using the GEOS
and STAT BCs have significantly underestimated the SO~ PM compared with
observations. A plausible reason is that the intercontinental influx of aerosols, including
SO,> PM, into the western U.S. across the Pacific Ocean was not well simulated using
the GEOS and STAT BCs. The impact of trans-Pacific transport to the western U.S. vs.
the eastern U.S. will be discussed next. On the contrary, the model using the ICAP BCs
has much better performance for SO, PM throughout the year, especially in the spring
and winter compared to those using the other two BCs. All the three models under-
predicted SO4> PM in the summertime western U.S., but it appears that the I[CAP BCs
gave better model performance compared to observations than that of GOES and STAT
BCs. The implication is that the regional CMAQ model over hemispheric scale domain
provides more realistic simulations of intercontinental influxes of air pollutants across the

Pacific Ocean.

Tables 2 and 3 summarize the statistics of model performance versus CASTNet
and IMPROVE. Except Byysr at the site GA, both Byysr and Eyyer using the ICAP BCs
have the significantly lower bias and errors in Table 2, indicating a better model
performance using the ICAP BCs. The averaged Byyzr for all three western and the three
eastern sites using ICAP BCs is much lower than using the GEOS and STAT BCs. The
gross errors (Enyer) are 1.06 (STAT), 1.07 (GEOS) and 0.37 (ICAP), respectively, in the
western U.S. Examination of the scatter plot between observed SO4~ PM and model
simulated SO4> PM for western U.S. (Figures 4 and 5) reveals that the vast majority of

the ICAP simulations falls within a factor of two of the observations, while more than

151



half of STAT and GEOS simulation falls out of this range. These results indicate that
boundary conditions play an important role in the simulations of intercontinental and
hemispheric transport of air pollutants.

Liu et al. (2001) studied the influence of boundary conditions through theoretical
analysis of the governing equations used in air quality models. It was indicated that the
influence of boundary conditions depends on the lifetime of species and arrival time of
boundary conditions. The lower and mid troposhere of western U.S. is consistently under
the influence of westerly flow from the Pacific, so the western U.S. such as CA will be
more likely subject to the impacts of intercontinental influxes of pollutants (and thus
boundary conditions) than the eastern U.S. Moreover, as shown in Figure 2 and 3, the
SO,> PM is more abundant in the eastern U.S., and thus the relative impact of
intercontinental influxes is smaller than in the western U.S., which may explains the
negligible differences of the three model simulations using the three different BCs in the
eastern U.S. However, our preliminary result on the trans-Pacific transport of particulate
nitrate showed comparable impacts on the western U.S. and the eastern U.S. in the
wintertime and the mid-troposphere transport together with the abundance of NHj
emissions in the eastern U.S. are the plausible reasons for this phenomenon. This work

will be presented in an upcoming companion paper.

To further investigate the vertical distribution of SO, PM concentration resulting
from trans-Pacific pollutant transport, we calculate the monthly average concentration on
the west boundary (i.e., western BCs) provided by the GEOS-CHEM and CMAQ-ICAP
simulations. Figures 6 and 7 show the comparisons of simulated SO,> PM monthly

average along the west boundary at the first layer (about 20 m above the surface) and the
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10™ layer (about 1300 m above the surface), respectively. The SO, PM simulated by
CMAQ-ICAP is significantly higher than that by GEOS-CHEM for both layers 1 and 10
during the entire year 2001, especially in the spring and winter. It also should be noted
that a seasonal variability along the western boundary of U.S., for example, the monthly
maximum appears around April and May, which is consistent with previous studies that
the dominant westerly transport of Asian air across the North Pacific via the Warm
Conveyer Belt (WCB) is known to be the strongest in the spring (Jacob et al., 1999 and

references therein).

Our model comparisons in this study suggest that multiscale nested regional air
quality model can better simulate the intercontinental transport (and thus provide
acceptable boundary conditions) than the conventionally used static boundary conditions.
The global chemical transport models like GEOS-CHEM has been extensively evaluated
and used to study the hemispheric transport of ozone and its precursors (e.g., Bey et al.,
2001; Liu et al., 2002; Fiore et al., 2002; 2003) and recently an aerosol module has been
developed (Liao et al, 2004; Park et al., 2003, 2004). However, in this study, the
application of GEOS-CHEM coupled with aerosols seemed to indicate limited
intercontinental transport for aerosol species. Further comparisons and evaluations
between the global models and regional models will help better understand and quantify
the impacts of intercontinental transport of aerosols and their precursors, which will be a

key effort to pursue following this study.
5.4 Summary

By analyzing model simulation using different boundary conditions, we

demonstrated the impacts of boundary conditions on SO,> aerosol and the impacts of
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trans-Pacific pollutant transport on U.S. air quality. The impacts are more significant over
western U.S. than in the eastern U.S. Our study thus suggests that part of U.S. regional air
quality problems may be originated from long-range transport processes: additional
considerations of transboundary transport of pollutants like NOj;™ aerosol and Organic PM
(OC) should be considered in the future. Simulations using boundary obtained from
hemispheric-scale CMAQ seems to better prediction of observations, suggesting
regional-scale model can be a suitable tool to address long-range intercontinental

transport of air pollution, which usually was studied using global model previously.
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Table 5.1 Definition of the statistical measures.

Normalized mean bias factor (Byuysr)

Normalized mean error factor (Byuer)

N N
ZMi Z(Mz -0)
Bvsr = 17\} -1== N
2.0, 2.0,
i=1 N N i=1
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> M, M,
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Table 5.2 Evaluation statistics for SO42' calculation based on CASNET observation.

STAT GEOS ICAP

B(NMBF) E(NMEF) B(NMBF)  E(NMEF) B(NMBF)  E(NMEF)

CA -1.26E+00  1.40E+00  -1.42E+00 1.46E+00 -2.79E-01 5.18E-01

West UT -6.58E-01 7.06E-01 -6.60E-01 6.88E-01 -4.89E-02 2.40E-01
AZ -9.95E-01 1.07E+00  -1.02E+00 1.05E+00 -2.01E-01 3.56E-01
Average  -9.71E-01 1.06E+00  -1.03E+00 1.07E+00 -1.76E-01 3.71E-01

PA -7.05E-02 1.92E-01 -7.99E-02 1.89E-01 -6.63E-02 1.75E-01

East VA -4.25E-02 1.80E-01 -4.90E-02 1.71E-01 -3.39E-02 1.60E-01
GA 6.34E-02 2.34E-01 6.07E-02 2.31E-01 9.21E-02 2.26E-01
Average -1.65E-02 2.02E-01 -2.27E-02 1.97E-01 -2.70E-03 1.87E-01

Table 5.3 Evaluation statistics for SO42' calculation based on IMPROVE observation.

STAT GEOS ICAP

B(NMBF)  E(NMEF) B(NMBF)  E(NMEF) B(NMBF)  E(NMEF)

CA -1.85E+00  1.95E+00 -2.02E+00 2.08E+00  -6.09E-01 7.61E-01

West UT -3.94E-01 5.28E-01 -3.99E-01 4.90E-01 2.10E-01 3.37E-01
AZ -3.39E-01 4.70E-01 -3.54E-01 4.52E-01 2.11E-01 3.16E-01
Average -8.61E-01 9.83E-01 -9.24E-01 1.01E+00 -6.27E-02 4.71E-01

NJ 3.87E-02 2.86E-01 3.09E-02 2.99E-01 410E-02  2.93E-01

East VA 1.12E-01 2.59E-01 9.66E-02 2.51E-01 1.14E-01 2.54E-01
FL 9.39E-02 1.82E-01 8.83E-02 1.75E-01 1.41E-01 1.92E-01
Average  8.15E-02 2.42E-01 7.19E-02 2.42E-01 9.87E-02  2.46E-01
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Figure 5.2 Weekly average of SO,” concentration (ug/m’) obtained
from three model simulations and CASTNet observation in each month of 2001.
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Figure 5.3 Model simulations with IMPROVE comparison (Y-axis: SO4* concentration (ug/m3)).
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Figure 5.4 Scatter plot of SO4* between model simulation and CASTNet for
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Figure 5.5 Scatter plot of SO4* between model simulation and IMPROVE for
three western sites
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Figure 5.6 Monthly average of SO4> concentration at western boundary
layer 1.
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Figure 5.7 Monthly average of SO4> concentration at western boundary
layer 10.
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Summary, Implications and Future Research

A comprehensive modeling system analysis is conducted using 3-D regional air
quality model, the EPA Models-3 Community Multiscale Air Quality (CMAQ) system
coupled with the Atmospheric Research Mesoscale Meteorological Model (MMS5) to
estimate intercontinental pollution influences from Asian anthropogenic emission on
PM, s concentrations over the United States. In this work, we first conduct a base
simulation for the year 2001, and we also conducted sensitivity simulations where
anthropogenic emissions from Asian areas are shut off while leave other emission input
the same as the base simulation. We further conduct the sensitivity simulation for the
year of 2030, which include two cases (1) under the assumption of increasing emissions
(scenarios 2030 A1B); (2) a full-year simulation for 2030 under the assumption of
decreased emissions (scenario 2030B1). All simulations are conducted with same
metrological input processed by the NCAR/Penn State Mesoscale Model of the Fifth-

Generation (MMS5) Version 3.6.

We first examined PM; s distribution in the four typical months (January, April,
July and October) from the standard simulation of 2001. The comparisons with PM, s
surface concentration indicate that in Asia the highest value appears in January; while the
highest concentration appears in July over U.S. domain, which is consistent with
observations. Among all the four months, the highest PM; 5 concentrations are found over
Asian areas especially in eastern China and northern India. We then look at the vertical
profiles. Generally, PM,s concentrations decrease with increasing altitude, PM, s

concentrations over pacific regions is the highest in April than any other month,
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indicating stronger outflow from Asia during this period, since eastward transport is
predominant in this month. By comparing the base case and sensitivity test of 2001, we
find that the impact of Asian man-made emissions on North America appeared to be
persistent through the entire year other than episodic, although exhibiting seasonal
variations. The minimum impact appeared in summer (around August), while the
maximum impact appeared in spring (around April) with up to 1~1.2 pg/m’ (monthly
average) PM, s in the western U.S. and up to 0.8-1.0 ug/m® PM, s in the eastern U.S. due
to Asian anthropogenic emission. Maximum impact appearing in April should attribute to
the combination of uplifting and jet stream except the strength of pollutants over Asia
because model simulation reveals that maximum PM,s over Asia appears in January.
Sensitivity studies also reveal that the seasonal trend of impact between eastern area and
western area is similar, but the magnitude is not proportional each other. Western U.S.
get more impact than that of eastern U.S. at each month, and SO4* is the dominant
component for both areas at those months.

Cross section study along 140°E indicate although the concentration of PMys
species has maximum value below 1 km, while distribution of eastward fluxes of Asian
aerosol species shows the strongest flux at 2-4km. By integrating the flux at different
layers along ~140°E, it turns out that maximum flux of PM,s is at 35-45°N in the
boundary (between 1-12 layers) and at 20-35°N in the free troposphere (13-16 layers).
Further examination based on sensitivity analysis confirms the conclusion as we made
earlier: the boundary layer peak mostly reflects anthropogenic emissions; eastward flux
of PM, s from anthropogenic emissions is around 7-8 times of that from natural sources at

this height along 140°E. The maxima value in the free troposphere includes contributions
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from both anthropogenic and biomass burning (with other natural sources) emissions. We
also conducted the future case studies over different cases in 2030. The results of future
scenarios modeling indicated that sustainable development (IPCC Bl case) will have
significant improvement over the continued growth (IPCC A1B case) on the air quality

across the Pacific regions.

In the second part, we evaluate the base simulation of 2001 with the observed data.
There are two part of observed data are used based on the data available. One part is
surface data over U.S., obtained from two nationwide networks: Clean Air Status and
Trends Network (CASTNET) and of Interagency Monitoring of Protected Visual
Environments (IMPROVE) observations. Our study indicates that PM; s and most species
are over-estimated. Further analysis shows there are mainly two factors can account for
that: (1) emission input: e.g., SO, is over-estimated ~30% over U.S. domain (2)
metrological input: precipitation is under-estimated over 31%, 35% and 32% in the
spring, fall and winter, and as high as 46% in summer. We also evaluate the vertical
profile with data obtained during the NASA Transport and Chemical Evolution over the
Pacific (TRACE-P) aircraft mission. The major aerosol parameters are presented and
compared to the data in situ. Overall, the model reproduce well the coarse vertical
structure of each specie, revealing a strong decrease value with higher altitude below 6
km, and a slow decrease between height 6 and 12 km, including S04*, NO5,, NH," and
CO. Time series analysis indicates that model can place the plume in the right location,
but tends to under-estimate the plume intensity peak value. The model was able to

represent many of the important spatial features in the observed trace species
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distributions, including the horizontal and latitudinal variations. Most species showed an
increase in value with increase in latitude, reflecting the latitudinal distribution of
emissions in East Asia.

In the final part, we compare the model simulation results over a continental U.S.
domain using three different continental influxes; one provided by a set of static
boundary conditions typically prescribed for regional simulations and the other two
provided from dynamic boundary conditions generated by a global chemistry/transport
model, GEOS-CHEM, and a hemispheric-scale CMAQ simulation - the one processed
from our previous base modeling simulation output. The performance of continental U.S.
CMAQ simulations of fine particulate sulfate, with three different BCs was evaluated
using measurements from U.S. CASTNet and IMPROVE monitoring networks. The
results showed that the simulations of particulate sulfate over the Western U.S. can be
significantly impacted by different BCs, while the impacts were less significant over the
Eastern U.S.  The continental influxes provided by the BCs from the trans-Pacific
CMAQ modeling were able to give a better model performance in the western U.S. when
compared against observed data. While there were seasonal variations, the
intercontinental influxes of particulate sulfate into the Western U.S. via trans-Pacific
transport can be up to 1 pgm™ in the spring, as simulated using the BCs provided by the
trans-Pacific CMAQ modeling system, and the influxes were lower but persistent
throughout other seasons. The intercontinental influxes simulated by the model using the
other two BCs (static BC and provided by the global model) were much less significant
in magnitude. So our studies imply that simulations using boundary obtained from

hemispheric-scale CMAQ seems to better prediction of observations, suggesting
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regional-scale model can be a suitable tool to address long-range intercontinental
transport of air pollution, which usually was studied and seems under-estimated using

global model previously.
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