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ABSTRACT OF THE DISSERTATION

Factors Controlling Summertime Surface Ozone In The
Western U.S.

by

Mei Gao
Doctor of Philosophy in Atmospheric and Oceanic Science
University of California, Los Angeles, 2015
Professor Qinbin Li, Chair

In this dissertation we investigate different factors controlling summertime surface ozone (O3)
in the western U.S., including the impacts from increased wildfire emissions, the modulation
by North American summer monsoon as well as long-range transport of O3 and its precursors

from outside of North America.

We first analyze the surface ozone observations from the Clean Air Status and Trend
Network (CASTNet) using a global chemical transport model (GEOS-Chem) to investigate
the impact of biomass burning on surface O3 in the western U.S. (WUS) mountain ranges
during the June-October fire season of 2007, one of the stronger fire years in the WUS
in the past decade. GEOS-Chem O3 captures the observed seasonal, synoptic and daily
variations. Model daily afternoon average surface O3 concentrations at the CASTNet sites
are within 2 ppb of the observations, with correlation coefficients of 0.51-0.83 and Taylor
scores of 0.64-0.92. Observed maximum daily 8-hour (MAD8) surface O3 concentrations are
37-58 ppb at the sites, while the corresponding model results are higher by 6 ppb on average.
Model results show July-September maximum surface O3 enhancement of ~9 ppb on average
because of biomass burning. Peaks in fire-contributed surface O3 correspond broadly with
high levels of potassium (K), reaffirming a strong fire influence. We find a policy relevant

background (PRB) O3 of 45.6 ppb on average during July-September. Fire-contributed O3
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accounts for up to 30 % of the PRB Oz, highest in the intense fire region (Montana, Idaho,

and Wyoming) with maxima in August and September.

We also examine an unexpected summertime surface O3 minimum (~ 30-45 ppb) in July-
August observed throughout the Southwestern U.S. (SWUS) by interpreting observations of
O3 and rainfall from the Clean Air Status and Trends Network (CASTNet) for 2000-11 with
a global chemical transport model. The O3 minimum reflects competing chemical and dy-
namic factors as well as anthropogenic and natural influences. Its occurrence corresponds to
the interannual rainfall maximum in North American summer monsoon (NASM) -negative
surface O3 anomalies are accompanied by positive rainfall anomalies at the CASTNet sites
(r =-0.5t0-0.7, p <0.05). Relative to June 15-July 15, 2007 (prior to the monsoon onset in
the SWUS), increased cloudiness during the maximum rainfall in July 15-August 15 (after
the onset) weakens photochemistry, reduces Oz production from anthropogenic emissions,
thereby depresses O3 at the surface (-5 ppb at Chiricahua, AZ and -3 ppb on average across
the SWUS) and throughout the lower troposphere. Largest relative changes (AOj) are seen
at rainfall maxima, particularly in the core of the Great Plains low-level jet. The correspond-
ing enhancement in lightning (hence NOy emissions) augments Oz production in the middle
troposphere and subsequent downward mixing in convective downdrafts, thus increases sur-
face O3 non-negligibly (+2 ppb at Chiricahua and +1 ppb averaged over the SWUS) and
significantly throughout the tropospheric column. The resulting AQOj3 is largest (48 ppb) in
the anti-cyclonic circulation associated with the upper-level high. Weaker photochemistry
dominates the overall AO3 near the surface, while enhanced lightning dominates in much
of the free troposphere. Additionally, we find that transport leads to a net export of Oz
throughout the tropospheric column and the influence from stratospheric intrusion is van-
ishingly small. These competing effects suppress Og in the lower troposphere (AO3 up to -5
ppb) while enhance Oz at higher altitudes (AOj3 up to +7 ppb) across the SWUS during the

monsoon.

Lastly we use the GEOS-Chem 3-D global tropospheric chemical transport model and
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its adjoint to quantify the source contributions to Oz pollution observed at Mt. bachelor
Observatory (MBO) during the summer of 2008. The adjoint computes the sensitivity of
O3 concentration at the receptor site to O3 production rates at 2°x2.5° resolution over the
history of air parcels reaching the site. We found that MBO experienced distinct O3 pollution
episodes from Siberia wildfire emissions. During the O3 pollution episode from June 30th
to July 4th in year 2008, 7.5 ppb of MBO O3 is produced over Siberia, comparable to the
amount of Oz (8 ppb) produced over North America. A significant amount of Oz (18 ppb)
production took place over the North pacific, with maxima just off the west coast of the
U.S. where subsidence of air masses causes decomposition of PAN (peroxyacetylnitrate, a
thermo-unstable NOy reservoir species) and drives further ozone production. We also used
the adjoint of GEOS-Chem to show the model O3 at MBO is largely sensitive to NOy
emissions from biomass burning sources in Siberia and northern California, lightning sources
over southwestern U.S. and Mexico, and anthropogenic sources in western U.S. and eastern
Asia. For the CO emissions, the largest O3 sensitivity is to the biomass burning sources in
northern California and Siberia. The peak sensitivity to biomass burning CO emissions is

comparable to the peak Oz sensitivity to anthropogenic NO, emissions.
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CHAPTER 1

Overview

Ozone (O3) is produced in the troposphere by oxidation of hydrocarbons and CO catalyzed
by hydrogen oxide radicals (HOx = OH + H + peroxy radicals) and nitrogen oxide radicals
(NOy = NO+NO,). In populated regions with large emissions of NO, and hydrocarbons,
high surface concentrations of O3 are a major air pollution problem. Tropospheric Oj is
also of global interest as the primary source of OH, the main atmospheric oxidant, and as
an effective greenhouse gas (Changel 2007). A fraction of tropospheric O3 comes from the
stratosphere. The major Oz precursors, including NO,, CO and VOCs, come from both
anthropogenic sources, i.e. fuel combustion, and natural sources such as lightning, biomass

burning and the biosphere.

O3 itself is an air pollutant that is associated with a variety of adverse impacts on human
health, including a decrease in lung function and exacerbation of respiratory illness (Mickleyl,
2007)). Therefore, elevated concentrations of O3 can have negative impacts on human health.
Primary and secondary National Ambient Air Quality Standards (NAAQS) for O3 have been
established to protect public health and public welfare (McDonald-Buller et al.,2011). The
Environmental Protection Agency (EPA) established primary and secondary Oz in March
2008: annual 4th highest daily maximum 8-hour average (MDAS) concentration not to
exceed 75 ppb. There are currently 227 counties, home to 123 million people, classified as not
having attained the 75 ppb standard (www.epa.gov/airquality/greenbook/index.html).
In 2015, a new standard proposed by the EPA was issued, further lowering it from 75 to
70 ppb. As the O3 standard becomes increasingly stringent, to accurately determine the

background Oz levels becomes more imperative. Background Oz concentrations used to


www.epa.gov/airquality/greenbook/index.html

inform decisions about setting the NAAQS are referred to as Policy Relevant Background
(PRB) Os concentrations. The U.S. EPA defines PRB O3 concentrations as those that
would occur in the U.S. in the absence of anthropogenic emissions in continental North
America (EPA, [2006). The PRB O3 represents the O3 concentration that is not amenable
to reduction under current policy frameworks and provides a baseline for assessing risk from
exposure to Oz pollution. It is important for regulatory decisions as it sets the maximum
O3 reduction and relative health benefits that can be achieved through North American
emission controls. Processes that contribute to PRB Oj include photochemistry associated
with biogenic emissions, wildfires, lightning, the long-range transport of O3 and its precursors
from outside of North America, and stratospheric-tropospheric exchange (STE) (EPA, 2006)).
From both scientific and regulatory points of view, a lower O3 standard will motivate air
quality-control planners to see more accurate and precise attribution of the background O3
to determine how much domestic emissions must be reduced in order to attain that standard

(Cooper et al., 2014]).

While summertime surface Oz levels have been decreasing throughout the U.S., the west-
ern U.S. (WUS) has seen an upward trend in the past two decades (Cooper et al., 2014}
2012). The U.S. Environmental Protection Agency (EPA) reported a decrease of 15% in
emissions of NO, and 40% in emissions of non-methane hydrocarbons (NMHCs) in the U.S.
between 1983 and 2002 (EPA, 2003)). Changes in these factors strongly influence the O3 con-
centrations in the atmosphere. In most urban areas in the U.S., there have been reductions
in peak O3 concentrations, because of decreasing emissions of NOy and NMHCs (Lin et al.,
2001; |[EPAL 2003) 2004). However, non-urban surface Oz in the WUS has seen a significant
increase over the past two decades. Jaffe et al. (Jaffe and Rayl 2007)), for example, evaluated
surface O3 data for 1987-2004 from several sites in the WUS. They found that at seven out
of the nine sites examined, there is a statistically significant increase in Os, with a mean
trend of 0.26 ppb per year. This corresponds to an increase of approximately 5 ppb over

the 18 years of observations. Several hypotheses were put forward to explain this trend,



including changing global background Os concentrations, changing climate and increasing
emissions associated with fires (Jaffe and Ray, [2007; |Cooper et al.,; 2012). Our focus here is
the increasing trend in wild fire activities in the region. The hot, dry summer of the WUS
make the region susceptible to large forest fires. Wildfire emissions can become important
source of O3 precursors. Fires in the WUS have increased in both frequency and duration in
the WUS in recent decade (Westerling et all, 2006; |Spracklen et al., 2009, 2007} |Jaffe et al.l,
2008)) due to several factors related to climate change: increased spring and summer tem-
peratures, earlier spring snowmelt, and dryer conditions. The modeling study by (Spracklen
et al., 2009)) showed that the annual mean area burned in the WUS could increase by 54% by
the 2050s relative to the present under future warming. An analysis of more than 20 years
of fire and air quality data has shown clear positive correlations of O3 levels with total area
burned and biomass consumed by fires in the WUS (Jaffe et al., [2008])). It is conceivable that

fires will be an even larger contributor to surface O3z in the WUS for years to come.

In Chapter 2 we investigate the impact of biomass burning on the surface O3 in the WUS
and quantify its contribution to PRB O3. Our approach is to apply a global three-dimensional
(3-D) chemical transport model (CTM) GEOS-Chem to analyze surface O3 observations
over the WUS. We conduct model simulations for 2006 and 2007, two of the stronger fire
years during the past decade (Giglio et al., [2006). We calculated an average of ~9 ppb
in the maximum surface O3 enhancement that was attributed to biomass burning emissions
during July-September 2007; the corresponding value was ~4 ppb for 2006, reflecting the less
intense burning in that year. The enhancements varied considerably across individual Clean
Air Status and Trends Network (CASTNet) sites. The maximum surface O3 enhancements
were largest (~30 ppb) at Glacier, MT, in the middle of the intense fire region. Peaks in
fire-contributed surface O3 correlated strongly with high concentrations of potassium (K), a
tracer for biomass burning, at the CASTNet sites, supporting a strong fire influence at the
sites. The observed and model simulated maximum daily 8-hour (MADS) Oj in the remote

WUS are in the range of 37.4-58.2 and 42.0-66.2. Our results show that the model simulated



PRB Og is 45.6 ppb on average for July-September 2007. Fire-contributed Oz accounts for
up to 30% of the PRB O3, highest in Montana, Idaho and Wyoming during August and

September.

In the WUS, a region of particular interest is the southwestern U.S. (SWUS). Many
counties in the SWUS are often close to violating the national O air quality standards ( Wise
and Comriel, [2005; |[EPA| [2008). PRB Oj is especially high over the intermountain SWUS
regions due to the arid terrain, high elevations, and large-scale subsidence in the region
citepzhang201limproved. PRB Oj in the SWUS is impacted by many factors including
biomass burning (Jaffe et al., 2008; |Jaffe|, [2010)), lightning (Zhang et al., 2014) and trans-
Pacific transport of Asian pollution (Parrish et al., 2009;|Cooper et al.2010). Meteorological
conditions also have large impacts on the variations of surface O3 air quality in this region
[Wise and Comrie, 2005, and references therein]. Increasing baseline O3 from trans-Pacific
emissions, more frequent wildfire activities during summer fire season, and deep stratospheric
intrusions during spring are factors that may prevent the SWUS region from attaining the

new EPA O3 standard (Cooper et al., [2012; |Lin et al., 2015

A defining meteorological event in the SWUS is the recurring North American summer
monsoon (NASM). NASM brings 50% of the annual rainfall in New Mexico and Arizona,
two states in the SWUS where the monsoonal precipitation is most pronounced in the form
of thunderstorms during July-September (Carleton et all, 1990; |Sheppard et al., (1999 | Har-
rington Jr et al.,|1992)). Thunderstorms produced from the monsoon moisture often extend
into the Mojave Desert to the west and the lower Colorado River valley to the north (Adams
and Comrie), 1997). More broadly, the monsoon influence spans an expanded region from
the Sierra Nevada in the west to the Wyoming Rockies and Colorado in the east and reaches
as far north as Oregon, the Idaho-Utah border, and Wyoming (Tang and Reiter, 1984). The
influence of future climate change on both timing and strength of the NASM activities will
also conceivably lead to significant impacts on the seasonal and interannual variations of

background Os.



In Chapter 3 we seek to probe the impacts of the NASM on the surface and tropospheric
O3 in the SWUS mountain ranges. Previous studies have analyzed the influence of monsoon
on surface Os air quality and meteorological conditions at urban sites (Wise and Comriel,
2005; | Agel et al., 2011)) or in other regions (| Yang et al., 2014)). To our knowledge, no previous
studies have systematically examined such impacts. We focus here on regional to continental
scales. We examine an unexpected summertime surface O3 minimum (~30-45 ppb) in July-
August observed throughout the SWUS by interpreting observations of O3 and rainfall from
CASTNet for 2000-11 with GEOS-Chem. The O3 minimum reflects competing chemical and
dynamic factors as well as anthropogenic and natural influences associated with the NASM.
We also investigated the O3 change during NASM associated with each of these factors both

at surface and across the troposphere.

Long-range transport of air pollution is becoming another major issue as counties at
northern mid-latitude strive to meet increasingly stringent air quality standards. Elevated
air pollutants levels have been observed in the U.S due to long range transport of Canadian
forest fire emission (Wotawa and Trainer, 2000), Siberian biomass burning emission (Jaffe
et all 2004; |Oltmans et all 2010) and Asian emission (Zhang et al., 2009). A number of
studies have investigated the impact of transpacific pollution on surface O3 in the WUS.
O3 has a lifetime of days in the boundary layer but weeks in the free troposphere (Wang
et al., [1998)), enabling transport on the intercontinental scale. Eurasian pollution is typically
exported to the Pacific by front lifting in warm conveyor belts (WCBs), convection, and
orographic lifting (Liu et al., 2003; |Brock et al., | 2004; |Liang et all [2004; |Dickerson et al.l,
2007)). The transport is most rapid and frequent in spring due to active cyclonic activity and
strong westerly winds (Forster et al., 2004; |Liang et al. [2004). | Jaffe et al|(2004) found that
the fires in Siberia, 2003 resulted in enhancements in summer background O3 of 5-9 ppbv at
sites in Alaska, Canada and the Pacific Northwest. Zhang et al., 2008 used an ensemble of
aircraft, satellite, sonde, and surface observations during the INTEX-B campaign (April-May

2006) to quantify the transpacific transport of Asian pollution. They concluded that Asian



anthropogenic emission increased surface O3 concentrations by 5-7 ppb in WUS during the

INTEX-B period.

Most of the previous studies on the influence of long range transport on surface O3 have
run sensitivity simulations with perturbed emissions using a chemical transport model (Jacob
let all, [1999; [Yienger et all, 2000; [Wild and Akimotol, [2001; [Derwent et all, 2008} [Duncan

let all, 2008; |Fiore et al) [2009). This source-oriented method is computationally limited

in the spatial resolution of the source region that they can achieve. The adjoint method
is a much more computationally efficient approach for the receptor-oriented problem, for
example, to calculate the source attribution of O3 concentration at a given site. A single run
of the adjoint model can compute the sensitivity of ozone concentrations at a given location

and time (or an average over a spatial domain and time interval) to the global distribution

of sources over the spatial and temporal resolution of the model (Zhang et all 2009)). The

adjoint method has been applied in previous studies to investigate long range transport of

aerosol to the U.S. (Henze et al.,2009), pollutant transport to Hawaii island (Vukicevi¢ and

\Hess|, [2000; |Hess and Vukicevic, 2003) as well as regional sensitivity analyses for O3 pollution

episodes (Elbern and Schmidt, 2001, |Hakami et al. 2006; Nester and Panitz, |2006).

In Chapter 4, we used the adjoint model of GEOS-Chem to quantify the impacts of the
long-range transport of the Siberian wildfire emissions during the summer of 2008 on sur-
face O3 on the U.S. west coast. We interpreted model results with the observation at site
MBO (Mt. Bachelor Observatory, Oregon). It’s a standard reference site for background air
entering the United States (Goldstein et all, 2004; |Jaffe et al. 2005; |Oltmans et al., [2008).

It’s particularly sensitive to long range influences due to its exposure to the free troposphere

(Jaffe et all 2005 |Weiss-Penzias et all, 2006; Wolfe et al) 2007). We have shown that

an adjoint model analysis can provide detailed geographical and temporal information on
intercontinental pollution influences at specific receptor sites. Such information can be used
to better determine the sources of this intercontinental pollution, down to the scale of in-

dividual source countries and urban areas. We also used the GEOS-Chem adjoint model



to calculate the sensitivity of O3 concentration at a receptor site to emission estimates of
O3 precursors (NOy, CO) from different sources (anthropogenic, biomass burning, lightning,
soil, aircraft). For policy purposes it will be important to attribute the long range transport
of O3 pollution to the actual emissions of O3 precursors, taking advantage of the fine reso-
lution enabled by the adjoint model. This requires us to resolve the non-linearity of the Oj
production in the chemical mechanism in the model, and hence a more elaborate calculation

than was presented in this study.



CHAPTER 2

The impact of biomass burning on the surface ozone in

the Western U.S. mountain ranges

Abstract

We analyze the surface ozone observations from the Clean Air Status and Trend Network
(CASTNet) using a global chemical transport model (GEOS-Chem) to investigate the impact
of biomass burning on surface O3 in the western U.S. (WUS) mountain ranges during the
June-October fire season of 2007, one of the stronger fire years in the WUS in the past
decade. GEOS-Chem Oj captures the observed seasonal, synoptic and daily variations.
Model daily afternoon average surface O3 concentrations at the CASTNet sites are within 2
ppb of the observations, with correlation coefficients of 0.51-0.83 and Taylor scores of 0.64-
0.92. Observed maximum daily 8-hour (MADS) surface O3 concentrations are 37-58 ppb at
the sites, while the corresponding model results are higher by 6 ppb on average. Model results
show July-September maximum surface O3 enhancement of ~9 ppb on average because of
biomass burning. Peaks in fire-contributed surface O3 correspond broadly with high levels
of potassium (K), reaffirming a strong fire influence. We find a policy relevant background
(PRB) O3 of 45.6 ppb on average during July-September. Fire-contributed O3 accounts for
up to 30% of the PRB O3, highest in the intense fire region (Montana, Idaho, and Wyoming)

with maxima in August and September.



2.1 introduction

Ozone (O3) is produced in the troposphere by oxidation of hydrocarbons and CO catalyzed
by hydrogen oxide radicals (HO, = OH + H + peroxy radicals) and nitrogen oxide radicals
(NOx = NO+NO,). In populated regions with large emissions of NO, and hydrocarbons,
high surface concentrations of O3 are a major air pollution problem. Tropospheric Oj is
also of global interest as the primary source of OH, the main atmospheric oxidant, and as
an effective greenhouse gas (Changel 2007). A fraction of tropospheric Oz comes from the
stratosphere. The major O3z precursors, including NO,, CO and VOCs, come from both
anthropogenic sources, i.e. fuel combustion, and natural sources such as lightning, biomass

burning and the biosphere.

O3 itself is an air pollutant that is associated with a variety of adverse impacts on human
health, including a decrease in lung function and exacerbation of respiratory illness (Mickleyl,
2007). Primary and secondary National Ambient Air Quality Standards (NAAQS) for O3
have been established to protect public health and public welfare (McDonald-Buller et al.,
2011). In March 2008, the Environmental Protection Agency (EPA) established primary and
secondary NAAQS of 75 ppb for ground-level O3: annual 4th highest daily maximum 8-hour
average (MADS8) concentration not to exceed 75 ppb. In 2010, EPA proposed to change
the standard to a value in the range of 60-70 ppb (Zhang et all 2011). As the standard
becomes more stringent, the accurate determination of background Oj levels above which
risks to human health can be assessed has become increasingly imperative. Background O3
concentrations used to inform decisions about setting the NAAQS are referred to as Policy
Relevant Background (PRB) O3 concentrations. The U.S. EPA defines PRB O3 concentra-
tions as those that would occur in the U.S. in the absence of anthropogenic emissions in
continental North America (FPA, 2006). The PRB O3 represents the O3 concentration that
is not amenable to reduction under current policy frameworks and provides a baseline for
assessing risk from exposure to O3z pollution. It is important for regulatory decisions as it

sets the maximum Ojz reduction and relative health benefits that can be achieved through



North American emission controls. Processes that contribute to PRB O3 include photochem-
istry associated with biogenic emissions, wildfires, lightning, the long-range transport of O3

and its precursors from outside of North America, and stratospheric-tropospheric exchange

(STE) (EPA, 2006).

While summertime surface O3 levels have been decreasing throughout the U.S., the west-
ern U.S. (WUS) has seen an upward trend in the past two decades (Cooper et al., 2014,
2012). The U.S. Environmental Protection Agency (EPA) reported a decrease of 15% in
emissions of NO, and 40% in emissions of non-methane hydrocarbons (NMHCs) in the U.S.
between 1983 and 2002 (EPA| 2003)). Changes in these factors strongly influence the O3 con-
centrations in the atmosphere. In most urban areas in the U.S., there have been reductions
in peak Oz concentrations, because of decreasing emissions of NO, and NMHCs (Lin et al.,
2001; |[EPA| 2003, 2004). However, non-urban surface O3 in the WUS has seen a significant
increase over the past two decades. |Jaffe and Ray| (2007)), for example, evaluated surface O3
data for 1987-2004 from several sites in the WUS. They found that at seven out of the nine
sites examined, there is a statistically significant increase in O3, with a mean trend of 0.26
ppb per year. This corresponds to an increase of approximately 5 ppb over the 18 years of
observations. Several hypotheses were put forward to explain this trend, including changing
global background O3 concentrations, changing climate and increasing emissions associated
with fires (Jaffe and Rayl 2007; |Cooper et al., 2012). Our focus here is the increasing trend
in wild fire activities in the region. The hot, dry summer of the WUS make the region
susceptible to large forest fires. Wildfire emissions can become important source of O3 pre-
cursors. Fires in the WUS have increased in both frequency and duration in the WUS in
recent decade (Westerling et al., [2006; Spracklen et al. 2009, 2007; |Jaffe et al., 2008)) due to
several factors related to climate change: increased spring and summer temperatures, ear-
lier spring snowmelt, and dryer conditions. The modeling study by (Spracklen et al., 2009)
showed that the annual mean area burned in the WUS could increase by 54% by the 2050s

relative to the present under future warming. An analysis of more than 20 years of fire and
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air quality data has shown clear positive correlations of Oz levels with total area burned and
biomass consumed by fires in the WUS (Jaffe et al., 2008). It is conceivable that fires will

be an even larger contributor to surface O3 in the WUS for years to come.

We intend to investigate the impact of biomass burning on the surface O3 in the WUS
and to quantify its contribution to PRB O3. Our approach is to apply a global three-
dimensional (3-D) chemical transport model (CTM) to analyze surface O3 observations over
the WUS. We conduct model simulations for 2006 and 2007, two of the stronger fire years
during the past decade (Giglio et all, 2006). We give a brief description of the observations
in Sect.2. Sect. 3 describes the GEOS-Chem model and simulations. Model evaluation is
shown in Sect. 4. We present our simulation results and related discussions in Sect. 5 and

6. Conclusions are given in Sect. 7.

2.2 CASTNet surface O3

Surface O3 observations for our analysis come from the Clean Air Status and Trends Net-
work (CASTNet: http://www.epa.gov/castnet; |Clarke et al.|(1997)). The CASTNet was
developed by the U.S. Environmental Protection Agency (EPA) in order to establish an ef-
fective, rural monitoring and assessment network at locations away from pollutant emission
sources and heavily populated areas (EPA, 2008; |Baumgardner| 1998)). Monitoring locations
were selected according to strict siting criteria designed to avoid undue influence from point
sources, area sources and local activities. As a result, most CASTNET sites are located
in rural or remote locations away from pollutant emission sources and heavily populated
areas. The CASTNet is spatially designed to be regionally representative of rural conditions
(EPAL [2008) and therefore more suitable to compare with coarse horizontal resolution (in
this case, roughly 200x250 km?). The CASTNet measures O3 and other pollutants. We
use hourly surface O3 measured with ultra-violet absorbance (accuracy and precision, 10%)

(EPA| 2010)). The hourly values are more relevant to evaluating model O3 responses to syn-
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optic and diurnal variability. Also used here is maximum daily 8-hour average (MADS8) O3
calculated from hourly observations. CASTNet O3 data has been widely used in previous
studies, for instance, the investigation of subgrid segregation on Os production efficiency
in a chemical model (Liang and Jacobson) 2000)), the variability in surface background O3
throughout the U.S. (Lefohn et al. |2001; Fiore et al., 2003)), and the positive trend in Oj in
the WUS (Jaffe and Rayl, 2007)).

In polluted regions, anthropogenic emissions of NO,, VOC and CO would lead to high O3
concentrations. While in remote troposphere, O3 is generally thought to be in a steady state
between chemical sources and sinks (Ramaswamy et al. |2001). At each CASTNet site, there
is a continuous O3 analyzer, which measures hourly average concentrations using Ultraviolet
(UV) absorption and follows consistent calibration procedures using National Institute of
Standards and Technology (NIST) traceable standard photometers. The data records were
screened to ensure that only reasonable values were included in the analysis. Unrealistic
O3 values in CASTNet data are removed prior to model evaluation. These were identified
by extended periods (>6h) when O3 mixing ratios remained unchanged to three significant
figures at either very high or very low values (<10 ppb or >100 ppb). We choose sites with
missing data less than 15 days per year and exclude the coastal sites, yielding 12 sites in the
WUS for year 2007 and 10 sites for 2006. Fig. shows the locations of the sites. Table
lists the geographic information (latitude, longitude and elevation) for each site. Most
of the sites are elevated mountainous sites, scattered across the Sierra Nevada/Cascades
Mountains and the Rocky Mountains. Surface elevation typically is in excess of 1.5 km in
the region. As a result, background Oj there is higher than in the eastern U.S. (Lefohn et al.,
2001; Frore et all 2002 |Jaffel 2010]). Positive correlations have been observed between O3
and regional fires (Jaffe et al.l 2008; | Jaffe, 2010). Also shown in Fig. is Terra and
Aqua Moderate Resolution Imaging Spectrometer (MODIS) active fire counts in the WUS
summed over the summer (July, August and September) fire season of 2007. Several of the

sites are adjacent to regions with high frequencies of fire activities -it is thus conceivable that
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the surface O3 concentrations at the sites would be influenced by biomass burning emissions

in the surrounding regions.

2.3 Model description and simulations

We use the GEOS-Chem global 3-D model (v8-02-03; http://acmg.seas.harvard.edu/
geos/)) in simulation of tropospheric Oz. Meteorological input is from NASA Goddard
Earth Observing System (GEOS-5) assimilated observation data with a temporal resolution
of 6 hours (3 hours for surface variables and mixing depths), a horizontal resolution of
0.5° latitude by 0.667° longitude and 47 vertical levels between the surface and 0.01 hpa.
The lowest model levels are centered at approximately 60, 200, 200, 300, 450, 600, 700,
850, 1000, 1150, 1300, 1450, 1600, 1800 m in GEOS-5. GEOS-Chem includes a detailed
simulation of O3-NOy-hydrocarbon-aerosol chemistry with 120 species simulated explicitly.
A general description of the model is first given by (Bey et al., 2001) with many updates
(Zhang et al., [2011)). Evaluations of the model simulations for O3 and related species over
the U.S. with measurements are presented by (Wang et al., 2009; |Zhang et al., [2010; | Walker
et al., 2010; |Parrington et all 2008).

We use both a global horizontal resolution of 2°x2.5° and a 0.5°x0.667° nested domain
over North America and the adjacent oceans (140°-40°W, 10°-70°N). We first conduct the
global GEOS-Chem simulation at 2°x2.5° resolution, and then use the output archived
at 3-hour temporal resolution as dynamic boundary conditions for the nested simulation.
The one-way nesting capability in GEOS-Chem is described by (Wang et all 2004), and
application of the nested model to O3 simulations over China has been presented by (Wang

et al. 2011)).

Tracer advection is computed every 15 minutes with a flux-form semi-Lagrangian method
(Lin and Rood) 1996). Tracer moist convection is computed using the GEOS convective,

entrainment, and detrainment mass fluxes as described by (Allen et al. |[1996a,b). The deep
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convection scheme of GEOS-4 is based on (Zhang and McFarlane), |1995)), and the shallow
convection treatment follows (Hack et all|1994). GEOS-5 convection is parameterized using

the relaxed Arakawa-Schubert scheme (Moorthi and Suarezl 1992).

Biomass burning emissions are from Global Fire Emission Database version 2 (GFEDv2)
(van der Werf et al., 2006; |Randerson et al) 2006). GFEDv2 is derived using satellite
observations including active fire counts and burned areas in conjunction with the Carnegie-
Ames-Stanford-Approach (CASA) biogeochemical model. Carbon emissions are calculated
as the product of burned area, fuel loading and combustion completeness. Burned area is
derived using the active fire and 500-meter burned area datasets from MODIS as described
by (Giglio et al.,2006). Fig. shows the monthly mean total carbon emissions in the WUS
(100°-125°W, 30°-50°N) for 2006 and for 2007. The fire season started in April, peaked in
July-September, and lasted through November in both years. The emissions are larger in
2007 than those in 2006 for much the year, especially during summer months. The overall
larger emissions in 2007 than in 2006 are consistent with the higher active fire count num-
bers in 2007 than in 2006, based on the MODIS fire products. The GFEDv2 inventory has
a multitude of temporal resolutions from monthly, 8-day, to 3-hourly with diurnal cycles, as
reported previously by (Chen et al.,2009). The original GFED v2 inventory has a spatial res-
olution of 1°(latitude) x 1°(longitude) and a monthly temporal resolution. The emissions are
re-sampled to 2°(latitude) x2.5°(longitude) grids and 0.5°(latitude)x0.667°(longitude) grids
nested over North America for use in our GEOS-Chem simulations. Forest fires typically
last from several days to weeks as seen in MODIS active fires |Giglio et al.| (2006). Therefore,
the GFEDvV2 monthly emissions were resampled to an 8-day time step according to MODIS
8-day active fire counts (Chen et al) [2009). In our model simulations, the GFEDv2 8-day

emissions are used.

Lightning NO, emissions in the model are computed locally in deep convection events
following the scheme of (Price and Rind,|1992)) that relates flash rates to convective cloud top

heights. The NO, emissions are vertically distributed following the profile from (Pickering

14



et al., 1998) where 55-75% of the emissions are above 8 km. Implementation of the lightning
source in GEOS-Chem is as described by (Wang et al., [1998) with some recent updates
(Hudman et all 2007; |Sauvage et al., 2007a; Nassar et all [2009; |Jourdain et al., [2010;
Murray et al., 2012). To improve the spatial distribution of lightning in the model, the
spatial distribution of lightning is scaled to reproduce seasonal mean lightning flash rates to
match the climatological satellite observations of lightning flashes from the Optical Transient
Detector and Lightning Imaging Sensor (OTD/LIS) High Resolution Monthly Climatology
(HRMC) v2.2 product (Christian et al) 2003). Globally the lightning NOy source is scaled to
6 Tg N/yr (Martin et all [2007; |Hudman et all [2007; |Sauvage et all [2007b)). In this work, we
use the higher density National Lightning Detection Network data (Christian et al. 2003]) for
the continental U.S. to constrain lightning flash rates, following (Zhang et al., [2014). NLDN
observes cloud-to-ground lightning flashes only, and intra-cloud flashes are estimated to be
three times that amount (Boccippio et all [2001). The constraint largely corrects excessive
lightning flash rates and consequently high bias of surface O3z in the SWUS in previous
GEOS-Chem simulations (Zhang et al., 2011} |2014)).

Anthropogenic emissions used here are as described by (Zhang et al., 2011]) unless stated
otherwise. Global anthropogenic emissions are from the Emission Database for Global Atmo-
spheric Research (EDGAR) inventory for 2000, superseded by regional emission inventories
from the U.S. EPA 2005 National Emission inventory (NEI-05) for the U.S., the European
Monitoring and Evaluation Program (EMEP) for Europe, the Canada Criteria Air Con-
taminates (CAC) emission inventory for Canada, and the Big Ben Regional Aerosol and
Visibility Observational (BRAVO) emission inventory for Mexico. Biogenic emissions are
based on the Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory
(Guenther et al., 2006).

We conducted GEOS-Chem simulations for 2006 and 2007, driven by GEOS-5 mete-
orological data. All simulations presented here were conducted for 12 months (January-

December) using standard GEOS-Chem model output as initial conditions. The first three
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months were used for initialization, and we focus our attention on results for April - Decem-
ber. We also conducted model simulations with: (1) zero biomass burning emissions, (2)
zero lightning NOy emissions and (3) zero North American anthropogenic emissions (North
American background or PRB). Detailed discussions and justifications for these model simu-
lations are provided in the following sections where appropriate. The difference between the
standard simulation and (1) represents the contribution to surface O3 from biomass burning
emissions. The difference between the standard simulation and (2) represents O3 enhance-
ment from lightning NO, emissions. Sensitivity simulation (3) would provide us with am
estimation of the PRB O3 concentrations. As pointed out by (Fiore et al., 2002)), compar-
ison of model results with surface observations is most appropriate in the afternoon when
the observations are representative of a relatively deep mixed layer. Therefore all surface
O3 concentrations presented here are afternoon mean values (13:00-17:00 local time) unless
stated elsewhere. For comparison with CASTNet observations, we extracted model results
at the time and location of the observations and applied the same temporal averaging as we

did for the observations.

2.4 Surface O3 in the western U.S.

2.4.1 Statistic evaluation of model performance

We compare our model results with the observed surface O3 concentrations from the CAST-
Net. Fig. 3 shows the observed versus simulated daily afternoon mean O3 concentrations
from April-December of 2007 (Fig. and of 2006 (Fig. at four selected sites. We
excluded the first three months of the year from our analysis because it is typically not a
period of strong biomass burning impact, surface O3 is at its annual minimum in almost
each site and the exceedances of the national O3 standard are rare. Mean values, correlation
coefficients and root mean square (RMS) differences for simulated vs. observed Oj time

series at all sites for both year 2006 and 2007 are summarized in Table 2.2]

16



We found that the average afternoon mean O3 concentrations in the model are generally
within 5 ppb of the CASTNet observations for global simulation, and within 2 ppb for nested
grid simulation. The Pearson correlation coefficients between model simulations and obser-
vations are generally in the range of 0.5-0.8 for both global and NA nested grid resolution.
At most sites, correlation coefficient is larger for nested grid simulation, with an average of
0.67 for 12 sites in 2007 and 0.62 for 10 sites in 2006, compared to an average of 0.63 in 2007
and 0.58 in 2006 for global simulation. For only a few sites, the correlation coefficients are
only around 0.3, this may reflect the small dynamic range of variability in the observations.
We also compared the RMS difference in both global and nested model simulation. As shown
in the table, the RMS difference is smaller for nested simulation at most sites than that for
global simulation. The correlation coefficient and the RMS difference provide complemen-
tary statistical information quantifying the correspondence between two patterns. We use
Taylor’s diagram (Fig. to summarize statistically how well each simulation compares
with the observation at different CASTNet sites. On the diagram the correlation coeffi-
cient and the RMS difference between simulation and observation, along with the ratio of
the standard deviation of the two patterns, are all indicated by a single point on the two-
dimensional (2-D) plot (Zaylor, 2000). Different color in Fig. denotes simulations at
different CASTNet sites. Solid and hollow circles represent results of the global and nested
simulation, respectively. The red asterisk is the reference field, representing the observed
O3 concentration. As shown in Fig. at most of the sites, nested simulation perform
relatively better than global simulation as they lie relatively closer to the reference point.

We also evaluate model skill by calculating Taylor’s score derived from the equation:

Where and are the standard deviations of simulation and observation, and R is the
correlation coefficient between them. is the maximum correlation attainable (here we use =
1). As the model variance approaches the observed variance (i.e., as 1) and as the Taylor’s
score approaches unity. Nested simulation has a higher Taylor’s score at eight out of the

twelve sites analyzed in this study. At one site, both nested and global simulation have the
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same Taylor’s score. Only three sites have a higher Taylor’s score for the global simulation
than that for the nested simulation. The comparison results indicate that the nested model
generally performs better than the global model in capturing daily variation of surface O3

concentrations.

2.4.2 Seasonal variation of surface O3

Fig. 3 also indicates very significant seasonal variation of surface O3. Oz concentration
is the highest during spring-summer. In spring, a longer Oj lifetime and more efficient
ventilation of pollution from the Asian continent result in a peak in global background Os.
In summer, high temperatures accelerate the photochemical O3 production from regional
NO, emissions, especially for those sites that are adjacent to metropolitan regions. Surface
O3 concentration is the lowest during winter due to the lower temperature and less efficient
trans-pacific transportation of air pollution. The afternoon mean (13:00-17:00 LT) surface O3
concentration among all the 12 CASTNet sites in the WUS averages 42-59 ppb during spring,
43-58 ppb during summer, and 29-46 ppb during winter, respectively. Comparison results are
generally consistent with the previous GEOS-Chem simulations presented by (Zhang et al.,
2011). Meanwhile, much of the variability in observation is on a daily basis. The model
simulations (especially the nested model) generally well reproduce this variability. However,
the 6-h temporal resolution of the GEOS-5 meteorological data may limit the ability of the

model to reproduce this variability.

2.5 Impacts of biomass burning on surface Oj

2.5.1 Fire-contributed O3 in the WUS

To quantify the influence of biomass burning emission on surface O3 in the WUS, we con-
ducted GEOS-Chem sensitivity simulations where biomass burning emissions were shut off

for both the global (2°x2.5°) and NA nested grid (0.5°x0.667°) resolution. The difference
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between sensitivity and standard simulation thus represents the impact of biomass burning
emissions on surface Oz, which we define as fire-contributed O3 concentration. Fig. [2.5]shows
the time series of the fire-contributed Oz at four selected sites in the WUS for both global
and NA nested simulation for year 2006 and 2007. Fire contribution to surface O3 mainly
occurs during July to September, which is the main fire season in WUS. O3 enhancement
could reach to a maximum of more than 30 ppb. Fig. and Table summarize the
mean, median, maximum and minimum fire contribution to surface O3 at each CASTNet
site during July to September in 2007 and 2006. The average increase in O3 concentration
due to biomass burning emissions ranges from 0.5 to only a few ppb during summer. How-
ever, since fire activities usually last for just a few days, we would like to investigate the
maximum fire contribution to surface O3, which is a better indicator of how the emission of
an individual fire activity may influence O3 concentration. Averaging among all the CAST-
Net sites used in our study, the maximum increase in surface Oz is about 9 ppb in 2007
and 4 ppb in 2006. Based on MODIS active fire product (ftp://fuoco.geog.umd.edu), fire
activity in 2007 is very intensive while that in 2006 is about 20% weaker. This is consistent
with our simulation results of fire contribution to surface Os, which show a much larger
increase in O3 concentration due to biomass burning emissions in 2007 than that in 2006.
The negative values of minimum fire-contributed O3 at a few sites indicate the non-linearity

of O3-NOy-hydrocarbon-aerosol chemistry.

2.5.2 Correlation with Potassium

Surface concentrations of potassium (K) are shown to increase significantly during wildfire
episodes (Tanner et al., 2001)and therefore are a good tracer of biomass burning. CASTNet
observations of weekly average K are used in this paper to identify fire influence. In this
section we examined the correlations between fire-contributed O3 and surface K to further
verify the large influence of biomass burning on surface O3z concentrations in the WUS during

the fire season. Fig. shows the time series of observed surface concentrations of K and
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fire-contributed O3 at four selected CASTNet sites. The peak in K concentrations during
July to September also corresponds to the high concentrations of fire-contributed surface
O3 during the same period, which is the fire season at most of the mountainous CASTNet
sites. However the peaks are not perfectly correlated with each other, and a time lag about
half a month exits between the two peaks. This is very likely due to the fact that as a fire
tracer, potassium is directly emitted and the maximum impacts occur right over the source
region. Ogs, however, is chemically produced from the fire-emitted precursors. The time
needed for this O3z production may result in the difference in the occurrence of maximum
value for K concentration and fire-contributed O3 concentration. We found similar patterns
during the fire season at most of the CASTNet sites in WUS. These correlations suggest
that biomass burning emissions to a great extent contribute to the enhancement in surface
O3 concentrations at sites in the WUS, and the time lag between the peaks in K and fire-

contributed O3 suggested the time needed for O3 production from fire emissions.

2.5.3 Seasonal variation of fire-contributed O3

Fig. shows the spatial distribution of monthly averaged fire-contributed surface O3 con-
centration for July-October 2007, as a result from NA nested grid (0.5°x0.667°) simulations.
It indicates strong geographic and temporal variations of the fire-contributed O3 across the
WUS. Red regions indicate areas where the fire contribution to surface O3 could reach up
more than 20 ppb. The largest enhancement occurs in the Pacific Northwest, where most
wildfires in the lower 48 states took place. The maximum increase could reach to more than
40 ppb. We can also observe a relatively large enhancement in O3 concentration due to
biomass burning in Southern California. Wildfires periodically burn large areas of chaparral
and woodlands in summer and autumn in Southern California. These fires often occur in
conjunction with Santa Ana weather events. Dry Santa Ana winds promote the ignition and
rapid spread of wildfires by drying fuels and fanning the flames of fires once they are started

(Westerling et all 2004). Enhancement in surface O3 due to wildfire emission in South-
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ern California could also be as much 20 ppb during August. Across the WUS, the largest
fire contributions to surface O3 occur in August, and then the enhancements decrease in

September and October as wildfires abate.

2.6 Implications for PRB Og3

2.6.1 The PRB O3 in the WUS

We also estimated the PRB (North American background) Os in 2007 using GEOS-Chem
model to determine the relative fraction of background Oj3 that is contributed by biomass
burning emissions. We conducted sensitivity simulations where the North American anthro-
pogenic emissions are turned off in the model. Fig. shows the simulated PRB O3 from
the nested model at four selected sites during summer fire season, from July to September
2007. Also shown are model simulated surface O3 and fire-contributed O3 concentrations.
Values here are maximum daily 8-hour averaged (MAD8) O3. We switched from afternoon
mean Oj (13:00-17:00 local time) to MADS8 O3 because the U.S. NAAQS is defined with
MADS O3. Mean values of model simulated MADS8 surface and PRB O3 during summer fire
season, as well as observed surface MAD8 O3 at CASTNet sites in the WUS are summarized
in Table 2.4

The PRB (North American background) O3 averages between 33 to 52 ppb during sum-
mer fire season in 2007 for the ensemble of CASTNet sites in the intermountain West and
drives a large part of the day-to-day variability in the model. This relatively high PRB Oj
in the mountain ranges in the WUS is due to high elevations, arid terrain, and large-scale
subsidence. There is also evidence showing that O3 inflow from the Pacific to the WUS has
been increasing over the past decades (Cynthia Lin et all, [2000; Jaffe and Ray, 2007; |Par-
rish et al., 2009; |Cooper et al.; 2010). The difference between standard and PRB simulations
averages between 9 to 20 ppb among these sites. This indicates the impact on surface Oj

from North American anthropogenic emissions. In the estimation from (Zhang et al., 2011]),
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the 2006 PRB averages 35-45 ppb during summer for sites in the intermountain West. Our
simulation results in 2007 are comparatively higher, due to the fact that the year 2007 has
experienced stronger wild fire activities. Stronger fire emissions would then lead to an in-
crease in background Oj levels. Fire contribution to surface Oz also strongly correlates with
PRB O3 during summer, while most wildfire activities are taking place. At site Glacier, the

peak in fire-contributed O3 drives the peaks in both PRB and surface O3z during the mid of

August (Fig. [2.9).

2.6.2 Contribution of biomass burning emission to the PRB O3

Fig. indicates the largest enhancement in Oz concentration caused by fire emission
occurs in the Pacific Northwest. We selected three sites located within this region: Glacier,
MT (49°N, 114°W, 1.0 km), Pinedale, WY (43°N, 110°W, 2.4 km) and Yellowstone, WY
(45°N, 110°W, 2.4 km). Among all the CASTNet sites analyzed in this study, these three
sites are the most adjacent to wildfire activities in Pacific Northwest regions and therefore
should have the most significant influence from fire emissions. Fig. shows the fraction
of fire-contributed O3 to PRB O3 on each day during summer fire season for each of the
three sites. Also shown are the number of days on which the fire-contributed O3 accounts for
more than 20%, 10% and 5% of the PRB Os, respectively. At site Glacier, there are 17 days
during summer fire season with the fraction exceeding 20%, 28 days exceeding 10% and 54
days exceeding 5%. During the strongest fire event, O3 enhancement caused by fires could
contribute up to 40% of the PRB O3. This is strong evidence that photochemical production
of O3 from biomass burning emissions is a major process that contributes to the PRB Og,
At Pinedale and Yellowstone, the fire-contributed O3 also reaches up to 30% of the PRB
O3. The number of days when the fraction exceeding 20%, 10% and 5% are less then that
in Glacier because the locations of these two sites are further away from active fire regions,

compared to Glacier.
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2.7 Summary and conclusions

We used a global 3-D chemical transport model driven by assimilated meteorological data
(GEOS-Chem) to examine the impacts of biomass burning on surface Oz in the western
United States (WUS) mountain ranges. We conducted GEOS-Chem simulations at (2°x2.5°)
(globally) and (0.5°x0.667°) (one-way nested over North America) horizontal resolutions for
2006 and 2007, two of the stronger (in terms of burned area and emissions) fire years in the
WUS in the past decade. We focused our analysis primarily on 2007. We evaluated our
model results with observed surface O3 concentration data from the CASTNet. Sensitivity

simulations were used to estimate the contribution from biomass burning emissions to surface

Os.

GEOS-Chem Oj simulated at the two resolutions captured the observed seasonal, syn-
optic and daily variations at the CASTNet sites. Model results from the nested simulations
offered considerably better agreements with the observations as evidenced in the higher
Taylor scores. Daily afternoon average Oz concentrations from the nested simulations were
within 2 ppb of the observations, with correlation coefficients of 0.51-0.83 and Taylor scores

of 0.64-0.92 at the individual sites.

We calculated an average of ~9 ppb in the maximum surface O3 enhancement that was at-
tributed to biomass burning emissions during July-September 2007; the corresponding value
was ~4 ppb for 2006, reflecting the less intense burning in that year. The enhancements var-
ied considerably across individual CASTNet sites. The maximum surface O3 enhancements
were largest (~30 ppb) at Glacier, MT, in the middle of the intense fire region. Peaks in
fire-contributed surface O3 correlated strongly with high concentrations of potassium (K), a
tracer for biomass burning, at the CASTNet sites, supporting a strong fire influence at the
sites. The observed and model simulated maximum daily 8-hour (MADS8) O3 in the remote
WUS are in the range of 37.4-58.2 and 42.0-66.2. Our results show that the model simulated

PRB Og is 45.6 ppb on average for July-September 2007. Fire-contributed O3 accounts for
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up to 30% of the PRB O3, highest in Montana, Idaho and Wyoming during August and

September.
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Table 2.1: CASTNet sites used in this study (see also Fig. .

Site Latitude (°N) Longitude (°W) Elevation (km)
Canyonlands, UT (CAN) 38.46 109.82 1.8
Centennial, WY (CNT) 41.36 106.24 3.18
Chiricahua, AZ (CHA) 32.01 109.39 1.57
Glacier, MT (GLR) 48.51 113.99 0.98
Great Basin, NV (GRB) 39.01 114.22 2.06
Grand Canyon, AZ (GRC) 36.06 112.18 2.07
Gothic, CO (GTH) 38.96 106.99 293
Mesa Verde, CO (MEV) 37.2 108.49 2.17
Petrified Forest, AZ (PET) 34.82 109.89 1.72
Pinedale, WY (PND) 42.93 109.79 2.39
Rocky Mtn, CO (ROM) 40.28 105.55 2.74
Yellowstone, WY (YEL) 44.56 1104 24
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Table 2.2: Annual averages and standard deviations of observed and simulated daily, after-
noon (13:00-17:00 local time) O3 concentrations (unit: ppb) at the 12 CASTNet sites (see
Table 1 and Fig. for 2006 and 2007. The Pearson correlation coefficients (R) and the
root mean square differences (RMS) are also shown. *Petrified Forest (PET) and Pinedale

(PND) each had more than 20 days of missing data during July-September 2006.

. Model R
CASTNet Site Year Obs.
2°%x2.5° 0.5°%0.667° 2°x2.5° 0.5°%0.667°

2007 52.0+£9.9 50.629.0 51.9+10.0 0.72 0.78
CAN

2006 51.3+x10.3 49.3+8.3 50.7+9.4 0.72 0.72

2007 51.0+7.1 45.1+12.3 49.2+8.7 0.63 0.67
CNT

2006 48.3+11.6 43.6x12.6 48.2+8.5 0.57 0.65

2007 49.5+9.7 53.6+10.1 49.7+9.7 0.59 0.63
CHA

2006 49.9+12.1 53.429.8 51.5+8.4 0.37 0.51

2007 37.9+10.1 38.9+9.9 37.8+7.0 0.72 0.59
GLR

2006 37.0£12.1 38.3+11.1 37.7£6.9 0.72 0.66

2007 49.4+10.1 47.3+10.4 49.9+10.1 0.69 0.83
GRB

2006 48.2+12.5 46.2+10.6 48.6+10.0 0.49 0.55

2007 53.5+8.0 53.4+10.4 51.8+8.9 0.67 0.72
GRC

2006 52.3£9.6 52.3+10.2 51.1+8.2 0.56 0.62

2007 50.7+9.4 53.4+12.5 49.8+7.4 0.45 0.54
GTH

2006 49.2+12.9 52.0+12.1 49.1+6.0 0.54 0.58

2007 52.8+10.2 53.4+12.5 54.3+13.0 0.75 0.77
MEV

2006 52.5+11.6 52.0+12.1 53.5+13.8 0.67 0.65

2007 52.6+10.2 54.7«11.3 53.5+£10.7 0.69 0.71
PET*

2006 NA NA NA NA NA

2007 49.0£11.8 46.4+9.5 47.7+8.8 0.42 0.38
PND*

2006 NA NA NA NA NA

2007 52.1«11.9 48.1+12.3 52.0+£10.6 0.61 0.63
ROM

2006 51.5£11.0 46.7+12.3 51.1£10.1 0.58 0.66

2007 47.4+8.4 43.0£9.8 44.6x7.9 0.67 0.73
YEL

2006 48.6x11.5 41.2+10.0 42.9+6.9 0.58 0.61
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Table 2.3: Taylor’s scores for GEOS-Chem simulations (at both 2°x2.5°and 0.5°x0.667°
horizontal resolutions) of surface O3 concentrations in comparison with observations at the

12 CASTNet sites (see Table 1 and Fig. .

CASTNet site Taylor score
2°x2.5° 0.5°x0.667°
CAN 0.85 0.89
CNT 0.61 0.82
CHA 0.79 0.81
GLR 0.86 07
GRB 0.85 0.92
GRC 0.78 0.85
GTH 0.67 0.73
MEV 0.84 0.84
PET 0.84 0.85
PND 0.68 0.64
ROM 0.81 08
YEL 0.82 0.86
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Table 2.4: GEOS-Chem simulated mean, median, maximum and minimum biomass burning
contributions to surface O3 concentrations (unit: ppb) at the 12 CASTNet sites (see Table 1
and Fig. during July-September of 2006 and 2007. Values from simulations at horizontal
resolutions 2°x2.5° and at 0.5°x0.667° (nested over North America) are shown. Values for
2006 are in parentheses. *Petrified Forest (PET) and Pinedale (PND) each had more than

20 days of missing data during July-September 2006.

. Mean Maximum Minimum
CASTNet Site
20x2.5° 0.5°%0.667° 2°%2.5° 0.5°%0.667° 20x2.5° 0.5°%0.667°
CAN 1.1(0.4) 1.2(0.9) 4.0 (0.8) 7.9(3.1) 0.0 (0.1) 0.5(0.4)
CNT 2.2(0.6) 1.3(1.3) 14.7 (2.0) 7.0 (6.3) 0.3 (0.1) 0.0 (0.4)
CHA 0.7 (2.4) 0.7 (0.6) 1.4 (15.6) 1.2(1.9) 0.1(0.3) 0.5(0.3)
GLR 3.0(1.1) 3.7(1.9) 204 (3.7) 32.4(6.7) 0.2 (0.4) 0.7(0.5)
GRB 2.0 (0.6) 1.4 (1.1) 102 (1.2) 15.6 (3.2) -0.8 (0.4) 0.6 (0.6)
GRC 0.9 (0.6) 0.9 (0.8) 3.1(1.7) 24(2.1) 0.3 (0.2) 0.4(0.3)
GTH 1.1(0.4) 1.1(1.0) 35(1.3) 58(3.7) -0.1(0.1) 0.5(0.4)
MEV 1.0 (0.4) 1.0 (0.9) 3.7(0.9) 44(2.5) 0.2(0.1) 0.4(0.3)
PET* 0.7 (NA) 0.9 (NA) 2.0 (NA) 3.1 (NA) 0.0 (NA) 0.5 (NA)
PND* 2.8 (NA) 1.9 (NA) 15.3 (NA) 8.9 (NA) 0.3 (NA) 0.4 (NA)
ROM 1.6 (0.5) 1.2(1.1) 8.5(1.6) 7.6 (4.0) -0.2(0.2) 0.5 (0.4)
YEL 45(1.3) 3.0(2.3) 15.0 (4.8) 16.3 (8.1) 0.5(0.3) 0.3(0.5)
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Table 2.5: Observed maximum daily 8-hour averaged (MADS8) surface O3 concentrations
and GEOS-Chem simulated MADS8 and policy relevant background (PRB) surface O3 con-
centrations during July-September 2007 at the 12 CASTNet sites (see Table 1 and Fig. .
Model results are from the simulation at the 0.5°x0.667° horizontal resolution (nested over

North America). Unit: ppb.

CAS.TN et | Surface O; (MADS) PRB O,
Site Obs. Model
CAN 56.9+6.5 60.1+7 .4 4377483
CNT 56.8+6.0 60.6+9.5 48.7+£9.8
CHA 470+123 61.0£104 | 46.3x11.9
GLR 374+10.2  42.0+8.7 332494
GRB 533+£10.8  60.3+£8.8 44 9+8.1
GRC 55.8+£5.8 619492 | 47.1x11.5
GTH 523+6.2  63.2+10.5 | 52.2+11.5
MEV 56.0£10.5 662493 | 45.8+11.0
PET 53.5+10.2 63.8+100 | 46.4+12.0
PND 552455 57.1+£8.6 45.7+£8.9
ROM 582102 614495 47.6x£9.7
YEL 49 .4+6.1 55.3+£8.8 45.9+9.7
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Figure 2.1: CASTNet sites used in this study (see also Table 1). Also shown are MODIS
total active fire counts for July-September 2007 over the western U.S. (MODIS data from
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ftp://fuoco.geog.umd. edu).
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Figure 2.2: Monthly total carbon emissions from biomass burning in the western U.S (100°-

125°W, 30°-50°N) for 2006 (dashed line) and 2007 (solid line). Data is from the Global Fire
Emissions Database (GFED) version 2 (http://www.globalfiredata.org/Data).
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Figure 2.3: (a) Observed (red dots) and GEOS-Chem simulated (blue line: 2°x2.5°; black

line: 0.5°x0.667° nested over NA) surface O3 concentrations for April-December 2006 at
four CASTNet sites: Canyonlands, UT (138°N, 110°W, 1.8 km), Grand Canyon, AZ (36°N,
112°W, 2.1 km), Mesa Verde, CO (37°N, 108°W, 2.2 km) and Yellowsone WY (45°N, 110°W,

2.4 km). Values are averages for 13:00-17:00 local time. (b) Same as 3a, but for 2007.
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Figure 2.4: Taylor’s diagram of pattern statistics describing the surface O3 concentration
at 12 CASTNet sites in the WUS simulated by global (2°x2.5°, solid circle) and nested
(0.5°x0.667°, hollow circle) model compared with observations. The radial distance from
the origin is proportional to the standard deviation of a pattern. The centered RMS difference
between simulation and observation is proportional to their distance apart. The correlation

between them is given by the azimuthal position of the simulation field.
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Figure 2.5: GEOS-Chem simulated surface O3 enhancements from biomass burning emis-
sions for April-December 2006 and 2007 at four CASTNet sites: Centennial, WY (41°N,
106°W, 3.2 km), Glacier, MT (49°N, 114°W, 1.0 km), Great Basin, NV (39°N, 114°W, 2.1
km), Yellowstone, WY (45°N, 110°W, 2.4 km). Values from the simulations with horizontal
resolutions 2°x2.5° (black line: 2007; red line: 2006) and with 0.5°x0.667° nested over North
America (blue line: 2007; green line: 2006) are shown.
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Fire Contribution to Surface O3 [ppb], July - September 2007
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Figure 2.6: GEOS-Chem simulated mean, median, maximun and minimum biomass burn-
ing contributions to daily surface Oz at the CASTNet sites (Fig. 1 and Table 1) for 2007
averaged over July through September. Values from the simulation with 0.5°x0.667° hori-

zontal resolutions nested over North America are shown.
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Figure 2.7: GEOS-Chem simulated fire-contributed surface O3 (lines) and observed potas-
sium (asterisks, values multiplied by 100 for clarity) for April-December 2007 at four CAST-
Net sites: Centennial, WY (41°N, 106°W, 3.2 km), Glacier, MT (49°N, 114°W, 1.0 km),
Great Basin, NV (39°N, 114°W, 2.1 km), Yellowstone, WY (45°N, 110°W, 2.4 km). Model
results from the 2°x2.5° model (red line) and the 0.5°x0.667° nested model (blue line)

simulations are shown. Unit: ppb.
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Figure 2.8: GEOS-Chem simulated surface O3 enhancements from North American biomass
burning emissions for July, August, September and October 2007, as determined by difference
with sensitivity emissions where North American biomass burning emissions are shut off.
Results are from the nested simulations (see text for details). Black dots indicate the 12

CASTNet sites (Fig. 1 and Table 1).
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Figure 2.9: GEOS-Chem simulated policy relevant background (PRB) Oz averaged over
the 2007 summer fire season (July through September) at four CASTNet sites: Glacier,
MT (49°N, 114°W, 1.0 km), Rocky Mtn, CO (40°N, 106°W, 2.7 km), Pinedale, WY (43°N,
110°W, 2.4 km), Yellowstone, WY (45°N, 110°W, 2.4 km). Also shown are the model
simulated surface O3 and fire-contributed O3 concentrations. Results are from the nested

simulations (see text for details) and values are maximum daily 8-hour averages (MADS).
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Figure 2.10: Fraction of GEOS-Chem simulated daily fire-contributed O3 to PRB O3
during summer fire season (July to September) at three CASTNet sites: Glacier, MT (49°N,
114°W, 1.0 km), Pinedale, WY (43°N, 110°W, 2.4 km), Yellowstone, WY (45°N, 110°W,
2.4 km).Values are maximum daily 8-hour averages (MADS8). Also shown are the number

of days when the fire-contributed O3 accounts for more than 20%, 10% and 5% of the PRB

O3, respectively.
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CHAPTER 3

The North American monsoon modulation on

summertime ozone in the Southwest

Abstract

We examine an unexpected summertime surface O3 minimum (~30-45 ppb) in July-
August observed throughout the Southwestern U.S. (SWUS) by interpreting observations of
O3 and rainfall from the Clean Air Status and Trends Network (CASTNet) for 2000-11 with
a global chemical transport model. The Oz minimum reflects competing chemical and dy-
namic factors as well as anthropogenic and natural influences. Its occurrence corresponds to
the interannual rainfall maximum in North American summer monsoon (NASM) -negative
surface O3 anomalies are accompanied by positive rainfall anomalies at the CASTNet sites
(r =-0.51t0-0.7, p <0.05). Relative to June 15-July 15, 2007 (prior to the monsoon onset in
the SWUS), increased cloudiness during the maximum rainfall in July 15-August 15 (after
the onset) weakens photochemistry, reduces Oz production from anthropogenic emissions,
thereby depresses O3 at the surface (-5 ppb at Chiricahua, AZ and -3 ppb on average across
the SWUS) and throughout the lower troposphere. Largest relative changes (AOj) are seen
at rainfall maxima, particularly in the core of the Great Plains low-level jet. The correspond-
ing enhancement in lightning (hence NO, emissions) augments O3 production in the middle
troposphere and subsequent downward mixing in convective downdrafts, thus increases sur-
face O3 non-negligibly (+2 ppb at Chiricahua and +1 ppb averaged over the SWUS) and
significantly throughout the tropospheric column. The resulting AOj is largest (+8 ppb) in

the anti-cyclonic circulation associated with the upper-level high. Weaker photochemistry
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dominates the overall AO3 near the surface, while enhanced lightning dominates in much
of the free troposphere. Additionally, we find that transport leads to a net export of Oj
throughout the tropospheric column and the influence from stratospheric intrusion is van-
ishingly small. These competing effects suppress Oj in the lower troposphere (AO3 up to -5
ppb) while enhance O3 at higher altitudes (AOj3 up to +7 ppb) across the SWUS during the

monsoon.

3.1 Introduction

Tropospdsdfsheric ozone (Oj) is formed by the oxidation of hydrocarbons and carbon monox-
ide catalyzed by nitrogen oxide radicals (NO, = NOs + NO) and hydrogen oxide radicals
(HO4 = H 4 OH + peroxy radicals). High surface concentrations of O3 in populated regions,
where emissions of both NO, and hydrocarbons are large, are a serious air pollution problem.
O3 in the troposphere is also of global interest as a main atmospheric oxidant, a primary
source of OH and an effective greenhouse gas OH and an effective greenhouse gas (Changel,
2007)). A fraction of tropospheric O3 comes from the stratosphere. The major sources of O3
precursors are anthropogenic (fuel combustion) and natural such as lightning and biomass

burning.

The variability in background surface Oj is a critical issue in the decision making of air
quality policy (McDonald-Buller et al.,|2011). During the past decades, the U.S. National
Ambient Air Quality Standards (NAAQS) for ground-level O3 have become increasingly
stringent. The Environmental Protection Agency (EPA) established primary and secondary
NAAQS for ground-level Oz in March 2008: annual 4th highest daily maximum 8-hour
average (MDAS) concentration not to exceed 75 ppb. There are currently 227 counties,
home to 123 million people, classified as not having attained the 75 ppb standard (www.epa.
gov/airquality/greenbook/index.html). In 2015, a new standard proposed by the EPA

was issued, further lowering it from 75 to 70 ppb. As the O3 standard becomes increasingly
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stringent, to accurately determine the background O3 levels becomes more imperative. Policy
Relevant Background (PRB) O3 is the maximum O3 reduction that can be achieved through
controls of North American emissions alone (EPA,[2006)). From both scientific and regulatory
points of view, a lower O3 standard will motivate air quality-control planners to see more
accurate and precise attribution of the background Oj to determine how much domestic

emissions must be reduced in order to attain that standard (Cooper et al., |2014).

Surface Oz in the western U.S. has trended up (0.19-0.51 ppb yr!) during the past two
decades even though surface O3 in the eastern U.S. has gone down (Jaffe and Ray, 2007}
Cooper et al., 2014, 2012). Free tropospheric Oz in the western U.S. has been steadily
increasing (0.4140.27 ppb yr!) during the same time period (Cooper et al., 2010). A region
of particular interest is the southwestern U.S. (SWUS). Many counties in the SWUS are often
close to violating the national O3 air quality standards (Wise and Comriel, 2005; |[EPA, 2006]).
PRB Oj is especially high over the intermountain SWUS regions due to the arid terrain,
high elevations, and large-scale subsidence in the region (Zhang et all 2011). PRB Oj in
the SWUS is impacted by many factors including biomass burning (Jaffe et al., [2008; |Jaffe,
2010)), lightning (Zhang et al., 2014)) and trans-Pacific transport of Asian pollution (Parrish
et al., 2009; |Cooper et al., [2010). Meteorological conditions also have large impacts on the
variations of surface Oz air quality in this region |Wise and Comrie| (2005), and references
therein]. Increasing baseline O3 from trans-Pacific emissions, more frequent wildfire activities
during summer fire season, and deep stratospheric intrusions during spring are factors that
may prevent the SWUS region from attaining the new EPA O3 standard (Cooper et al., 2012}
Lin et all 2015).

A defining meteorological event in the SWUS is the recurring North American summer
monsoon (NASM). NASM brings 50% of the annual rainfall in New Mexico and Arizona,
two states in the SWUS where the monsoonal precipitation is most pronounced in the form
of thunderstorms during July-September (Carleton et al., |1990; |Sheppard et al., [1999; |Har-

rington Jr et al., |1992)). Thunderstorms produced from the monsoon moisture often extend
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into the Mojave Desert to the west and the lower Colorado River valley to the north (Adams
and Comrie), 1997). More broadly, the monsoon influence spans an expanded region from
the Sierra Nevada in the west to the Wyoming Rockies and Colorado in the east and reaches
as far north as Oregon, the Idaho-Utah border, and Wyoming (Tang and Reiter, 1984). The
influence of future climate change on both timing and strength of the NASM activities will
also conceivably lead to significant impacts on the seasonal and interannual variations of

background Os.

In this study we seek to probe the impacts of the NASM on the surface and tropospheric
O3 in the SWUS mountain ranges. In our analysis we focus on a smaller region, the Four
Corners states (114°-104°W and 30°-42°N), which is the core of the SWUS. We would be
referring to the Four Corners states (114°-104°W and 30°-42°N) when discussing SWUS in
the following sessions. Previous studies have analyzed the influence of monsoon on surface
O3 air quality and meteorological conditions at urban sites (Wise and Comrie, 2005; |Agel
et all 2011) or in other regions (Yang et al., [2014). To our knowledge, no previous studies

have systematically examined such impacts. We focus here on regional to continental scales.

3.2 Observations

We use surface O3 observations from the Clean Air Status and Trends Network (CASTNet:
http://wuw.epa.gov/castnet; |Clarke et al|(1997))). CASTNet was developed by the U.S.
EPA in order to establish an effective, rural monitoring and assessment network at locations
away from pollutant emission sources and heavily populated areas (EPA| [2008; |Baumgard-
ner} 1998)). Monitoring sites were selected according to strict siting criteria designed to avoid
undue influence from point sources, area sources and local activities. CASTNet is spatially
designed to be regionally representative of rural conditions (EPA, 2008), and the measure-
ments are thus suitable for comparison with regional and global models. O3 was measured

with ultra-violet absorbance (accuracy and precision, 10%) (£PA| 2010). CASTNet O3 data

43


http://www.epa.gov/castnet

has been widely used in previous studies of subgrid segregation on O3 production efficiency
in a chemical model (Liang and Jacobson, 2000), the variability in surface background Og
throughout the U.S. (Lefohn et al., 2001; Fiore et al., 2003), and the positive trend in Og
in the western US (Jaffe and Ray, 2007). We use the hourly values that are relevant to
evaluating model O3 responses to synoptic and diurnal variability. We also calculate MDAS
O3 from the hourly data. We choose sites with missing data less than 15 days per year
and exclude the coastal sites, yielding 12 sites in the western US (seven of which are in the
SWUS) for year 2007 (Table[3.1]). Most of the sites are elevated mountainous sites, scattered

across the Sierra Nevada/Cascades Mountains and the Rocky Mountains.

CASTNet also provides meteorological data such as precipitation. Precipitation is recorded
to the nearest 0.01 inch. The hourly values are pertinent to examining synoptic and diur-
nal variabilities. Additionally, precipitation data from the Global Precipitation Climatology
Project (GPCP, 1°x1°) (Adler et al.,2003) and the Climate Prediction Center merged Anal-
ysis of Precipitation (CMAP, 2.5°x2.5°) (Xze et al., |2003) are examined.

3.3 Model description and simulations

We use a global 3-D chemical transport model (GEOS-Chem, v8-02-03, available at http:
//geos-chem.org) |Bey et al.| (2001); many updates thereafter] to interpret the CASTNet
observations. The model is driven by GEOS-5 data assimilation system (DAS) meteoro-
logical fields from the NASA Global Modeling and Assimilation Office (GMAO) with a
temporal resolution of 6-hour (3-hour for surface variables and mixing depths) and consists
of 47 levels in the vertical up to 0.01 hPa. The lowest model levels are centered at ap-
proximately 60, 200, 200, 300, 450, 600, 700, 850, 1000, 1150, 1300, 1450, 1600, 1800 m in
GEOS-5. We run the model at 2°x2.5° globally and at 0.5°x0.667° nested resolution over
North America (140°-40°W, 10°-70°N). Description of the nested model was first provided

by citepwang2011seasonal.
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Tracer advection is calculated using a flux-form semi-Lagrangian method (Lin and Rood,
1996))every 15 minutes. Following (Allen et al.,[1996alb)), tracer moist convection is computed
using GEOS-5 convective, entrainment, and detrainment mass fluxes. Treatment for shallow
convection is using citephack1994climate and parameterization of deep convection follows

the relaxed Arakawa-Schubert scheme (Moorthi and Suarezl 1992).

GEOS-Chem includes detailed ozone-NOy-hydrocarbon-aerosol chemistry. Tropospheric
O3 is simulated with about 80 species and over 300 chemical reactions (Bey et al., [2001)).
Photolysis rates are computed using the fast-J algorithm (Wild et al., 2000). The Oz simu-
lation over the U.S. has been extensively evaluated (Wang et al., 2009; |Zhang et al., 2010;
Walker et al., 2010; |Parrington et al), |2008). Anthropogenic emissions are as described by
(Zhang et al. 2011). Global anthropogenic emissions are from the Emission Database for
Global Atmospheric Research (EDGAR) inventory for 2000, superseded by regional emission
inventories from the U.S. EPA 2005 National Emission inventory (NEI-05) for the U.S., the
European Monitoring and Evaluation Program (EMEP) for Europe, the Canada Criteria Air
Contaminates (CAC) emission inventory for Canada, and the Big Ben Regional Aerosol and
Visibility Observational (BRAVO) emission inventory for Mexico. Biogenic emissions are
based on the Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory
(Guenther et al., 20006).

Lightning NO, emissions are computed locally in deep convection events (Price and Rind,
1992), where flash rates are related to convective cloud top heights. NO, yields per flash are
260 moles in the tropics and 500 moles in the extra-tropics (Huntrieser et al., 2007, 2008;
Hudman et al., 2007; |Ott et al.l |[2010). The vertical distribution of lightning emissions follow
(Pickering et al.,|1998). In this work, we use the higher density National Lightning Detection
Network data (Christian et all 2003) for the continental U.S. to constrain lightning flash
rates, following (Zhang et al.,|2014). NLDN observes cloud-to-ground lightning flashes only,
and intra-cloud flashes are estimated to be three times that amount (Boccippio et al., 2001]).

The constfeferaint largely corrects excessive lightning flash rates and consequently high bias
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of surface O3 in the SWUS in previous GEOS-Chem simulations (Zhang et al., [2011], 2014]).

Biomass burning emissions are from the daily Global Fire Emission Database version
3 (GFEDv3) (Guglio et all 2013 \van der Werf et all 2006). GFEDv3 is derived using
satellite observations including active fire counts and burned areas in conjunction with the
Carnegie-Ames-Stanford-Approach (CASA) biogeochemical model. Carbon emissions are
calculated as the product of burned area, fuel loading and combustion completeness. Burned
area is derived using the active fire and 500-meter burned area datasets from the Moderate
Resolution Imaging Spectroradiometer (MODIS) as described by (Giglio et all 2013). The
NOy emission factors for extra-tropical forest fires are updated following (Alvarado et al.l,

2010).

We conduct model simulations for 2006, 2007, and 2008 and focus our analysis on 2007.
Justifications are provided where appropriate in subsequent sections. We first conduct a
global simulation at 2°x2.5°, and then use the output archived at 3-hour temporal resolution
as dynamic boundary conditions for the nested model at 0.5°x0.667° resolution. A three-
month initialization is used in all cases. We find that the results from the simulations at
2°%x2.5° and 0.5°x0.667° are rather comparable and the results presented hereinafter are
from the 2°x2.5° simulations. Additionally, we conduct two separate model simulations
with lightning NO, emissions shut off and with anthropogenic emissions turned off. The
difference between these and the standard simulations thus represents the contributions to
surface O3 from lightning and from anthropogenic emissions. We also conduct a tagged
Os-tracer simulation (Zhang et al), 2014) to compute stratospheric downward flux of Os.
Discussions and justifications for these simulations are provided where appropriate. We
extract model results at the location and time of CASTNet observations and apply the same
temporal averaging for both observed and simulated Os concentrations. Results presented

here are daily MADS8 O3 concentrations unless stated otherwise.
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3.4 Impacts of NASM on summertime surface Oz in the SWUS

Fig. shows observed and simulated Oz concentrations during June-October 2007 at
Chiricahua, AZ (32°N, 109°W, 1.6 km), Petrified Forest, AZ (35°N, 110°W, 1.7 km), Gothic,
CO (39°N, 107°W, 3.0 km) and Mesa Verde, CO (37°N, 108°W, 2.2 km), four CASTNet sites
in the SWUS. Model results are generally within 2 ppb of the observations (r = 0.5-0.73,
p <0.001, Fig. and largely reproduce the observed day-to-day variations. The sharp
decreases in late July-early August at all four sites, however, are surprising in the middle of
summer when peak O3 levels are typically expected (Trainer et al.,|1993;|Jaffe and Rayl, 2007}
Parrish et all,2013; Cooper et all 2014). The decreases are evident in both the observations
and in the model results. Such decreases are also apparent in the modeling study of (Zhang
et al., 2014)). We find that these decreases are unique to the SWUS - surface O3 anomalies,
calculated as the deviation from the annual mean, during late July-early August are much
more pronounced (~4 ppb lower on average) at the seven SWUS sites than at the other

western U.S. sites (not shown here).

The distinct decreases in surface O3 coincide with the maximum intensity of the NASM,
a period characterized by enhanced rainfall maxima over western Mexico and throughout
much of the SWUS. The typical onset of the monsoon is in early July in Arizona and New
Mexico. It reaches maturity in July and August with the development of a ‘monsoon high’ at
the jet stream altitude (~10 km above sea level) (Adams and Comrie, |1997) before decaying
in September and October (Sheppard et al. 1999). We use here precipitation as a proxy to
examine both the seasonal and interannual variability of the monsoon, because one of the
most recognizable features of the NASM is the associated rainfall pattern. The strongest
July-August precipitation during 2000-2011 is in 2007 at Chiricahua (Fig. left and
Fig. and in 2006 at Gothic (Fig. right). The onset and the duration of the peak
monsoon activities vary from year to year. Precipitation is strongest during late July-early
August of 2007 at Chiricahua and during early July-mid August in 2006 at Gothic (Fig.

3.3), a manifestation of the peak monsoon activities. The sharp decreases in surface Oj
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concentrations correspond to the maximum precipitation at both sites (Fig. . The anti-
correlation between O3 and precipitation is seen not only at these two sites but also at the
other seven SWUS sites (r = -0.38 ~ -0.67). These results clearly point toward a strong
modulating effect of the NASM on the surface O3 in the SWUS.

Since the typical onset of the NASM in the SWUS region is usually in July |http:
//www .cpc.ncep.noaa.gov|, here we loosely defined a monsoon season as July 15-August
15, 2007 and a pre-monsoon season as June 15-July 15, 2007. They are used in this study
more as a contrast to investigate the effect of monsoon modulation. In order to investigate the
impacts of NASM on Og concentration in the continental SWUS, we show in Fig. (left) the
simulated spatial distribution of MADS surface O3 concentrations changes between monsoon
period and pre-monsoon period. Values are calculated by subtracting the simulated surface
O3 concentration averaged over June 15-July 15, 2007 from the surface Oz concentration
averaged over July 15-August 15, 2007. Region in rectangle is the Four Corners states
(114°-104°W and 30°-42°N), which is loosely referred to as SWUS in the following analysis.
Relative to the concentrations during pre-monsoon period, surface Oz levels during monsoon
period are generally lower across the SWUS. The decreases are most visible in Arizona and
New Mexico, where surface Os concentration could decrease by more than 8 ppb. The
decrease also extends to the lower and middle part of Utah and Colorado, where we observe
a reduction around 2-4 ppb. Both the Great plains low-level jet (GPLLJ) and the Gulf
of California low-level jet (GCLLJ) are important part of the North American monsoon
circulation and are responsible for the convective activities associated with the circulation
(Helfand and Schubert, 1995 |Higgins et all (1997). The GPLLJ transports moisture from
the Gulf of Mexico to the Great Plains and the GCLLJ transports moisture through the Gulf
of California to northwestern Mexico and the SWUS region (Mo et al., 2005)). The combined
effect of these low level jets in the monsoon circulation produced a pronounced increase in
rainfall over large areas of northwestern Mexico and the SWUS during the summer monsoon

season (Bordoni et al., 2004). As indicted in Fig. (left), the region with decreasing
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O3 in the SWUS is consistent with the northern part of the core regions of the North
American monsoon circulation (Adams and Comrie, 1997). On average, the decrease in
surface Oz across the SWUS region during monsoon period is about 5 ppb, compared to the
pre-monsoon period. Fig. (right) is pressure -longitude plots of the O3 changes averaged
over the latitude range of 30°-42°N. From surface to about 600 hPa, O3 concentrations
during July 15-August 15, 2007 are lower across the SWUS than during June 15-July 15,
2007. While at 600 hPa levels and above, the changes in O3 exhibit increases during the
monsoon period. We will provide a detailed analysis of different factors controlling the Oj

change during NASM in the following sections.

3.5 Impacts of NASM on the interannual variations of summer-

time O3 in the SWUS

We analyze here CASTNet surface O3 and precipitation anomalies at Chiricahua for July-
August 2000-2011 (Fig. , left). The anomalies are 5-day averages relative to the respective
12-year means. We choose 5-day averages to be temporally consistent with the pentad
GPCP data. Positive precipitation anomalies are largest in 2006, 2007, and 2008, reflecting
stronger monsoon activities in those years. Maximum (minimum) precipitation anomaly is
consistently accompanied by minimum (maximum) surface O3 anomaly. The anti-correlation
is most significant in 2006 (r = -0.70, p <0.05), 2007 (r = -0.47, p <0.05) and 2008 (r =
-0.71, p <0.05), when both precipitation and O3 anomalies are largest, as shown in further
details in Fig. (right panels).

We now focus our analysis on 2006, 2007, and 2008. First, we determine the strongest
monsoon activities in the SWUS using GPCP and CAMP precipitation data. Specifically,
we calculate the precipitation anomalies relative to the 5-day moving averages of 2000-

2011 during June-September (not shown). We find that the summer monsoon is strongest

during July 20-August 15 in 2006, July 20-August 5 in 2007 and August 1-20 in 2008. The
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corresponding CASTNet O3 and precipitation anomalies at Chiricahua are shown in Fig.
(lower right). Linear regressions yield negative slopes for all three years with 2007 being the
strongest. We find similar negative correlations at other CASTNet sites in the SWUS (not

shown), indicating that the modulation is regional throughout the SWUS region.

Previous studies have noted the marked variability of the NASM (Carleton et al., (1990).
The interannual variability results in part from the latitudinal shift of the middle level
subtropical ridge over the SWUS hence is strongly associated with the Madden-Julian Os-
cillation (MJO), Pacific-North American (PNA) teleconnection and El Nino-Southern Os-
cillation (ENSO) (Adams and Comriel [1997)). As the hottest and driest region in the U.S.,
the SWUS has and will face great challenges from climate change with increased heat, sus-
tained drought and changes in rainfall and snowpack pattern (Pachaurt et al., 2014). It
is well known that climate change driven by rising greenhouse gases will cause a reduction
of winter precipitation in the SWUS (Seager and Vecchi, 2010). (Cook and Seager) |2013))
used a suite of models from the Coupled Model Intercomparison Project version 5 (CMIP5)
(Taylor et al., 2012) and predicted significant declines in early monsoon season precipita-
tion (June-July) and increases in late monsoon season (September-October) precipitation.
This shift in seasonality toward delayed onset and withdrawal of the NASM is caused by
the change in vertical stability and moisture convergence associated with the future climate.
We thus further examine the interannual variability of the NASM using precipitation data
over the SWUS. We use GPCP precipitation data here because CMAP data shows interan-
nual variability that is broadly consistent with that from the GPCP data. Specifically, we
analyze GPCP precipitation anomaly during June-September for 2000-2011, averaged over
the SWUS (Fig. [3.6] left). The anomaly is calculated as the deviation of the total pentad
precipitation from the 12-year average. The strongest positive precipitation anomaly is in
2006 and to a lesser degree in 2004, 2007 and 2008. Such interannual variability is seen not
only in the precipitation anomaly but also in the total precipitation (Fig. , right). The
NASM index (NASMI) proposed by (Jianping and Qingcun, 2003) affirms such interannual
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variability, with negative indices indicating strong monsoon years (Fig. right). This is
consistent with the observed interannual variations of precipitation anomaly at individual
CASTNet sites. At Chiricahua, for example, strong positive precipitation anomalies are also

in 2006, 2007 and 2008 (Fig. B.3).

3.6 Processes controlling summertime surface Oz in the SWUS

(Zhang et al., 2014) quantified the contribution from different processes controlling sur-
face O3 in the western U.S. including lightning, stratospheric intrusion and wildfires using
GEOS-Chem. They found that lightning increased surface O3 by 6-8 ppbv on average in the
Intermountain West. They concluded that the highest observed O3 concentrations in the
region (>75 ppb) in spring were associated with stratospheric intrusions. Their model results
showed high O3 events (in excess of 80 ppb) associated with wildfire emissions, though such
events were not seen in the observations. In this section we focus on the processes controlling
surface Os in the SWUS, particularly the effects of the NASM. It is conceivable that the
NASM modulates surface O3 directly or indirectly through reducing O3 photochemistry be-
cause of increased cloudiness and enhancing lightning emissions of NO, and subsequent Oj
production followed by vertical mixing in convective updrafts and downdrafts. Widespread
cloudiness prevailing during the monsoon season greatly attenuates the solar radiation reach-
ing the surface, likely resulting in substantially reduced photochemical production of surface
O3 (Garreaud and Wallacel 1997; | Xu and Smalll,[2002). Lightning is known to be a predom-
inant source of NO, hence O3 production in the middle and upper troposphere over most
regions in the U.S. (Pickering et al., |1998; |Martin et all 2007; |Hudman et all 2007). (Kay-
nak et all [2008) found a 1.7 ppb enhancement due to lightning to the 8-hour background
surface O3 concentration averaged over the continental U.S., less than the 6-8 ppb enhance-
ment in the Intermountain West estimated by (Zhang et al., 2014). Convective downdrafts
are known to transport lightning NO, emissions downward thereby increasing surface NOy

concentrations (Murazaki and Hess| 2006). (Pickering et al.,|1998]) shows that the convective
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downdrafts that descend and flow near the surface would bring a portion of the lightning
emitted NO, and therefore lead to O3 formation in the boundary layer. On the other hand,
when this lightning-derived NOy is found later in the afternoon or into the evening, it may
result in depressed surface O3 due to both nighttime chemistry and direct titration, which
further reduces O3 and result in much NOy depletion (Kaynak et all [2008; |Russell et al.,
1986)).

To delineate the various factors determining the surface Oz during the monsoon, we
examine the pertinent parameters including cloud optical depth, shortwave radiation, NO,
photolysis rate and net Osz production. Model results capture the sharp decreases in surface
O3 at Chiricahua during late July-early August 2007 while the monsoon is at its maxi-
mum strength as indicated by the maximum rainfall (Fig. [3.7, left). The abrupt decreases
coincide with maxima in cloud optical depth, reflecting increased cloudiness hence weaker
photochemistry. The weaker photochemistry is further borne out by the large reductions in
downward solar radiation at the surface hence substantially lower photolysis rates of NO,
(13:00-17:00 pm local time averages). The lower photolysis rates result in significantly lower

net O3 production (up to ~10 ppb reduction per day).

Additionally, we decompose the major contributions to surface Oz from anthropogenic
emissions, lightning NO, emissions and stratospheric intrusions. The results are shown
in Fig. (right). On average, the contribution from anthropogenic emissions is ~20
ppb during June-August, while that from lightning is from a few ppb to about 10 ppb.
This is broadly consistent with previous studies (Pfister et al., [2008; |[Hudman et al., 2009).
(Hudman et al., 2009), for example, showed that the boundary layer O3 enhancement in the
U.S. was mainly anthropogenic, but the free troposphere has roughly equal enhancements
from anthropogenic emissions and lightning NO,. Fig. shows that the contribution
from anthropogenic emissions to surface Oj is significantly suppressed (~5 ppb reduction on
average) during late July-early August as a result of weaker O3 photochemistry. There is a

~2 ppb contribution from lightning NO, emissions and subsequent O3 production followed
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by downward transport in the downdrafts of deep convective events (Pickering et al., [1998;
Murazaki and Hess|, |2006; |Lelieveld and Crutzen), 1994). The influence of stratospheric
intrusion is vanishingly small. Previous studies have identified about 20-30% increases in
upper tropospheric Oz and 2% increase in middle troposphere at northern mid-latitude due to
stratosphere-troposphere-exchange, the increases are mostly in winter and spring (Langford),
1999; |Zeng and Pyle, |2005; |[Koumoutsaris et all, [2008; |Neu et al., 2014). (Lin et all 2015)
also showed that O3 enhancements due to stratospheric intrusion did not reach the surface

in the Western U.S. in summer.

3.7 The impact on summertime tropospheric O3 in the SWUS

It is conceivable that the aforementioned processes effect changes on summertime O3 not
only at the surface but also in the free troposphere in the SWUS. We examine here the
changes to O3 before the monsoon onset (June 15-July 15, 2007) and after (July 15-August
15, 2007). The results are shown in Fig. , both at the surface and averaged over the
latitudes 30°-42°N over the SWUS (the rectangle in Fig. . Reduction in Oj is seen
throughout much of the lower troposphere up to 500 hPa, with largest changes between the
surface and 750 hPa. Largest changes in O (Fig. [3.4] left) are collocated with maximum
rainfall as inferred from both GPCP and GEOS-5 precipitation (figures not shown). The
core of the largest changes is between 110°W and 115°W, corresponding to the core regions
of the GCLLJ |[Mo and Berbery, (2004)), and references therein]. The absolute changes in O3
(JAO3|) increases from the east to the west, following the increasing amount of rainfall (Fig.
[3.4] right).

To understand how different factors may influence the O3 concentration at different alti-
tudes during NASM, we examine the vertical profile of AOj3 associated with anthropogenic
emissions and lightning NOy emissions. The results, both at the surface and in the free

troposphere (averaged over the SWUS), are shown in Fig. As a result of increased
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cloudiness and therefore reduced O3 photochemistry during NASM, we observe a decrease
in anthropogenic contribution to O3 concentrations at the surface. The largest O3 reduction
region is located in New Mexico and Arizona, where O3 decrease reaches up to 6 ppb. The
decrease in surface O3 also extends to lower part of Colorado and Utah, with smaller magni-
tude. On average, AOj associated with anthropogenic contribution is about 3ppb across the
SWUS region at surface. From surface to about 500 hPa, O3 production from anthropogenic
emissions is lower during the NASM period. The decrease peaks at 600 hPa. It is also inter-
esting to note that anthropogenic contribution to O3 increases during NASM at levels above
500hPa. This increase is likely caused by two processes. The first is the higher temperature
in the middle and upper troposphere during monsoon period compared to pre-monsoon pe-
riod. The second is the increase in actinic flux in the middle and upper troposphere resulted
from the increased cloudiness and therefore increased albedo from clouds below. A more
detailed analysis of the impacts from these two processes needs to be conducted in future

researches.

O3 production from lightning NO, associated with the monsoon is predominantly in the
middle and upper troposphere (Wang et al., |2013; |DeCaria et al., [2005; |Pickering et al.l,
1993). (Cooper et all 2006, [2007) estimated that ~11-13 ppb O3 was produced due to
lightning NO, above Eastern North America at middle latitudes during the summer of
2004. Fig. (bottom) shows the changes in lightning contribution to O3 during monsoon
period in the SWUS at surface (Fig. bottom left) and across the troposphere (Fig.
bottom right, pressure-longitude plot averaged over 30°-42°N). Again values in the figure are
calculated by subtracting the averaged lightning contribution to O3 concentration during
pre-monsoon period from the averaged lightning contribution to Oj concentration during
monsoon period. Due to the enhanced lightning NO, emission in the convection activities
during NASM, O3 production due to lightning NO, emissions increased from surface all the
way up to the upper troposphere. The average increase of surface O3 concentration is about

1.2 ppb across SWUS. This is consistent with the study by (Kaynak et all 2008). They
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found a 1.7 ppb enhancement to background surface O3 concentration averaged over the
continental U.S. The maxima of the increase in lightning NO, induced O3 production occurs
at about 550 hPa (49 ppb), corresponding to the level of the ‘Four-corners’ High in the
anticyclone circulation associated with NASM. This mid-level high pressure system forms
over northeastern Arizona and can help guide mid-level moisture in around the high from the
northeast and east that may be in place from monsoon thunderstorm activity over the SWUS
region (Crimmans, 2006]). As we discussed earlier, (Cooper et al. |2006) estimated 11-13 ppb
of O3 produced due to lightning NO, emission. Our result of 9 ppb here is the increase
in lightning production of O3 during the monsoon period compared to the pre-monsoon
period defined in this study, instead of the absolute value of O3 production from lightning,
as calculated in (Cooper et al., |2006). The other reason contributing to the difference is
that, the lightning NO, emissions is most predominant along a band stretching along the
northern coast of the Gulf of Mexico, extending across Florida and into the westernmost
North Atlantic Ocean off the southeastern U.S. The lightning NO, emission over the Sierra
Madre Mountains is also prevalent but is less than the eastern U.S. region (Cooper et al.l,

2006).

We analyze transport, deposition, and net production of O3 in determining the budget of
tropospheric O3 over SWUS (from the surface to 500 hPa), focusing on July 15-August 15,
2007. The model results, averaged for the aforementioned period, are summarized in Fig.
[3.90 The prevailing winds in the region are westerlies and southerlies during the monsoon
(Barlow et all 1998). The widespread convective activities during the monsoon produces
a net upward export of O3z (213 kg s!) out of the domain, which is a stark contrast to
the net import (downward transport) associated with the typical large-scale subsidence over
the SWUS prior to the monsoon onset (Barlow et all 1998)). In total, transport reduces
tropospheric Oz over the SWUS (an overall net export of 53 kg s™). Deposition accounts for
a large fraction of Oj loss (343 kg s), smaller than but comparable to the net O3 production

(430 kg s). It is informative to examine the changes in these terms before and after the
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onset of the monsoon by contrasting June 15 -July 15 and July 15-August 15. The net
production of Oz is substantially lower (by 78 kg s!) in the later because of the increased
cloudiness hence weaker photochemistry. A large change in the net export of Oz (-227 kg
s1) reflects primarily the contrasting subsidence over the SWUS pre-onset and the upwelling

after the onset of the monsoon. Deposition remains relatively unchanged.

The combined effects of transport and the O3 production associated with anthropogenic
emissions and lightning on the tropospheric O3 over the SWUS are summarized in Fig. [3.10]
The results shown are again the changes, i.e.;, AOs, between June 15-July 15 and July 15-
August 15 and averaged for the tropospheric column over the region. Increased lightning
NOy emissions during the monsoon elevate O3 (relative to pre-onset levels) throughout the
tropospheric column, with a maximum enhancement at ~550 hPa. The weaker photochem-
istry post-onset depresses O3z production from anthropogenic emissions for much of the lower
troposphere (up to 500 hPa), with a maximum reduction at 600 hPa. The combined effect
of the two processes is reducing O3z at the surface and throughout the lower troposphere
but increasing O3 at higher altitudes (above 750 hPa). The decrease in O3 production from
anthropogenic emissions is the leading factor in the O3 change in the lower troposphere,
while the increase in lightning NO, emissions induced O3 production is dominant at higher
altitudes. Transport reduces Oz at all vertical levels over the SWUS. At the surface, net
export accounts for about two thirds of the AO3, while the combined effect of anthropogenic
and lightning accounts for the rest. The change in dry deposition (not shown) is negligibly

small.

3.8 Summary and conclusions

We investigated the seasonal and inter-annual variations of the modulation of NASM on
surface O3 concentrations in the SWUS by examining the relationship between observed

surface O3 anomalies and precipitation anomalies for multiple years. Results showed a strong
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anti-correlation (r = -0.5 to -0.7) in strong monsoon years, indicating stronger negative
impacts on surface Oz levels induced by higher intensity of precipitation and convective

activities during the monsoon.

We used GEOS-Chem simulations to analyze the primary processes closely related to the
monsoon that may cause the variations in surface Oz: the reduced photochemistry resulted
from cloud coverage increase and the enhanced NOy from lightning emissions. We found that
the sudden decrease in surface O3 is mainly caused by the reduction in O3 photochemistry
associated with the increase in cloud coverage in the convective activities during the monsoon.
The increase in lightning emission during the monsoon periods caused an average of ~2 ppb

increase in surface Os, but this is not sufficient to offset the reduction due to less photolysis.

We also investigated the O3 change during NASM at different vertical levels associated
with these processes. In lower troposphere, the decrease in O3 production from anthropogenic
emission is the leading factor in O3 concentration change. As altitude increases, the increase
in lightning NO, induced O3 production becomes the leading factor. These competing effects
suppress O3 in the lower troposphere (AOj3 up to -5 ppb) while enhance O3 at higher altitudes
(AO3 up to +7 ppb) across the SWUS during NASM. Additionally, we find that transport
leads to a net export of Oz throughout the tropospheric column and the influence from

stratospheric intrusion is vanishingly small.

The future climate may lead to changes in both the spatial and seasonal pattern, as well
as strength of the NASM. Since the 2015 new Oz standard is just adopted, to understand the
modulation of NASM on the surface and tropospheric Oz over the SWUS may have important
implication on how to more accurately estimating the background O3 in the context of future

climate change.

Acknowledgement: This study was funded by NASA grants NNX09AF07G, NNX08AF64G
from the Atmospheric Chemistry Modeling and Analysis Program (ACMAP). We thank all
the contributors to the CASTNet observation, GPCP and CMAP data. Users can access
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Table 3.1: Selected sites from the Clean Air Status and Trends Network (CASTNet, http:

//www .epa.gov/castnet).

Site Latitude (°N) Longitude (°W) Elevation (km)
Canyonlands, UT (CAN) 38.46 109.82 1.8
Centennial, WY (CNT) 41.36 106.24 3.18
Chiricahua, AZ (CHA) 32.01 109.39 1.57
Glacier, MT (GLR) 48.51 113.99 0.98
Great Basin, NV (GRB) 39.01 114.22 2.06
Grand Canyon, AZ (GRC) 36.06 112.18 2.07
Gothic, CO (GTH) 38.96 106.99 2.93
Mesa Verde, CO (MEV) 37.2 108.49 2.17
Petrified Forest, AZ (PET) 34.82 109.89 1.72
Pinedale, WY (PND) 42.93 109.79 2.39
Rocky Mtn, CO (ROM) 40.28 105.55 2.74
Yellowstone, WY (YEL) 44.56 110.4 24
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Figure 3.1: Observed (solid line) and GEOS-Chem simulated (dotted line) surface O3 (ppb)
for June-October 2007 at Chiricahua, AZ (32°N, 109°W, 1.6 km), Gothic, CO (39°N, 107°W,
3.0 km), Petrified Forest, AZ (35°N, 110°W, 1.7 km), and Mesa Verde, CO (37°N, 108°W,
2.2 km). Observations from the Clean Air Status and Trends Network (CASTNet, available

at http://www.epa.gov/castnet). Values are maximum daily 8-hour averages (MDAS).
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Figure 3.2: Observed and GEOS-Chem simulated surface O3 (MDAS, ppb), averaged for
June-October 2007, at selected CASTNet sites (Table 1). Correlation coefficients range from
0.50 to 0.73 for individual sites.
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Figure 3.3: CASTNet Oz (solid line, MDAS, ppb) and daily precipitation (dashed line,
mm d?t): (left) July-August 2007 at Chiricahua, AZ (32°N, 109°W, 1.6 km), and (right)
July-August 2006 at Gothic, CO (39°N, 107°W, 3.0 km).
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Figure 3.4: GEOS-Chem simulated changes in tropospheric O3 (Os, ppb, contour) from
June 15-July 15 to July 15-August 15, 2007 (left) at the surface and (right) averaged over the
latitudes 30°-42°N over the Four Corners states (the rectangle). Solid circles are CASTNet

sites (Table [3.1)).
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Figure 3.5: CASTNet Oj (solid line, MDAS, ppb) and daily precipitation (dashed line, mm
d') anomalies at Chiricahua, AZ (32°N, 109°W, 1.6 km) for (left) July-August 2000-2011,
(top right) July-August 2007, and (lower right) July 20-August 15, 2006 (solid circle), July
20-August 5, 2007 (open diamond), and August 1-20, 2008 (cross).
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Figure 3.6: (Left) Precipitation anomaly (5-day average, mm d!) during June-September
of 2000-2011 and (right) June-September mean monthly precipitation (mm d') and the
associated anomaly (mm d!'), averaged over the Southwest U.S. (as defined by the rectangle
in Fig. 4). Precipitation data is from the Global Precipitation Climatology Project (GPCP,
1°x1°, available at http://precip.gsfc.nasa.gov/). Also shown is the normalized North

American summer monsoon index (NASMI, Li and Zeng, 2002). See text for details.
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Figure 3.7: GEOS-Chem simulated (left) surface O3 concentration (solid line, MDAS, ppb)
at Chiricahua, AZ (32°N, 109°W, 1.6 km) for June-August 2007 and (right) the relative
contributions from anthropogenic emissions (dashed dotted line), lightning NO, emissions
(long dashed line), and stratospheric intrusion (dashed dotted dotted line). Also shown are
shortwave radiation at the surface (dashed dotted line, W m2), afternoon (13:00-17:00 local
time) NO, photolysis rate (long dashed line, s1), GEOS-5 daily cloud optical depth (dashed
dotted dotted line), and daily net O, production rate (dashed line, ppb d!).
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Figure 3.8: GEOS-Chem simulated changes in tropospheric O3 (Os, ppb, contour) from
June 15-July 15 to July 15-August 15, 2007: contributions from (top panels) anthropogenic
and (bottom panels) lightning NO, emissions, (left panels) at the surface and (right panels)
averaged over the latitudes 30°-42°N over the Southwest U.S. (rectangle in Fig. 4). Solid
circles are CASTNet sites (Table .



500 hPa

| 400 kg s
: 213 kg s Net transport = -53 kg s
: Deposition = -343 kg s
; Net production = 430 kg s

322 kg ' me— @ 4 58 kg !

Surface,: --------- I M- 42°N
o 180 kg s
/, 343 kg 8-1 30°N
114°W 104°W

Figure 3.9: GEOS-Chem simulated budget of tropospheric O3 over the Southwest U.S.
(rectangle in Fig. 4), from the surface to 500 hPa, for July 15-August 15, 2007. Arrows are
O3 transport and deposition fluxes (kg s!), with lengths proportional to the magnitudes of
the flux.
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Figure 3.10: GEOS-Chem simulated changes in tropospheric O3 (Os, ppb, solid line) from
June 15-July 15 to July 15-August 15, 2007, averaged over the Southwest U.S. (rectangle
in Fig. 4). Also shown are the corresponding changes in the relative contributions from

anthropogenic (dash-dotted), lightning (dashed), both anthropogenic and lightning (dotted),

and net transport (long-dashed).
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CHAPTER 4

Quantifying the impacts of long range transport of
wildfires emissions on surface ozone at coastal Western

U.S. sites using an adjoint method

Abstract

We use the GEOS-Chem 3-D global tropospheric chemical transport model and its adjoint
to quantify the source contributions to Oz pollution observed at Mt. bachelor Observatory
(MBO) during the summer of 2008. The adjoint computes the sensitivity of O3 concentration
at the receptor site to Oz production rates at 2°x2.5° resolution over the history of air
parcels reaching the site. We found that MBO experienced distinct O3 pollution episodes
from Siberia wildfire emissions. During the O3 pollution episode from June 30th to July 4th
in year 2008, 7.5 ppb of MBO Oj is produced over Siberia, comparable to the amount of O
(8 ppb) produced over North America. A significant amount of O3 (18 ppb) production took
place over the North pacific, with maxima just off the west coast of the U.S. where subsidence
of air masses causes decomposition of PAN (peroxyacetylnitrate, a thermo-unstable NO,
reservoir species) and drives further ozone production. We also used the adjoint of GEOS-
Chem to show the model O3 at MBO is largely sensitive to NOy emissions from biomass
burning sources in Siberia and northern California, lightning sources over southwestern U.S.
and Mexico, and anthropogenic sources in western U.S. and eastern Asia. For the CO
emissions, the largest O3 sensitivity is to the biomass burning sources in northern California

and Siberia. The peak sensitivity to biomass burning CO emissions is comparable to the
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peak Oj sensitivity to anthropogenic NO, emissions.

4.1 Introduction

Tropospheric ozone (O3) is formed by the oxidation of hydrocarbons and carbon monoxide
catalyzed by nitrogen oxide radicals (NOyx = NOy + NO) and hydrogen oxide radicals (HOy
= H + OH + peroxy radicals). High surface concentrations of O3 in populated regions, where
emissions of both NO, and hydrocarbons are large, are a serious air pollution problem. O3 in
the troposphere is also of global interest as a main atmospheric oxidant, a primary source of
OH and an effective greenhouse gas OH and an effective greenhouse gas (Change, [2007). A
fraction of tropospheric Oz comes from the stratosphere. The major sources of O3 precursors

are anthropogenic (fuel combustion) and natural such as lightning and biomass burning.

The variability in background surface Oj is a critical issue in the decision making of air
quality policy (McDonald-Buller et al., 2011)). During the past decades, the U.S. National
Ambient Air Quality Standards (NAAQS) for ground-level O3 have become increasingly
stringent. The Environmental Protection Agency (EPA) established primary and secondary
NAAQS for ground-level O3 in March 2008: annual 4th highest daily maximum 8-hour
average (MDAS) concentration not to exceed 75 ppb. There are currently 227 counties,
home to 123 million people, classified as not having attained the 75 ppb standard (www.epa.
gov/airquality/greenbook/index.html). In 2015, a new standard proposed by the EPA
was issued, further lowering it from 75 to 70 ppb. As the O3 standard becomes increasingly
stringent, to accurately determine the background Oj levels becomes more imperative. Policy
Relevant Background (PRB) Oy is the maximum Os reduction that can be achieved through
controls of North American emissions alone (EPA,[2006)). From both scientific and regulatory
points of view, a lower O3 standard will motivate air quality-control planners to see more
accurate and precise attribution of the background Oj to determine how much domestic

emissions must be reduced in order to attain that standard (Cooper et al., |[2014).
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Surface O3 in the western U.S. has trended up (0.19-0.51 ppb yr!) during the past two

decades even though surface Oz in the eastern U.S. has gone down (Jaffe and Rayl 2007}

\Cooper et all 2012, [2014). Free tropospheric O3 in the western U.S. has been steadily

increasing (0.4140.27 ppb yr'!) during the same time period (Cooper et al.,2010). PRB O3

is especially high over the intermountain regions in the western U.S. due to the arid terrain,

high elevations, and large-scale subsidence in the region (Zhang et al), 2011). PRB Oz in

the western U.S. is impacted by many factors including biomass burning (Jaffe et al., 2008;
\Jaffel, [2010)), lightning (Zhang et all 2014) and trans-Pacific transport of Asian pollution
(Parrish et al., 2009; | Cooper et al.l |2010).

Long-range transport of air pollution is becoming another major issue as counties at
northern mid-latitude strive to meet increasingly stringent air quality standards. Elevated

air pollutants levels have been observed in the U.S due to long range transport of Canadian

forest fire emission (Wotawa and Trainer), [2000), Siberian biomass burning emission (Jaffe

let all, 2004; |Oltmans et al.l [2010) and Asian emission (Zhang et al., 2009). A number of

studies have investigated the impact of transpacific pollution on surface O3 in the WUS.
O3 has a lifetime of days in the boundary layer but weeks in the free troposphere
1998), enabling transport on the intercontinental scale. Eurasian pollution is typically

exported to the Pacific by front lifting in warm conveyor belts (WCBs), convection, and

orographic lifting (Liu et all, 2003 |Brock et al., |2004; |Liang et all 2004; Dickerson et al.

2007)). The transport is most rapid and frequent in spring due to active cyclonic activity and

strong westerly winds (Forster et al.,[2004; |Liang et al.,|2004)). |Jaffe et al.|(2004) found that

the fires in Siberia, 2003 resulted in enhancements in summer background O3 of 5-9 ppbv at

sites in Alaska, Canada and the Pacific Northwest. (Zhang et al., 2008)) used an ensemble of

aircraft, satellite, sonde, and surface observations during the INTEX-B campaign (April-May
2006) to quantify the transpacific transport of Asian pollution. They concluded that Asian
anthropogenic emission increased surface O3 concentrations by 5-7 ppb in WUS during the

INTEX-B period.
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Most of the previous studies on the influence of long range transport on surface O3 have
run sensitivity simulations with perturbed emissions using a chemical transport model (Ja-
cob et all 1999; | Yienger et al., [2000; |Wild and Akimoto, [2001; |Derwent et al., |2008; |Duncan
et all 2008; |Fiore et al.), [2009). This source-oriented method is computationally limited
in the spatial resolution of the source region that they can achieve. (Cohan et al., [2005)
briefly describes the application of sensitivity analysis. The following is from their descrip-
tion. Sensitivity analysis investigates the response of atmospheric concentrations, C(x,t),
to perturbations in a sensitivity parameter, p;(x,t) (a model parameter or input such as an
emission rate, initial condition, or boundary condition). Sensitivity coefficients traditionally
have been approximated by ‘brute force’ method. In this method, finite differencing com-
pares concentrations computed by two chemical transport model (CTM) simulations that

are identical except for a perturbation in the sensitivity parameter

(1) _ Ciae;, — Cong

. 4.1
8] 2A€j ( )

The fractional perturbation in the parameter is denoted by
AEJ‘ = Ej —1 (42)

The brute force method is simple and ready to be applied in any chemical transport
model. However, if we want to compute a large number of sensitivities, the method becomes
inefficient , because it requires additional simulations for each perturbation. Although brute
force computes exact model response to specific perturbations, the accuracy of scaling these
results to other levels of perturbation is unclear in the presence of nonlinearity. In addition,

brute force is prone to numerical error for small perturbations.

The adjoint method is a much more computationally efficient approach for the receptor-
oriented problem, for example, to calculate the source attribution of O3 concentration at a
given site. A single run of the adjoint model can compute the sensitivity of ozone concentra-

tions at a given location and time (or an average over a spatial domain and time interval)
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to the global distribution of sources over the spatial and temporal resolution of the model
(Zhang et al., [2009). The adjoint method has been applied in previous studies to investigate
long range transport of aerosol to the U.S. (Henze et al.,[2009)), pollutant transport to Hawaii
island (Vukicevi¢ and Hess, |2000; |Hess and Vukicevic, 2003) as well as regional sensitivity
analyses for Og pollution episodes (Elbern and Schmidt, 2001; |[Hakami et all [2006; |Nester
and Panitz, [20006)).

In this study, we used the adjoint model of GEOS-Chem to quantify the impacts of
the long-range transport of the Siberian wildfire emissions during the summer of 2008 on
surface O3 on the U.S. west coast. We interpreted model results with the observation at site
MBO (Mt. Bachelor Observatory, Oregon). It’s a standard reference site for background
air entering the United States (Goldstein et al., 2004; | Jaffe et al. 2005; |Oltmans et al.l,
2008). It’s particularly sensitive to long range influences due to its exposure to the free
troposphere (Jaffe et all 2005; | Weiss-Penzias et al., [2006; | Wolfe et all, 2007). The GEOS-
Chem model and its adjoint is described in Sect.2. We give a description of the observations
in Sect.2. Sect. 3 briefly describes the MBO observation. Model evaluation and Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectories analysis are
shown in Sect. 4 and 5. We present our simulation results and related discussions in Sect. 6

and 7. Conclusions are given in Sect. 8.

4.2 GEOS-Chem Model and its Adjoint

4.2.1 GEOS-Chem configuration

We use a global 3-D chemical transport model (GEOS-Chem, v8-02-03, available at http:
//geos-chem.org) (Bey et al., 2001) to interpret the CASTNet observations. The model
is driven by GEOS-5 data assimilation system (DAS) meteorological fields from the NASA
Global Modeling and Assimilation Office (GMAO) with a temporal resolution of 6-hour (3-

hour for surface variables and mixing depths) and consists of 47 levels in the vertical up to
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0.01 hPa. The lowest model levels are centered at approximately 60, 200, 200, 300, 450, 600,
700, 850, 1000, 1150, 1300, 1450, 1600, 1800 m in GEOS-5. We run the model at 2° latitudes
by 2.5° longitude globally.

Tracer advection is calculated using a flux-form semi-Lagrangian method (Lin and Rood,
1996)) every 15 minutes. Following (Allen et al., 1996ayb)), tracer moist convection is com-
puted using GEOS-5 convective, entrainment, and detrainment mass fluxes. Treatment for
shallow convection is using (Hack et al., 1994) and parameterization of deep convection

follows the relaxed Arakawa-Schubert scheme (Moorthi and Suarez), 1992).

GEOS-Chem includes detailed ozone-NO,-hydrocarbon-aerosol chemistry. Tropospheric
O3 is simulated with about 80 species and over 300 chemical reactions (Bey et al., [2001)).
Photolysis rates are computed using the fast-J algorithm (Wild et al., 2000). The O3 simu-
lation over the U.S. has been extensively evaluated (Wang et al., 2009; | Zhang et al., 2010}
Walker et al., 2010; |Parrington et al., |2008). Anthropogenic emissions are as described by
(Zhang et al., [2011)). Global anthropogenic emissions are from the Emission Database for
Global Atmospheric Research (EDGAR) inventory for 2000, superseded by regional emission
inventories from the U.S. EPA 2005 National Emission inventory (NEI-05) for the U.S., the
European Monitoring and Evaluation Program (EMEP) for Europe, the Canada Criteria Air
Contaminates (CAC) emission inventory for Canada, and the Big Ben Regional Aerosol and
Visibility Observational (BRAVO) emission inventory for Mexico. Biogenic emissions are
based on the Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory
(Guenther et al., [2006)).

Lightning NO, emissions are computed locally in deep convection events (Price and Rind,
1992), where flash rates are related to convective cloud top heights. NO, yields per flash are
260 moles in the tropics and 500 moles in the extra-tropics (Huntrieser et al., 2007, 2008}
Hudman et al., 2007; |Ott et al. [2010). The vertical distribution of lightning emissions follow
(Pickering et al.,|1998). In this work, we use the higher density National Lightning Detection

Network data (Christian et al., 2003) for the continental U.S. to constrain lightning flash
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rates, following (Zhang et al.,2014). NLDN observes cloud-to-ground lightning flashes only,

and intra-cloud flashes are estimated to be three times that amount (Boccippio et all [2001]).

The constfeferaint largely corrects excessive lightning flash rates and consequently high bias

of surface Oz in the SWUS in previous GEOS-Chem simulations (Zhang et al., 2011}, 2014]).

Biomass burning emissions are from the daily Global Fire Emission Database version

3 (GFEDv3) (Guglio et al. 2013; lvan der Werf et al) 2006). GFEDv3 is derived using

satellite observations including active fire counts and burned areas in conjunction with the
Carnegie-Ames-Stanford-Approach (CASA) biogeochemical model. Carbon emissions are
calculated as the product of burned area, fuel loading and combustion completeness. Burned

area is derived using the active fire and 500-meter burned area datasets from the Moderate

Resolution Imaging Spectroradiometer (MODIS) as described by (Giglio et all 2013). The

NO, emission factors for extra-tropical forest fires are updated following (Alvarado et all,

2010).

4.2.2 GEOS-Chem adjoint model

Founded in optimal control theory and variational calculus, adjoint methods were initially

suggested as approaches to source analysis of atmospheric tracers several decades ago |Lions

(1971); |Marchuk| (1974). By the late 1990s, the method was applied to chemical transport

models of the stratosphere (Fisher and Laryl|1995) and troposphere (Elbern et al.,1997). The

method was used to constrain emissions in an Eulerian air quality model of chemically active

species in the troposphere by (Elbern et al., [2000). Subsequent investigations of emissions
have been explored with adjoints of chemical transport models such as CHIMERE
et al., 2000; | Menut, 2003} |Schmudt and Martin, [2003)), Polair (Quélo et al. 2005), the CIT
model (Martien et al.,2006) STEM (Sandu et al., 2005, | Hakami et al.,|2005), DRAIS
land Panitz, 2006), CMAQ (Hakami et al., 2007), IMAGES (Muller and Stavrakoul 2005;
\Stavrakou and Mdller, 2006; |Stavrakou et all 2008), and GOCART (Dubovik et al. 2004]
2008).
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(Henze et all [2007) provides a full description of the GEOS-Chem adjoint model. In
their study, the adjoint of each individual physical and chemical model operator is derived
and validated, and pseudo-observations are used to assess the potential inverse modeling
performance. Subsequently, the GEOS-Chem adjoint model has been updated to include
online calculations of the heterogenous reaction rates (and the corresponding adjoint), and
sensitivities with respect to emissions of NOy from soil and lightning (Henze et al., [2009).
The GEOS-Chem adjoint has also been further developed for inverse modeling CO emissions
using remote sensing observations (Kopacz et al. 2006). The remainder of this session is

from (Henze et al., 2009)), which reviewed general approach to adjoint sensitivity analysis.

A chemical transport model can be viewed as a numerical operator, F, acting on a vector
of initial concentrations, ¢, and a vector of parameters, p, to yield an estimate of the evolved

concentrations at a later time, N,

N = F(c’, p), (4.3)

where c is the vector of all K tracer concentrations, c=[cy, ...,cy, ...,ck]T at time step n.
In practice, F' comprises many individual operators representing various physical processes.
For the moment, let F n represent a portion of the discrete forward model that advances the

concentration vector from time step n to step n+1.

" = F*(c", p), (4.4)

The adjoint model is used to calculate the sensitivity of a scalar model response function,

J , with respect to the model parameters, p.

J=Y M) + Jp(p) (4.5)

As will become evident, it is first necessary to calculate the sensitivity of the model
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response with respect to species concentrations at every time step n in the model,

_aJ
O

Vend (4.6)

The Jacobian matrix of the model operator around any given time step can be written

as
dc* Tt OF™(c")
= =F" 4.7
oc? dcr N (47)
and similarly,
n+1 Fn n
0c’ _ OF(C) _ pn (4.8)
op op i
Using the chain rule,
oJN
o — Fn T Fcn+1 T L. FCN—I T
Ve = (B (BT (1)1
T I\T Ny 0!
+ (FO) ' (FH - (F) DT (4.9)
P oJ"
oc”
aJ" .. : : . . .
The 5o terms are referred to as the adjoint forcings as their role in the adjoint model is

analogous to that of emissions in the forward model (for further details, see the continuous

forward and adjoint model equations in (Sandu et all 2005)).

4.3 Observations at Mt. Bachelor Observatory (MBO)

4.3.1 MBO instrumentation

Site Mt. Bachelor Observatory (MBO) was established in year 2004 and is a mountaintop
site located on the summit of Mt. Bachelor in the Cascades Mountains of central Oregon

(Jaffe et al. [2005)). Continuous measurements include a suite of chemical (e.g. O3, CO,
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aerosol scattering, mercury) and meteorological (e.g. wind speed/direction, temperature,
relative humidity) parameters (Ambrose et all [2011]). Non-continuous measurements (e.g.
for specific seasons or studies) include compounds such as nitrogen oxides (NOy and NOy)

and peroxy acetyl nitrate (PAN) (Gratz et al., [2015)).

O3 is measured using a Dasibi 1008 RS UV Photometric Ozone Analyzer (Weiss-Penzias
et al., 2006; [Ambrose et all 2011). The analyzer is calibrated every six months with an Os
generator referenced to a Washington State Department of Ecology transfer standard, which
is calibrated against the EPA Region 9 Standard Reference Photometer (Gratz et all 2015).
The detection limit of the method is 1 ppbv and the estimated total uncertainty is £2%
(Ambrose et al., [2011)).

Carbon monoxide was measured during spring 2004 using a Thermo Electron Corporation
(TECO) 48C nondispersive infrared analyzer, and thereafter using a TECO 48C Trace Level
Enhanced (TLE) analyzer (Ambrose et al. [2011)) through April 2012 (Gratz et all 2015).
These analyzers were calibrated every 24 h with a +2% NIST-traceable working standard
of 400e500 ppb referenced to a NOAA-certified breathing air primary standard. Zeroes
were performed every two hours. The detection limit was 20 ppbv and the estimated total

uncertainty in hourly-averaged mixing ratios was £6%.

4.3.2 Fire event identification

In the series of studies in Dan Jaffe’s group at the University of Washington (Wigder et al.,

2013; |Baylon et all 2015)), they employed four criteria to identify fire events observed at
MBO:

- 5-min ambient aerosol scattering o, > 20Mm™! for at least two hours.
- 5-min CO >150 ppbv for at least two hours.
- Strong correlation (R? > 0.70) between o, and CO.

- Consistent backward trajectories indicating transport over known fire locations.
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For the fourth criterion, they used the Fire Information for Resource Management System
(FIRMS) Web Fire Mapper to identify burning fires (https://firms.modaps.eosdis.nasa.

gov/firemap/)).

4.4 Time series of O3 and CO at MBO during fire events

During the summer of 2008 to 2010, there are 24 wildfire events identified at MBO obser-
vation based on the four criteria we described above. In this study, we analyzed the event
with the longest duration, lasting from June 30th, 2008 to July 4th, 2008. Figld.1]shows the
hourly observed and modeled time series of O3 (left) and CO (right) at MBO. Surprisingly
we found this very good agreement between the measurements and GEOS-Chem simulation
at such a high temporal resolution. Model well captures the day-to-day variations of both
observed O3z and CO concentration, especially the significant enhancement in both species
during the wildfire event period (between the blue lines). The increase in CO concentration
is more evident than that in O3 due to the fact that CO is emitted directly from wildfire
emissions while O3 is a secondary air pollutant. It takes time for the fire emitted VOCs and
NOy to form Ogs in the presence of sunlight. The mean observed hourly O3 concentration
at MBO is 50+14 ppbv, compared with 49410 ppbv in the model. As for CO, the mean
observed concentration at MBO is 133471 ppb, compared to 115£52 ppb in the model. The

model cannot reproduce the peak CO levels observed at MBO during the wildfire event.

4.5 Description of backward trajectories

(Wigder et al., |2013) identified the approximate fire location for the observed fire event at
MBO during June 30th, 2008 to July 4th, 2008 by applying both 10-day backward trajectories
with the HYSPLIT model using the 1° resolution Global Data Assimilation System (GDAS)
meteorological data and 3-day backward trajectories using the 40 km resolution US Eta

Data Assimilation System (EDAS) meteorological data. In their results, this fire event is
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attributed to the fires that took place in Northern California. In our study, we also calculated
backward trajectories with the HYSPLIT to establish the transport history of the air masses
impacting MBO. The result presented in Figld.2] is based on back trajectories initialized
at July 4th, 15:00 pm from the summit of MBO. These trajectories were calculated using
global meteorological data from the GDAS (Global Data Assimilation System) archive, which
has a time resolution of 3 hours, a spatial resolution of 1° latitude by 1° longitude, and a
vertical resolution of 23 pressure surfaces between 1000 and 20 hPa. Error in HYSPLIT
trajectory calculations normal to the direction of flow are 10-30% of the distance traveled
after 24 (Drazler and Hess| [1998). Figli.2 (left) shows the ensemble of the three-day back
trajectories and Fig. (right) shows the ensemble of the ten-day back trajectories. Each
member of the trajectory ensemble is calculated by offsetting the meteorological data by
a fixed grid factor (one grid meteorological grid point in the horizontal and 0.01 sigma
units in the vertical). This results in 27 members for all-possible offsets in X, Y and Z.
To our surprise, we found in the ten-day back trajectories that a majority of the ensemble
trajectories came from the Siberia regions. The red sparks in the figures are approximate fire
locations identified from the FIRMS Web Fire Mapper. For the three-day back trajectory,
the ensemble of the paths came across the fire regions in Northern California. While for the
ten-day back trajectory, the air mass may bring the fire emission from Siberia before they

reach MBO after trans-Pacific transport.

Previous study (Vivchar, 2011)) has shown that year 2008 is a very strong fire year in
Russia with a maximum (33.0 Mha) in total burned areas from wildfires during 2004 to 2010.
We also investigated this inter-annual variations of wildfire activities in Siberia. Fig[.3shows
the GFED3 black carbon (BC) emission in June during 2004 to 2010. Values are summed
over the Siberia region. Wildfire emitted BC is the largest in year 2008, compared to the
other years investigated here, reaffirming the strong wildfire activities in Siberia in year 2008.
Fig[d.4 shows the large amounts of active fire counts during June, 2008 over Siberia. Results
are from the FIRMS Web Fire Mapper. In order to investigate how the Siberia wildfire
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emission impact surface O3 in the western U.S. after the long range transport, we conducted
adjoint simulation to estimate the source contributions to surface Os pollution during the
identified fire event at MBO during June 30th, 2008 to July 4th, 2008. The cost function
for the adjoint sensitivity calculation is the O3 concentration at MBO averaged over the fire
event period. The forward and backward simulations are performed from May 4th, 2008 to
July 4th, 2008, and the cost function is evaluated at every hour throughout the simulation.
We calculated two terms using the GEOS-Chem adjoint model: (1) the sensitivity of Og
concentration at MBO to 3-D Oj production rates at 2°x2.5° resolution over the history
of air parcels reaching the site (running the model backwards for two months) and (2) the
sensitivity of Oz concentration of MBO to NO, emission estimates of O3 precursors such
as NOy (including NO emitted from different sources, i.e. biomass burning, lightning,

anthropogenic, aircraft, biofuel and soil) and CO (from biomass burning, anthropogenic and

biofuel).

4.6 Fine Geographical Source Attribution for MBO O3 during fire

event

Fig[d.5] shows the sensitivities of O3 concentrations at MBO to the global distribution of
O3 production rates for the previous two months, as inferred from the GEOS-Chem model
adjoint. The figure shows the integrals of the production rates over time and over the
tropospheric column depths at the 2°x2.5° horizontal resolution of the model. They show
the amount of O3z produced in each grid square and transported to the receptor site with
chemical loss accounted for during transport. Summing these values globally over all 2°x2.5°
grid squares approximates the O3 concentrations simulated by GEOS-Chem at the receptor
site; there is a 10%-15% residual that reflects production in the stratosphere and tropospheric

production at time lags larger than two months.

We define four regions as Asia (8°N-50°N, 70°E-152°E), Siberia (50°N-80°N, 80°E-270°E),
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North America (15°N-80°N, 232°W-292°W), and the North Pacific (0°N-50°N, 152°E-232°W).
We find most of the ozone production contributing to MBO ozone during this episode took
place over the North Pacific, about 18 ppb in total, with maxima just off the west coast of
the U.S. where subsidence of air masses causes decomposition of PAN (peroxyacetylnitrate, a
thermo-unstable NOy reservoir species) and drives further ozone production (Kotchenruther
et all |2001; Heald et al., 2003; |Hudman et al., 2004; |Zhang et al., 2008). We also find signif-
icant O3 production of about 12 ppb over East Asia, with maxima over the northeast China
plain and Japan. About 8 ppb was produced over North America, with maxima over the
fire regions in Northern California. About 7.5 ppb O3 production was over Siberia, mainly
due to the wildfire emissions, which peaks in that region in 2008. It is surprising to see that
the amount of O3 produced over Siberia wildfire regions and transported to MBO after the
trans-Pacific transport is comparable to the contribution from fires in northern California

which are located much closer to MBO site.

Fig. shows the time-dependent sensitivities to production over Asia (8°N-50°N, 70°E-
152°E), Siberia (50°N-80°N, 80°E-270°E), North America (15°N-80°N, 232°W-292°W), and
the North Pacific (0°N-50°N, 152°E-232°W), and Rest of World. Similar sensitivity spectra
have been shown by (Vukicevi¢c and Hess, 2000). Integrating under these curves gives the
total contributions of O3 production in these regions to the O3 concentrations at the receptor
site. Again, the contribution from Asia, North Pacific, Siberia, North America and Rest of
World are 12ppb, 18ppb, 7.5 ppb, 8ppb and 12 ppb, respectively. We see that O3 produced
in North America had an immediate impact on MBO, in about 1-2 days. It has a secondary
peak at 20-25 days that reflects O3z produced in the U.S. and transported in the westerly
atmospheric circulation. Production over North pacific begins from day 2 and has its maxima
on day 4, reflecting the decomposition of PAN in the subsiding air mass as discussed earlier.
The impact last until day 25, reflecting significant O3 production during the plume transport.
O3 production over Asia begins to impact MBO after 6-day time lag and maximum Asian

influence is at time lags of 8-11 days, which is consistent with the timescale for trans-pacific
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transport( Yienger et al., 2000 |Stohl et all 2002). Similarly, O3 production over Russia
Siberia begins to impact MBO after 8-day time lag and maximum influence is at time lags

of 10-14 days.

4.7 Sensitivity of MBO O3 during fire event to emission estimates

of NO4 and CO

We use the adjoint of GEOS-Chem to calculate the sensitivity of O3 at MBO to emission
estimates of different O3 precoursors. Fig. shows the sensitivity of model simulated MBO
O3 to the NOy emission estimates from biomass burning (top), anthropogenic (middle) and
lightning (bottom). The sensitivities shown here have been normalized by dividing the
gradient of the cost function by the cost function so that relative influence of the different
emission sources can be compared against each other. The largest model O3 sensitivity is
to anthropogenic NO, emission estimates, centered over western U.S. and northern Mexico.
A secondary maximum is located in the emission source regions in east Asia. The influence
of anthropogenic emission estimates extends across Europe but the sensitivity is less than
one third of the peak values over the main anthropogenic source regions. Biomass burning
is the next most significant NO, emission source, with the peak sensitivity localized to the
main biomass burning region in the western U.S. The adjoint simulation also illustrates
significant sensitivity of MBO O3 to biomass burning NO, emissions over Eastern Siberia,
which amounts to about half of the peak values over western U.S. Lastly, the model O3 shows
sensitivity to lightning NO, emissions which, although smaller in magnitude compared to the
anthropogenic and biomass burning sensitivity, cover a large area of southwestern U.S. and
Mexico, corresponding the region where most of the lightning activities take place during the
North American summer monsoon. The combined sensitivity to NOy emissions from other
sources (i.e. aircraft, biofuel and soil) is considerably lower than that for the anthropogenic,

biomass burning and lightning sources. For the CO emissions, shown in Fig[l.8] the largest

82



O3 sensitivity is to the biomass burning sources in northern California and Siberia. The
peak sensitivity to biomass burning CO emissions is comparable to the peak O3 sensitivity

to anthropogenic NO, emissions.

Fig. and Fig. highlight some of the key potential sources of uncertainty in the
model O3 chemistry and their relative contributions. In future study, it is crucial to be able
to attribute intercontinental ozone pollution to the actual emissions of ozone precursors,
taking advantage of the fine resolution enabled by the adjoint. To quantify the contribution
to MBO O3 from different emission sources, we also need to resolve the non-linearity in O3

production.

4.8 Conclusion

In this study, we have shown that an adjoint model analysis can provide detailed geograph-
ical and temporal information on intercontinental pollution influences at specific receptor
sites. Such information can be used to better determine the sources of this intercontinental
pollution, down to the scale of individual source countries and urban areas. We also used the
GEOS-Chem adjoint model to calculate the sensitivity of O3 concentration at a receptor site
to emission estimates of Oz precursors (NOy , CO) from different sources (anthropogenic,
biomass burning, lightning, soil, aircraft). For policy purposes it will be important to at-
tribute the long range transport of Oz pollution to the actual emissions of O3 precursors,
taking advantage of the fine resolution enabled by the adjoint model. This requires us to
resolve the non-linearity of the O3 production in the chemical mechanism in the model, and

hence a more elaborate calculation than was presented in this study.

It is also worthwhile to notice that contributions from small fires to carbon emission in
Asia and Siberia reach its peak in spring season (Randerson et al.l 2012)), from March to
May, which corresponds with the period when the trans-pacific transport of air pollution

is the strongest. We would then expect an increase in background O3 concentration in the

83



WUS due to the trans-pacific transport of pollutants from Asian and Siberia during the
spring season. Therefore, GEOS-Chem and its adjoint model with biomass burning emission
input from GFED-v3 with small fires included could be used to investigate the impact of
this intercontinental pollution episode and more detailed analysis should be conducted in

the future.
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Figure 4.1: Times series of observed (black line) and GEOS-Chem simulated (red line)
surface O3 (ppb, left) and CO (ppb, right) for June 28th - July 6th, 2008 at Mt. Bachelor
Observatory (MBO). Values are hourly averages.
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Figure 4.2: Three day (left) and ten day (right) ensemble backward HYSPLIT trajectories
initiated at 15:00 pm July 4th, 2008 at Mt. Bachelor Observatory (MBO). Red sparks are
showing the approximate fire locations inferred from the FIRMS Web Fire Mapper.
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GFED3 biomass burning emissions in Siberia
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Figure 4.3: GFED3 biomass burning emissions of BC over Siberia (50°N-80°N, 80°E-270°E)
in June during year 2004-2010.
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Active fire counts from FIRMS Web Fire Mapper, June 2008

Figure 4.4: Active fire counts from MODIS Fire Information for Resource Management

System (FIRMS) Web Fire Mapper during June, 2008 over Siberia (50°N-80°N, 80°E-270°E).
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Figure 4.5: Sensitivity of O3 concentration at Mt. Bachelor Observatory (MBO) to O3

production worldwide as inferred from the GEOS-Chem adjoint model, integrated in time

(two months) , over the depth of the tropospheric column and at the 2°x2.5° grid resolution

of the model.
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Figure 4.6: The time-dependent sensitivities (going back in time) of O3 concentration

at Mt. Bachelor Observatory (MBO) to Oj

152°E), Siberia (orange, 50°N-80°N, 80°E-270°E), the North Pacific (green, 0°N-50°N, 152°E-
232°W), North America (blue, 15°N-80°N, 232°W-292°W) and Rest of World (black), as

inferred from the GEOS-Chem adjoint model.
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Figure 4.7: Normalised sensitivity of O3 concentration at Mt. Bachelor Observatory (MBO)
to NOy emissions estimates associated with biomass burning (top), anthropogenic (middle)

and lightning (bottom) sources.
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Figure 4.8: Normalised sensitivity of O3 concentration at Mt. Bachelor Observatory (MBO)
to CO emissions estimates associated with biomass burning (top) and anthropogenic (bot-

tom) sources.
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CHAPTER 5

Conclusion

5.1 Final conclusions

We analyze the surface ozone observations from the Clean Air Status and Trend Network
(CASTNet) using a global chemical transport model (GEOS-Chem) to investigate the impact
of biomass burning on surface O3 in the western U.S. (WUS) mountain ranges during the
June-October fire season of 2007, one of the stronger fire years in the WUS in the past
decade. GEOS-Chem O3 captures the observed seasonal, synoptic and daily variations.
Model daily afternoon average surface O3 concentrations at the CASTNet sites are within 2
ppb of the observations, with correlation coefficients of 0.51-0.83 and Taylor scores of 0.64-
0.92. Observed maximum daily 8-hour (MADS) surface O3 concentrations are 37-58 ppb at
the sites, while the corresponding model results are higher by 6 ppb on average. Model results
show July-September maximum surface Oz enhancement of ~9 ppb on average because of
biomass burning. Peaks in fire-contributed surface O3 correspond broadly with high levels
of potassium (K), reaffirming a strong fire influence. We find a policy relevant background
(PRB) O3 of 45.6 ppb on average during July-September. Fire-contributed O3 accounts for
up to 30% of the PRB O3, highest in the intense fire region (Montana, Idaho, and Wyoming)

with maxima in August and September.

We examine an unexpected summertime surface Oz minimum (~30-45 ppb) in July-
August observed throughout the Southwestern U.S. (SWUS) by interpreting observations of
O3 and rainfall from the Clean Air Status and Trends Network (CASTNet) for 2000-11 with

a global chemical transport model. The O3 minimum reflects competing chemical and dy-
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namic factors as well as anthropogenic and natural influences. Its occurrence corresponds to
the interannual rainfall maximum in North American summer monsoon (NASM) -negative
surface O3 anomalies are accompanied by positive rainfall anomalies at the CASTNet sites
(r =-0.5t0-0.7, p <0.05). Relative to June 15-July 15, 2007 (prior to the monsoon onset in
the SWUS), increased cloudiness during the maximum rainfall in July 15-August 15 (after
the onset) weakens photochemistry, reduces Oz production from anthropogenic emissions,
thereby depresses O3 at the surface (-5 ppb at Chiricahua, AZ and -3 ppb on average across
the SWUS) and throughout the lower troposphere. Largest relative changes (AQOj3) are seen
at rainfall maxima, particularly in the core of the Great Plains low-level jet. The correspond-
ing enhancement in lightning (hence NO, emissions) augments O3 production in the middle
troposphere and subsequent downward mixing in convective downdrafts, thus increases sur-
face O3 non-negligibly (+2 ppb at Chiricahua and +1 ppb averaged over the SWUS) and
significantly throughout the tropospheric column. The resulting AOj is largest (48 ppb) in
the anti-cyclonic circulation associated with the upper-level high. Weaker photochemistry
dominates the overall AO3 near the surface, while enhanced lightning dominates in much
of the free troposphere. Additionally, we find that transport leads to a net export of Os
throughout the tropospheric column and the influence from stratospheric intrusion is van-
ishingly small. These competing effects suppress O in the lower troposphere (AO3 up to -5
ppb) while enhance O3 at higher altitudes (AOj3 up to +7 ppb) across the SWUS during the

monsoon.

We use the GEOS-Chem 3-D global tropospheric chemical transport model and its adjoint
to quantify the source contributions to O3 pollution observed at Mt. bachelor Observatory
(MBO) during the summer of 2008. The adjoint computes the sensitivity of O3 concentration
at the receptor site to Oz production rates at 2°x2.5° resolution over the history of air
parcels reaching the site. We found that MBO experienced distinct O3 pollution episodes
from Siberia wildfire emissions. During the O3 pollution episode from June 30th to July 4th
in year 2008, 7.5 ppb of MBO Og is produced over Siberia, comparable to the amount of Oj
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(8ppb) produced over North America. A significant amount of O3 (18ppb) production took
place over the North pacific, with maxima just off the west coast of the U.S. where subsidence
of air masses causes decomposition of PAN (peroxyacetylnitrate, a thermo-unstable NO,
reservoir species) and drives further ozone production. We also used the adjoint of GEOS-
Chem to show the model O3 at MBO is largely sensitive to NO, emissions from biomass
burning sources in Siberia and northern California, lightning sources over southwestern U.S.
and Mexico, and anthropogenic sources in western U.S. and eastern Asia. For the CO
emissions, the largest O3 sensitivity is to the biomass burning sources in northern California
and Siberia. The peak sensitivity to biomass burning CO emissions is comparable to the

peak Oj sensitivity to anthropogenic NOy emissions.

5.2 Future work

5.2.1 Interannual variability of the impact of wildfire emission on surface Oz in

the western U.S

Our past and ongoing research centered on the seasonal influence of fire contribution to
surface O3 in the WUS mountain ranges. Previous research has shown that the frequency,
duration and burned area of wildfires have all been increasing in the WUS in the past a
few decades, due to climate changes (Westerling et al., [2006)). Figure 2 also indicates very
large inter-annual variability of wildfire intensities. Therefore we propose to examine the

interannual variability of the impact of wildfire emission on surface O3 in the WUS.

Because wildfires emit substantial O3 precursors, we hypothesize that the inter-annual
variations in WUS Og is related to the variations in wildfire activities. (Spracklen et all,
2007)) were able to use GEOS-Chem model to reasonably reproduce the variability in annual
mean Organic carbon (OC) and Elemental carbon (EC) concentrations measured by the
IMPROVE network averaged over the WUS. Based on our results in Chapter 2, we already
quantified the fire contribution to both surface O3 and PRB O3 in the WUS for the years 2006
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and 2007 using sensitivity analyses with GEOS-Chem. In order to evaluate our hypothesis,
we could conduct model simulation for multiple years (e.g. for 2001-2010) to investigate the

decadal variations of the influence of wildfires on surface O3 in the WUS.

We could use fire emission input from GFED-v3, which could provide us with multiple-
year fire emission data from 1997 to 2009. Coarse resolution in both GEOS-Chem and
GFED-v2 were found to have caused the underestimation of BC surface concentrations during
summer fire season in the WUS (Mao et al., 2010). To avoid excessive dispersion of biomass
burning emissions, we would conduct NA nested model simulations with high-temporal-
resolution GFED-v3 (daily and 3-hourly, 0.5°x0.5°) as fire emission inventory. Model results
would be compared with surface observations from both CASTNet and the U.S National
Park Service (NPS). Fire-contributed O3 concentration could be calculated from sensitivity
simulations for each year. Time series of the contributions over the past decade could be
plotted. We could then analyze how the influence of wildfires on surface O3 in the WUS
has changed in the past decade. Both MODIS fire count data and carbon emission from
GFED-v3 will be used as proxy of wildfire intensity. When all these data are ready, we
could calculate the correlation of fire intensity proxies and the interannual variations in

fire-contributed Os.

While fires are clearly one important factor to explain the inter-annual variability, other
factors, such as large-scale variations in background Oz may also be important. The question
arises as to whether an increase in fire extent is responsible for the positive trend in Oz in
the WUS. We would examine time series of the simulated surface O3 concentration with fire
emission turned off for the past decade. If by removing the influence from fires, the positive
trend in surface O3z in the WUS is significantly reduced, we could then conclude that the
increase in fires has largely been responsible for the increase in summertime O3 reported by

(Jaffe and Rayl, 2007)).
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5.2.2 Effect of small fires on surface O3 in the western U.S.

Small fires emission is an important constituent to total biomass burning emission. We
should take it into consideration when quantifying the impact of fire emission on surface air
quality. However, current inventories for biomass burning emissions significantly underesti-
mate small fire emissions (Randerson et al., 2012)). In several biomes, including croplands,
wooded savannas, and tropical forests, many small fires occur each year that are well below
the detection limit of the current generation of global burned area products derived from
moderate resolution surface reflectance imagery. Small fires often occur in agricultural set-
tings where the size of an individual field limits the fire spread (McCarty et al. [2009). In the
U.S., for example, agricultural field sizes vary by region, with an average of approximately

16 ha in many southern and eastern regions.

(Randerson et all [2012)) included the small fire emissions in the Global Fire Emissions
Database version 3 (GFED-v3) by combining 1km thermal anomalies (active fires) and 500m
burned area observations from MODIS. Biomass burning carbon emissions increased by 35%
at a global scale when small fires were included in GFED-v3, from 1.9 Pg C/yr to 2.5
Pg C/yr. For regions that could have the most significant impact on surface Os in the
WUS, including Boreal North America, Temperate North America and Central America,
the carbon emissions increased by 9%, 81% and 101%, respectively due to small fires. In
termes of burned area, in the continental U.S., the small fires increased the total amount of

MODIS burned area by approximately 75% during the same period.

Small fire emissions, including CO, CH4, NO,, and comparatively less amount of SO,
could be an important local and regional contribution of particulate and trace gas emissions
that affect both air quality and public health (Hays et al.,2005). In my proposed research, I
will conduct sensitivity simulations using GEOS-Chem model with biomass burning emission
input from GFED-v3. Emission factors for O3 precursors from small fires have already
been incorporated by Y. Mao (personal communication) into GFED-v3 and implemented

in the GEOS-Chem model. By calculating the difference between sensitivity and standard
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simulations, we can then quantify the impact of small fire emissions surface O3 in the WUS.

5.2.3 A regional perspective: The impact of wildfires on regional O3 air quality

in Southern California

Having investigated the impact of wildfire emissions on surface O3 in the WUS on a conti-
nental scale, we would like to zoom in to Southern California and look at the problem from
a regional perspective. Wildfires periodically burn large areas of chaparral and woodlands
in summer and autumn in Southern California. These fires often occur in conjunction with
Santa Ana weather events. Dry Santa Ana winds promote the ignition and rapid spread of
wildfires by drying fuels and fanning the flames of fires once they are started (Westerling
et all 2004). One example is the year 2003 in which a large number of fires occurred during
Santa Ana events. 12 major fires started between 21 October and 27 October in southern
California and another began on 28 October near Ensenada in Baja California, Mexico By
the end of November, the fires had burned a total of over 300,000 hectares. The paths of
these fires were, in many cases, coincident with some of the most densely populated urban
areas in the U.S. Therefore influence of fire emissions on urban air quality may result in
severe public health and societal problem. (Delfino et al., 2008)) evaluated the relationships
of hospital admissions for cardio respiratory outcomes to wildfire-associated PM2.5 using
data from the catastrophic wildfires that struck southern California in the autumn of 2003.
PM2.5 is the air pollutant with the greatest increase in concentrations during fire events.
They found that wildfire-related PM2.5 led to increased respiratory hospital admissions, es-
pecially asthma. The average increases of 70-ug/m3 PM2.5 during heavy smoke conditions
compared with PM2.5 in the pre-wildfire period were associated with 34% increase in asthma

admissions.

WRF-Chem would be the suitable tool for our analysis of the impact of wildfires on re-
gional air quality in southern California. We would use the observations of O3 and its precur-

sors from California Air Resources Board (CARB, http://www.arb.ca.gov/homepage .htm)
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sites to validate the WRF-Chem simulation. California’s Legislature established the ARB in
1967 to attain and maintain healthy air quality. It has one of the most extensive ambient air
monitoring network in the world, consisting of over 250 sites where air pollution levels are
monitored and more than 700 monitors used to measure the pollutant levels. The CARB
monitoring sites include instruments that measure ambient levels of gaseous and particulate

air pollutants, and in some cases, meteorological parameters.

We will conduct model simulations with all the three domains configured in the model,
but focusing on Southern California and specifically the L.A. basin. We will run the model
for the fire episodes in 2003 and 2007, two of the years when California has experienced
the strongest wildfire activities in the past decade. J. Randerson’s group at UCI has been
developing the high-resolution fire emission (2km x 2km) based on the GFED approach.
We will incorporate this new fire emission inventory in the WRF-Chem model and conduct
sensitivity analysis to calculate the contribution of wildfires emissions to the O3 and PM
levels in urban areas in Southern California. If time allows, we will also conduct WREF-
Chem adjoint model to quantify source contributions to O3 pollution in Southern California

urban regions.

5.2.4 Impact of wildfires on surface ozone air quality in a future climate

As we enter an era of rapid climate change, how wildfires may impact surface air quality in
a future climate needs to be better understood. The long term projections for the impact of
fires on surface air quality is a very difficult problem due to the uncertainties in the future

emission inventory for both anthropogenic emissions and fire emissions.

In future climate, changes in temperature, atmospheric water vapor, and the presence of
stagnant meteorological conditions would all contribute to the changes in O3 formation in
the troposphere. The future climate is expected to be more stagnant, due to a weaker global
circulation and a decreasing frequency of mid-latitude cyclone (Mickley et al., [2004). The

4th TPCC report presents mean regional climate projections for the 21st century from an
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ensemble of about 20 GCMs. Model results show a strong warming over the northern mid-
latitude continents and a slight increase in global precipitation. (Jacob and Winner) [2009)
summarized previous studies that have examined the effect of climate change on regional O3
pollution. The results indicate that polluted regions at northern mid-latitude will experience
higher surface O3 as a result of 21st-century climate change. The projected increases are
typically in the 1-10 ppb range. (Steiner et al., 2006|) investigated the Oz formation in
central California during a 5-day summertime simulation with Community Multistage Air
Quality model (CMAQ v4.3). They found that climate changes expected for temperature
and atmospheric water vapor each individually cause a 1-5% increase in the daily peak O3

in central California.

Long-term projections for the impacts of wildfires on surface air quality must account for
two factors, future changes in fire emissions and changes in climate. Thus the proposed study
would consist of two experiments. In the first experiment, we would assume the future fire
emissions are held constant, and quantify the changes in surface O3 and PM2.5 purely due to
climate changes. We could cooperate with Alex Hall’s group from UCLA to abtain the future
meteorological fields from GCMs. Their results would be particularly useful in our regional
study of the impact on air quality in LA basin, because they have applied the state-of-the-art
dynamical downscaling techniques to 19 GCMs and projected the mid-21st-century warming
in the LA region at 2km (1.2mile) resolution (http://c-change.la/temperature). We will
conduct sensitivity simulation using both GEOS-Chem and WRF-Chem driven by projected
global and regional meteorological fields to quantify the changes in surface O3 due to changes

in future climate.

In the second experiment, we can incorporate future fire emissions in GEOS-Chem model.
The current GFED-v3 does not have the emission inventory for future years, but the method
used in the paper by (Spracklen et al. 2009) could give us some clue. We could predict
future area burned by first regressing observed area burned onto observed meteorological

fields and then use future meteorological fields as new input. With the future fire emission
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input, we can then conduct sensitivity simulation with GEOS-Chem to quantify the increase
in surface O3 due to increase in future biomass burning emissions. Prediction of wildfire
activities’ influence on Og levels under the climate changing regime would assist us in policy

making decisions and fire management strategies.
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