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ABSTRACT

THE VERTICAL DISTRIBUTION OF POLLUTANTS DURING EXPORT AND
LONG RANGE TRANSPORT: A COMPARISON OF MODEL SIMULATIONS AND

A-TRAIN OBSERVATIONS

Due to increasing concern over the detrimental effects of pollution on visibility,
human health, and agriculture, many countries have begun to set more stringent air
quality regulations and to take measures to reduce local emissions. However, recent
studies have also shown that long range transport (LRT) of pollution from upwind
sources can make a non-negligible contribution to background concentrations and
potentially inhibit a region’s ability to meet air quality standards. Quantifying this
contribution has become an important research initiative; however, a major hindrance in
determining the impact of transported plumes on a receptor site lies in a lack of
information on the vertical distribution of pollutants during export and transport from a
source region. The vertical distribution can determine the efficiency of transport by way
of dominant removal processes and wind strength, which will determine the final surface
impact at a downwind site.

In this study, we integrate aerosol extinction and optical depth observations from
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), aerosol optical depth

AOD from the Moderate-resolution Imaging Spectroradiometer (MODIS) along with



measurements of carbon monoxide (CO) from the Tropospheric Emission Spectrometer
(TES) with simulations of species concentrations from a global chemical transport model
(GEOS-Chem) to examine the differences in gas and aerosol phase transport in the
Northern Hemisphere. The different vertical structures exhibited by gaseous and
particulate phase pollution due to differing sources and sinks provide opportunities to
evaluate the model representation of mechanisms that determine the vertical structure,
and ultimately the impact of LRT downwind. While CALIOP has unprecedented vertical
resolution, it, like TES, has a small footprint and wide distance between scans, with no
cross-track scanning. Therefore, comparisons with these satellite observations are
particularly susceptible to model transport errors, especially on short time scales. We
choose to minimize the effect of these sampling biases by examining LRT on a seasonal
timescale.

From seasonal comparisons, it is evident that pollutants are exported from their
source regions throughout the year; however, the most efficient transport of CO and
aerosols happens in spring due to more efficient mechanisms for lofting. We also
investigate the strong regional dependence, where pollutants experience higher lofting
over the eastern coastal regions of Asia and North America compared to Europe. In
GEQOS-Chem, pollutants that are lofted are more efficiently transported, while pollutants
in the boundary layer are quickly removed. For CO, GEOS-Chem shows no particular
bias compared to observations in the vertical distribution; however, these CO

observations have limited vertical sensitivity. Aerosol extinction observations from



CALIOP have increased vertical sensitivity and suggest that GEOS-Chem shows a high
bias in source regions such as East Asia and over Europe, and a conversely low bias in

outflow regions.
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1 Introduction

The detrimental effects of atmospheric pollution on human health, agriculture,
and visibility have motivated many countries to set stringent air quality regulations (Air
Quality Standards Regulations 2010; 40 C.F.R. 50, 2010). Although local emission
sources are the main cause of air quality degradation, episodic long range transport (LRT)
can also contribute to elevated pollutant concentrations (Li et al., 2002; Parrish et al.,
2009). It has therefore become necessary to view pollution on a more global scale and
consider the pathways and mechanisms that determine the impact of long range transport
in different regions. In particular, in this study our objective is to investigate the vertical
structure of pollution during long range transport, and how this dictates air quality
impacts downwind.

Improving air quality has become a major concern for many countries due to the
widespread realization that air quality degradation poses a serious threat to human health
(Bell et al., 2004; Pope and Dockery, 2006). For the United States, the Environmental
Protection Agency (EPA) sets National Ambient Air Quality Standards (NAAQS) for six
criteria pollutants which are harmful to human health and the environment: carbon
monoxide (CO), lead (Pb), nitrogen dioxide (NO,), ozone (O3), particulate matter (PM),
and sulfur dioxide (SO,) (www.epa.gov). Studies have shown that exposure to
particulate matter (PM) is associated with increased risk of lung cancer and
cardiopulmonary mortality (Pope et al., 2002; 2004) and that exposure to ozone is
associated with premature mortality (Bell et al., 2005), aggravated asthma (Gent et al.,
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2003; Lin et al., 2008) and other respiratory diseases (Burnett et al., 1997). Additionally,
studies have shown that the positive association between PM or ozone exposure and
elevated rates of premature mortality is evident even at concentrations below current
regulatory levels (Pope, 2000; Daniels et al., 2000; Bell et al., 2006). For particulate
matter, this suggests that, regardless of local background concentrations, any increase in
exposure, such as from LRT, leads to increased premature mortality (Liu at al., 2009).
While countries have made efforts to lessen exposure and improve air quality by setting
stricter regulations, LRT could additionally make it more difficult to meet these air
quality standards (Schultz and Bey, 2004). For example, Li et al. (2002) use model
simulations to suggest that 20% of the ozone violations in Europe during the summer of
2007 would not have occurred in the absence of North American anthropogenic
emissions.

Although there is evidence for the long range transport of many atmospheric
constituents, most research has focused on the regulated species such as PM, ozone, and
its precursors. Additionally, while the term “long range transport” can be used on scales
of tens of kilometers, we focus here on hemispheric scale transport between continents.
There have been several studies addressing the impact of transatlantic transport of ozone
and related species from the eastern US to Europe (Guerova et al., 2006; Derwent et al.,
2004), transpacific transport of Asian dust and pollution on air quality in the western US
(Akimoto, 2003; Reidmiller et al., 2008; Heald et al., 2006; Jaffe, 1999), export of
anthropogenic pollutants from Europe to Africa, Asia, and the Arctic (Duncan and Bey,
2004; Quinn et al., 2007) and dust from Africa to South America and the Caribbean

(Prospero, 1981; Ansmann, 2009). In this study we choose to focus on the Northern



Hemisphere because it has more landmass with higher anthropogenic emissions and the
majority of the world’s population, making LRT a more frequent and potent problem than
in the Southern Hemisphere. Specifically, we examine export and transport in the mid-
latitudes out of three main regions: Asia, Europe, and North America.

The effectiveness of long range transport of pollutants from these source regions
to downwind receptor sites is determined by several factors: the initial amount emitted,
the lifetime of the species against transformation and removal, the contribution from en-
route production, the transport pathway, and transport efficiency (how quickly a pollutant
is transported with respect to its lifetime). Transport can occur at low altitudes through
boundary layer ventilation or advection with the mean winds, but these processes
generally take place on timescales of days to weeks, and therefore are inefficient for
chemical species with shorter lifetimes. However, while ozone and PM have lifetimes on
timescales of only hours to days in the boundary layer before removal or chemical
transformation, if they are lofted into the colder free troposphere, their lifetimes can be
extended (Keating and Zuber, 2007). Furthermore, since winds generally strengthen with
height, they can be transported more rapidly. Therefore, for more efficient transport,
pollutants must first be vertically lofted out of the boundary layer and into the upper
troposphere through strong convection, warm conveyor belts, turbulent mixing, or
orographic lifting. Several studies have also noted that while many particles are removed
near the source during lofting, production can occur en route through gas-to-particle
phase conversion (Brock et al., 2004; Dunlea et al., 2009).

Given the efficiency of transport in the free troposphere, many LRT events have

been detected at elevated sites such as the Mount Bachelor Observatory (Reidmilller et



al., 2009) or the PICO-NARE station on Pico mountain (Owen et al., 2006). Clean
background air sampled at these sites also facilitates the identification of transported
plumes. While transport is more efficient in the free troposphere; if plumes remain aloft,
they might affect clouds or precipitation (Brock et al., 2004), free tropospheric chemistry
or upper air visibility, but they will have no impact on lower altitude surface sites.
Pollutants can descend with the aid of mountain circulations and subsidence associated
with subtropical highs and cause surface air quality disturbances. The efficiency of the
descending process would ultimately determine the magnitude of the disturbance or
contribution to background concentrations. However, detecting an observable influence
of LRT at the surface is complicated by local influences and the dilution of plumes
during descent (Hudman et al., 2004; Heald et al., 2006).

Identification of LRT plumes is also complicated by the fact that long range
transport often occurs over ocean basins or remote continental regions where
observations are limited. Assessing LRT impacts has therefore relied on interpreting the
observational record at a receptor region (e.g. Prospero, 1999; Jaffe et al., 1999) or at an
island site located between source and receptor (Levy and Moxim, 1989; Perry et al.,
1999) with little information on the processes that occurred during transport. Aircraft data
from field campaigns have provided useful information about the vertical distribution and
specific in-plume processing of pollutants, as aircraft are able to follow plume
progression and sample the same plume multiple times, but like surface observations,
these campaigns still suffer from spatial and/or temporal constraints (Hudman et al.,
2004; Heald et al., 2004; Price et al., 2004; Singh et al., 2006; Fehsenfeld et al., 2006;

Fuelberg et al., 2010). While satellite observations offer the possibility of continuous



global coverage, due to poor vertical resolution, satellites have been primarily used to
track the spatial progression of plumes (Yu et al., 2008; Heald et al., 2004; 2006;
Edwards et al., 2004). However, merely examining the spatial distribution of column
totals provides an incomplete picture of the vertical distribution of pollutants during
transport and restricts our understanding of how plumes progress. Ultimately, this lack of
information on the vertical distribution makes it more difficult to translate these satellite
observations into surface concentrations and determine the impact on air quality at
downwind sites (Al-Saadi et al., 2005; van Donkelaar, 2010).

The implementation of improved satellite technology with heightened vertical
resolution has therefore provided the opportunity to better examine the export and long
range transport of pollutants. The CALIOP instrument, a space-based lidar, provides an
unprecedented look at the vertical distribution of clouds and aerosols in the global
atmosphere (Winker et al., 2010). Because carbon monoxide (CO) has strong absorption
lines in the thermal infrared (IR) and solar shortwave IR, which are observable from
space; by using calibrated measurements of CO radiance, instruments such as TES are
able to retrieve vertical information on the distribution of CO (Deeter et al., 2004).

Several studies have already taken advantage of the vertical distribution of
aerosols provided by CALIOP, but to primarily look at dust transport. Generosa et al.
(2008) found that dust was exported in plumes off of western Africa that slowly descend
as they traverse the Atlantic. In winter, this occurs in more shallow layers (under 4km),
while in summertime, plumes can extend up to 6-8km. Yu et al. (2010) also looked at the
vertical distribution of dust along with the total extinction due to aerosols in different

source regions, similarly finding that high extinction values are found up to much higher



altitudes in the spring and summer than in the fall and winter. Additionally, aerosols from
dust and biomass burning regions are generally lofted more than aerosols from industrial
regions.

Differences in transport height according to source type region have also been
noted for gas phase pollutants. For example, Liu et al. (2003) found in both aircraft data
and model simulations that Asian biomass burning was transported in distinct elevated
layers, while Asian anthropogenic CO could also be transported in the boundary layer.
They also found that export can vary drastically by season, with a maximum in early
spring and a minimum in summer, differing by a factor of 3-4. Liang et al. (2004) also
examined the variations of Asian CO export and the impact on the North Pacific and
western US and found that in spring that the Asian contribution to a Washington state
coastal site could be up to 24ppb in summer and 44ppb in spring.

While observations have been used to identify LRT events, accurately attributing
sources of surface pollutants at a receptor site can be difficult, especially when pollutants
may have large background concentrations, high local emissions, or incoming plumes
have been heavily diluted or undergone chemical transformation. For this reason, many
studies have also relied on chemical transport models for source attribution and for
assessing receptor responses to emissions changes (Fiore et al., 2009). By altering model
emissions and comparing with surface networks, Park et al. (2004) and Chin et al. (2007)
examined the contribution of local and transboundary pollution on surface
concentrations. Using the GOCART model, Chin et al. estimated that on an annual
average, long range transport of aerosols from combustion sources accounts for ~0.2

ngm of the fine mass (which is 2-6% of the total fine mass) over the US and transport of



dust accounts for 0.5-0.8 pgm™ (or 6-24% of the total) Park et al. (2004) found that
transboundary pollution contributed more to the background concentrations of sulfate and
nitrate than natural sources in the US and specifically, that transport from Asia accounts
for ~30% of the background sulfate concentrations. Guerova et al. (2006) also conducted
model sensitivity studies to determine the contribution from North America to
summertime ozone concentrations over Europe, finding it to be 3-5ppb in the planetary
boundary layer (PBL) and 10-13ppb in the middle to upper troposphere.

For this study, we use A-Train observations, including CALIOP aerosol
extinction, Aqua MODIS aerosol optical depths (AOD) and TES retrievals of CO to
study long range transport in the Northern Hemisphere. In particular, we use these
observations to test the vertical representation of transport processes in the global
chemical transport model GEOS-Chem. Carbon monoxide is used here as a contrast to
aerosol, whose shorter lifetime and higher solubility suggest different transport pathways
(Heald et al., 2006). Given the challenges of detecting near surface concentrations with
satellites, we also incorporate data from ground based sites, specifically the IMPROVE
aerosol monitoring network. We use the GEOS-Chem model to interpret these

observations and to identify contributions due to differing sources and species.



2 Descriptions of Observation and Modeling Tools
2.1 Satellite Observations
2.1a CALIOP

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) was launched
aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite on April 28, 2006 as part of the A-Train constellation. CALIOP
measures the backscatter intensity and the orthogonally polarized components of the
backscatter signal at two wavelengths, 532nm and 1064nm (Winker, 2003). CALIPSO
takes 16 days to repeat its orbit; and with a 30 m vertical resolution in the troposphere
and a ~100 m footprint (officially 70m, but without hard edges), full global coverage for
CALIPSO also takes approximately 16 days (Hunt et al., 2009).

For aerosol extinction data, we use the CALIPSO Lidar Level 2 Version 3.01 5-
km Aerosol Profiles for December 2006 through November 2007 and filter the data using
cloud aerosol distinction (CAD) scores, extinction uncertainty values, atmospheric
volume descriptors, extinction quality control (QC) flags and total column optical depths.
CAD scores are a numerical measure of the confidence of the algorithm classification of
observed layers, with negative values used for aerosols and positive values for clouds
(Liu et al., 2004). Therefore, we discard any observations with absolute values below 20,
which is a more relaxed criterion than Yu et al. (2010) suggests, but allows for a greater

sample volume. We also choose to use only clear sky columns by discarding any columns



with cloud optical depths greater than zero. Additionally, since CALIOP cannot make
observations below thick aerosol layers, we omit any columns with aerosol optical depths
greater than two, although this can, in rare circumstances, eliminate pollution events.
Extinction uncertainty values and quality control flags are used to remove any
observation where the extinction calculation failed or produced non-physical results. We
make the approximation that all extinction observations with a corresponding
atmospheric volume descriptor that indicates clear air have zero aerosol extinction. We
chose to assign a value of zero rather than a value related to the detection limit because
there is not one standard detection limit, but is instead dependent on assumed aerosol
type. For the night (day) observations, this filtering eliminates ~17% (12%) of the
extinction values and makes ~77% (84%) of the extinction values 0.

CALIPSO has an ascending equator crossing at 1330 local solar time (LST) and a
descending node at 130 LST. While Kittaka et al. (2010) have shown that CALIOP AOD
distributions derived from the earlier Level 2 Version 2.01 layer products are similar for
day and night, for this work, except for comparison with MODIS, we choose to use the
nighttime data because the signal-to-noise ratio (SNR) is greater during the night due to
the lack of noise from background solar illumination (Hunt et al., 2009). We repeat the

comparison of Kittaka et al. for the dataset used here and find similar results (Figure 2.1).
2.1b MODIS

The Moderate-resolution Imaging Spectroradiometer (MODIS) measures
scattered radiances at 36 wavelengths and provides almost daily global coverage of AOD
observations in the absence of clouds with a 500m resolution. Because removing the

contribution of surface reflectance from the measured top of the atmosphere reflectance is



crucial for determining AOD, two different algorithms are used for AOD retrievals over

the ocean and the land. Over the dark ocean, seven spectral channels are used and the
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Figure 2.1: Seasonal averages of CALIOP AOD for December 2006-November 2007
(saturated out at 1.0) using night overpasses (column 1) and day overpasses (column
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(Kaufman et al., 1997), this use of an estimated surface reflectance has led to a high bias
over land (Drury et al., 2008).

For this work, we use data from MODIS aboard the Aqua platform which flies in
the A-Train constellation, one minute and fifteen second ahead of CALIPSO.
Specifically, we use Collection 5, Level 3 daily files, which are on a 1° by 1° grid. We
combine land and ocean optical depth retrievals, and filter the data to include only
columns with cloud fractions below 0.8 and aerosol optical depths less than 1.5 (Zhang
and Reid, 2006).

Kittaka et al. (2010) compared daytime AODs from MODIS and an earlier
version of CALIOP retrievals for the period June 2006 to August 2008 and found that
daytime CALIOP observations were generally biased high. We also compare seasonal
average AODs from MODIS and CALIOP for 2007 (figure and further discussion in
Chapter 5). Differences between the two can be partially explained by the known biases
associated with each instrument, and further comparisons will be discussed in subsequent

chapters.
2.1c TES

We use observations of CO from the Tropospheric Emission Spectrometer (TES),
which is one of four instruments aboard the NASA Earth Observing System (EOS) Aura
platform. Aura was launched on July 15, 2004 into the A-Train formation, flying eight
minutes behind Aqua. TES is an infrared, high-resolution Fourier transform spectrometer.

Global surveys are made roughly every other day, and with a spatial coverage of 5.3 km
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by 8.5 km in the nadir (and approximately 180km between successive nadir
observations), a full global survey requires approximately 16 days or 233 orbits (Beer et
al., 2001).

The retrieval algorithm for TES uses the optimal estimation approach as described
by Rodgers (2000). The retrieved CO volume mixing ratio (X) is expressed as the linear
combination of the true profile weighted by the averaging kernel (A) and the a priori
profile (x,), along with the spectral measurement error (&).

InX=Inx, + A(lnx—1Inx,) + € (Equation 1)

The averaging kernel is a measure of the sensitivity of the retrieval to the true
state of the atmosphere, and its trace, also known as the degrees of freedom (DOF), tells
how many statistically independent elements of information were available from the
measurements to calculate the profile. Full TES CO profiles generally have 1-1.5 pieces
of information in the troposphere (Luo et al., 2007; Parrington et al., 2008). Retrieved
profiles with low DOFs are dominated at most levels by the a priori profile, which is
generated from MOZART CTM output of monthly mean mixing ratios averaged over 10°
latitude by 60° longitude bins.

For this work, we are using Level 2, Version 004 Global Survey nadir
observations of CO for December 2006 through November 2007. We primarily use
daytime observations because of the heightened vertical resolution in the lower
troposphere due to increased thermal contrast (Deeter et al., 2007). However, for
comparisons with CALIOP during specific transport events, we do include several night
observations. We also filter the data using the recommended ranges for Quality Flags for

CO (Osterman et al., 2007).
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2.2 In situ Observations: IMPROVE network

The Interagency Monitoring of Protected Visual Environments (IMPROVE) was
initiated in 1987 with the goal of implementing a network of stations to monitor visibility
conditions and to attempt to determine the cause of visibility degradation at each site
(Malm et al., 1994). Measurements are taken over a 24 hour period once in three days
and are analyzed for the concentration of fine and total particle mass, optical absorption,
and the presence of major and trace elements, including sulfate, nitrate, and elemental
and organic carbon. There are currently over 100 sites in the United States, located
mainly in National Parks and Wilderness Areas.

Previously, Park et al. (2004) used data from 2001 at 141 stations to show that the
GEOS-Chem model simulation of sulfate was unbiased (R?=0.91 annually, slope=0.91).
For this work, we use the sites located at Mount Rainier National Park and White Pass in
Washington to determine the impact of Asian plumes on surface sites on the west coast of
the United States (Figure 2.2). Although they are only separated by 60km (and therefore
in the same model grid box), Mount Rainier has a surface elevation of 427 m while White
Pass has an elevation of 1830 m. This allows us to make some comparisons between

incoming plumes at different altitudes.
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Figure 2.2: Location of White Pass (elevation 1827.33m) and Mount
Rainier (elevation 439m) IMPROVE stations.

2.3 GEOS-Chem Simulation

GEQOS-Chem is a global three-dimensional, chemical transport model (CTM)
driven by assimilated meteorological observations from the NASA Goddard Earth
Observing System (GMAO). For this work, we use GEOS-Chem version 8-01-04
(http://geos-chem.org) with the native meteorology at 0.5° latitude by 0.67° longitude
horizontal resolution reduced to a 2° latitude by 2.5° longitude and 47 vertical levels for
computational expediency.

This simulation includes tropospheric ozone-nitrogen oxides-hydrocarbon
chemistry coupled with aerosol chemistry through inorganic aerosol formation (sulfate,
nitrate, ammonium), heterogenous reactions (Evans and Jacob, 2005), and effects on
photolysis rates (Martin et al., 2003). Aerosol simulations also include carbonaceous

aerosols (Park et al., 2003), dust (Fairlie et al., 2007), sea salt (Alexander et al., 2005),

14



and secondary organic aerosols (SOA) (Chung and Seinfeld, 2002; Liao et al., 2007).
Aerosols and gases are removed by both wet and dry deposition in the model. The wet
deposition scheme includes scavenging in convective updrafts, rainout and washout (Liu
et al., 2001), while dry deposition of gases and aerosols is dependent on surface
characteristics and meteorological conditions (Wesley, 1989). Aerosol optical depths
(AOD) at 550nm are calculated from the mass concentration and the extinction
coefficient for each aerosol type following Martin et al. (2003), with updated aerosol size
distributions as described in Drury et al. (2010). We do not attempt to account for
differences between the model and satellite assumed aerosol optical properties here.
Anthropogenic emissions are based on the GEIA inventory (Benkovitz et al.,
1996), with emissions of nitrogen oxide (NOx), CO, and sulfur oxide (SOx) based on the
EDGAR emissions inventory (Olivier, 2001a; 2001b). These global estimates are
overwritten by several regional inventories, such as CAC for over Canada
(http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm), BRAVO over Mexico (Kuhns et al.,
2003), EMEP over Europe and for ship exhaust (Vestreng et al., 2007), EPA NEI99 over
the USA which is also used for biofuel (Hudman et al., 2007; 2008) and the Zhang et al.
(2009) inventory for southeast Asia. Biogenic VOC emissions are calculated interactively
following MEGAN (Guenther et al., 2006). Global anthropogenic emissions of black and
organic carbon follow Bond et al. (2004) with the exception of North America, where
emissions of these species follow Cooke et al. (1999). Biomass burning and biofuel
emissions are specified according to the GFED2 (van der Werf et al., 2006) and Yevich

and Logan (2003) monthly inventories.
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A series of simulations were performed for this work. A full, online chemistry
simulation was run as a baseline simulation for comparison. Separate sensitivity runs
were then conducted to determine the impact of emissions from North America, Asia,
and Europe on the Northern Hemisphere by shutting off all emissions in a given region
(Figure 2.3). This allows us to distinguish locally produced enhancements from
background concentrations.
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Figure 2.3: Emission Regions in the Northern Hemisphere: North America (NA),
Europe (EU), and Asia (AS).

All simulations are conducted for December 2006-November 2007 with
initialization on December 1 after an eight-month spin-up simulation. Daily diagnostics
are output to coincide with A-Train overpass time, averaged from 1-2 local time for
nighttime and 13-14 local time for daytime overpasses. We first re-grid all the satellite
data to the standard GEOS-Chem 2° by 2.5° grid as depicted in Figure 2.4 where we take
a satellite (CALIOP) observation track (Figure 2.4a), separate all the observations into
the corresponding GEOS-Chem grid box (Figure 2.4b), and determine an average AOD

for each grid box for the date and observation period (Figure 2.4c). After re-gridding the
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satellite data, we then sample the GEOS-Chem output along the satellite observation
track by only using grid boxes with valid observations. Also to note from Figure 2.4b,
AOD from CALIOP used here for comparisons with GEOS-Chem are actually an
average of approximately 20 observations. For TES, we also linearly interpolate the

model profile to the 67 valid TES pressure levels before applying the retrieval operator as

in Equation 1.
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Figure 2.4: Example of re-gridding CALIOP observations to the GEOS-Chem, where a)
shows the original satellite track for the night observation, b) shows the number of
CALIOP observations in each GEOS-Chem grid box and ¢) shows the final averaged
AOD to which GEOS-Chem will be compared.

We made initial comparisons between CALIOP and GEOS-Chem distributions of
AQOD from corresponding grid boxes as shown in Figure 2.5. The majority of
observations from CALIOP are for AOD values of 0, whereas GEOS-Chem never
simulates an AOD of 0, since there are always some aerosols in an atmospheric column.
The great majority of AOD values of 0 can lead to a low bias in AOD estimates in
regions with already low loadings. However, while CALIOP has more low values, it also

has a wider range of values compared to GEOS-Chem (because GEOS-Chem values are
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average values for a gridbox), with several large outliers, showing no systematic high or

low bias for all the data.
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Figure 2.5: Plot of the distribution of CALIOP AOD and corresponding GEOS-Chem
grid box AOD. Color bar is saturated at 2000 observations.

However, it is also important to note that any comparison made with satellite data
(CALIOP, MODIS or TES) will only use data for when the satellite had a valid retrieval.
Therefore, our comparisons are limited to what a satellite observes and may not be
completely representative of the full atmospheric state. This issue is discussed further in

subsequent chapters.
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3 Potential Issues when comparing GEOS-Chem and satellite observations

Although we attempt to match model output with observations for comparison,
because we are attempting to look at long range transport events that happen on
timescales of several days, the limited spatial coverage of satellites with small footprints
such as TES and CALIOP can pose several challenges. While the model may indicate a
distinct plume being transported, the satellite may not observe over the region for that
day as shown in Figure 3.1a, where for March 24", 2007, GEOS-Chem predicts high
AOD values over the North Atlantic due to a plume being transported off the east coast of
North America, yet, the CALIOP track for the day misses all but the edges of the plume.
On seasonal scales, sampling of the model along the satellite track does not bias the
average extinction profile as seen in Figure 3.1b, which shows that using all data for
Spring 2007 over the boxed region in Figure 3.1a, produces an almost identical profile to
sampling only when there was a valid satellite observation over the region. However,
when we examine the time series of the average AOD for the same region (Figure 3.1c),
several transport events, such as the plume on March 24™ are missed because they are
sampled out. This implies that comparisons of model simulations with satellite
observations with no cross-track scanning (as in CALIOP and TES) are particularly
susceptible to model transport errors, meaning that misplacement of a plume potentially
due to advection that is too strong or too weak can dramatically skew any similarities
when examining limited observational areas. These issues will be shown in greater detail
in Chapter 4.
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Figure 3.1: Plots depicting sampling issues: a) AOD from GEOS-Chem with the
track for CALIOP (red) and the box for averaging; b) average spring extinction profile
for GEOS-Chem (dotted) and when sampled to the A-Train path (dashed); c) time
series of the total column AOD for spring 2007 from GEOS-Chem (solid) and when
sampled (diamonds).

In addition to these sampling issues, previous studies have noted specific biases
when comparing GEOS-Chem with these satellites. While MODIS AQOD is found to have
generally good spatial agreement with GEOS-Chem, it was found to be biased high over
the Pacific, particularly at low loading (Heald et al., 2006), and over land, notably in the
western US (Li et al., 2005; van Donkelaar et al., 2010). This bias has mainly been
attributed to application of the land algorithm over varying surface terrains. Generosa et

al. (2008) used CALIOP backscatter profiles and AOD from MODIS to examine dust
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transport across the Atlantic and compare with GEOS-Chem. They found that model-
derived backscatter profiles and CALIOP agreed qualitatively on plume layer heights, but
that the model over predicted AOD near the source and under predicted AOD downwind,
suggesting either too little transport or too much removal. van Donkelaar et al. (2010)
also compared GEOS-Chem and CALIOP relative profiles to show that, although AOD
values do not agree, there are similarities in the distribution of AOD. Finally, for CO,
Kopacz et al. (2010) found that while GEOS-Chem has higher correlations and fewer
differences with TES than MOPITT or AIRS, simulated CO column totals are still biased

low.
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4 Examining an event of long range transport: May 14™, 2007

We choose a transport event from North America to Europe which, according to
GEOS-Chem output, occurred over the time period of March 14™ to March 16", 2007.
The spatial distribution is analyzed through the column AOD and column concentrations
of carbon monoxide due to North America emissions (from the sensitivity runs). Figure
4.1 shows export from the Northeastern US with high column AOD on March 14™. Due
to an anticyclone in the North Atlantic and a cyclone in Northern Canada, the polluted air
mass was quickly transported north eastward on the 15™ and then southward on to the
British Isles on the 16™. The spatial pattern of simulated column concentrations for CO
(not shown) are quite similar; however, due to the longer lifetime of CO compared to
aerosols, and thus higher background concentrations, the plume is not as well defined.

For making spatial comparisons, MODIS is generally better than CALIOP
because it has a much larger footprint. Unfortunately, as MODIS cannot see through
clouds, anytime clouds and aerosols are mixed, as often occurs in the case of lofting, no
values are available. For this transport event, MODIS detected some high AOD values at
the source and along the edge of the area where GEOS-Chem had simulated the plume
(Figure 4.2). While it is difficult to determine the agreement of plume location and
intensity with these scattered values, they suggest that the aerosol plume may be
coincident with clouds as often occurs with export in frontal systems (Kulmala et al.,

2006).
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Figure 4.2: AOD from MODIS March 15, 2007.

To better understand how this air mass was transported and its final impact on its
destination region, we then examine the vertical distribution of CO and aerosols during
transport (2™ and 3 columns of Figure 4.1). Both CO and aerosols are lofted above
800hPa during export from North America. We see this lofted plume moves across the
mid-Atlantic on the 15" and finally reaches the British Isles on the 16", This elevated
plume appears to be the only major aerosol plume in the GEOS-Chem simulation;
however, the CO export in the model consists of both an upper level plume and boundary
layer export. This difference is consistent with the previous simulated difference in
springtime transpacific aerosol and CO transport (Heald et al., 2006) and is also depicted
by the ratio of the single day emission profile to the seasonal average profile (Figure 4.1,
column 4), where the aerosol enhancement away from source is in a distinct lofted layer,
whereas the CO is enhanced throughout the column.

The insets of Figure 4.1 show the comparison with the average CALIOP aerosol
extinction and average TES CO profiles over the region. On the fourteenth, CALIPSO
passed over the northeast coast, where GEOS-Chem predicts high AOD values. However,

it only catches the edge of the plume and has significantly lower extinction values. The

24



TES CO profile and the transformed GEOS-Chem simulated CO profiles appear to be in
agreement; however, both of these profiles are relatively uniform given the inability of IR
sounders to retrieve significantly more than 1-2 pieces of information in the vertical.
Although CALIPSO did pass over the region where GEOS-Chem showed a
plume being transported across the North Atlantic on the 15", there were no valid
retrievals (using the aforementioned filtering). As with MODIS, the issue is most likely
due to a coincidence with clouds. As noted by Liu et al. (2009) and Yu et al. (2010), thick
aerosol layers near source regions are often misclassified by the CAD algorithm. As
shown in Figure 4.3, CALIOP observed significant cloud layers on the 14" and 16™; and
while it only observed an optically thin layer on the 15", there were also significantly

fewer valid observations.
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Figure 4.3: CALIOP Cloud extinction profiles for March 14-16", 2007.

By the sixteenth, there is less lofting of aerosols from the surface at the emission
source as a high has moved northwest of the Atlantic seaboard. Vertically, the plume is
not as well defined, and seems to have fragmented. Farther downwind, there is a

localized maximum over 30W to 15W at about 800hPa, but without the plume
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descending at the receptor region, it has no surface impact. This is also evident in the
extinction profile where there is a lofted layer of high extinction that is due to the
influence of North American emissions (dashed line), but only a small contribution of the
total surface layer extinction due to transport.

CALIOP does make observations over the British Isles on the 16™ and measures
high extinction values up to around 850hPa, in very good agreement with the simulated
profile from GEOS-Chem (Figure 4.1, Row 3). The model seems suggests that most of
this lower enhancement is due to local emissions rather than transported North American
emissions and CALIOP does not show an upper level enhancement like GEOS-Chem
(~600hPa). Because there are no valid profiles for the transport region on the 15", it is
difficult to determine if CALIOP is invalidating the transport or perhaps suggesting the
plume descended further.

These satellite instruments can provide us with some information on vertical
distributions during export and transport events. However, the small footprints and
limited number of valid observations, make it difficult to determine broad characteristics

about transport in each region from daily observations, which is why we choose to

analyze LRT on seasonal timescales in subsequent chapters.
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5 Seasonal Features of Long Range Transport in the Northern Hemisphere
5.1 Spatial Distributions of Pollutants
5.1a Column Concentrations of Aerosols and CO

Prior to investigating the vertical distribution of pollution transport, we compare
here the spatial patterns of simulated AOD and CO column with satellite observations to

confirm the reliability of the model representation of source regions and transport.

Atmospheric aerosols are the result of primary emissions and chemical
transformations of precursors from both natural sources, such as volcanoes and desert
dust, and anthropogenic sources, such as vehicle emissions, agricultural burning, and
power plants. Figure 5.1 shows the spatial distributions of AOD as observed by MODIS
and CALIOP and as predicted by GEOS-Chem. In general, the observations and model
give a consistent picture of the major source regions such as East China, the Eastern US
and the dust region in western Africa. However, in export regions (off western Africa, off
Asia, and off the Eastern US), GEOS-Chem AOD is often lower in magnitude than both
MODIS and CALIOP.

While there are noted issues with the simulated dust transport off western Africa
in GEOS-Chem (Generosa et al., 2008), here we choose to focus on export out of
industrial regions in the mid-latitudes where the transport of aerosols has the greatest

potential to impact downwind air quality. We do note that dust from Africa does
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Figure 5.1: Seasonal averages (organized by row) of aerosol optical depth as observed
by MODIS Agua (Column 1), CALIOP (daytime observations, Column 2), and as
simulated by GEOS-Chem (Column 3); all are sampled for valid MODIS and
CALIOP observations. The color bar is saturated at 1.0.

contribute to AOD over Europe (and sometimes over the US) and could lead to slightly
higher simulated AOD values; however, this appears to make a relatively small
contribution in GEOS-Chem.

MODIS is generally higher over the oceans than both CALIOP and GEOS-Chem,

in agreement with previous studies that suggested that MODIS might be biased high at
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low loadings (Heald et al., 2006; Remer et al., 2005; Levy et al., 2005). Kittaka et al.
(2010) also found that, outside tropical regions, MODIS AOD is higher than CALIOP
over oceans. Over land, at low latitudes, CALIOP AOD is higher; while at mid-Ilatitudes,
MODIS is higher. They noted several other regional and seasonal biases of both signs,
but overall, found that the global mean AOD from CALIOP was biased low in
comparison to MODIS. GEOS-Chem is also much cleaner than CALIOP over the oceans,
and the underestimate of AOD from both of these instruments could suggest there is too
much removal in the model near sources. This, however, is difficult to determine from
column totals and will be investigated further through vertical distributions.

The model also captures the seasonal evolution of export from the major Northern
Hemisphere source regions. The greatest outflow from Asia is in the spring; although,
compared to the other regions, there is substantial export in all seasons. Outflow from the
eastern US also occurs in all seasons, though based on the observations here, the
pathways are different. In fall and winter, aerosols are transported at higher latitudes than
in spring and summer. European emissions tend to remain more localized and export is
therefore difficult to distinguish from local emissions in most seasons. The exception is
for spring, where MODIS, CALIOP and GEOS-Chem all show higher AOD values over
the high latitudes (~60-75N), which are indicative of transport to the Arctic. This is a
challenge to confirm observationally given the inability of satellites to retrieve over
snow-covered surfaces.

We contrast aerosol transport with that of CO, a gas-phase pollutant and precursor
to ozone formation which is relatively insoluble and has a several month lifetime against

oxidation by OH (Levy, 1974). Because of its moderate lifetime and less complex
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chemistry, CO has been frequently used as a tracer for long range transport (Reidmiller et
al., 2009). Figure 5.2 compares column totals of CO concentrations from TES and
GEQOS-Chem (with the TES retrieval operator applied as described in Chapter 2), and

shows that this long lifetime enhances background concentrations of CO hemispherically.
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Figure 5.2: Seasonal averages of CO column concentrations from TES (Column 1), GEOS-
Chem with the TES operator retrieval applied (Column 2), and the difference (GEOS-Chem
minus TES, Column 3). The GEOS-Chem simulation is sampled for TES overpass times and
locations. Color bars are saturated at 3.5x10"® molecules/cm? and +1x10"® molecules/cm?
respectively.
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As previously mentioned, GEOS-Chem is generally lower than TES, especially
over source regions and the differences are greatest in spring and summer (Kopacz et al.,
2010). However, both model and observations can be used to identify the major source
regions and highlight the seasonality in the atmospheric oxidant loading, which in several
regions, appears to overwhelm the seasonality in emissions for determining column
totals, such as for comparison between winter and spring for the eastern US. In the
eastern US and Europe, emissions are slightly higher in the summer with increased
summer travel, while in other parts of the world, changes in emissions are mainly due to
biomass burning. Yet, transport seems to be uniformly more apparent in winter and

spring when stronger winds advect pollution more efficiently.
5.1b Emissions of Aerosols and CO

In order to distinguish export from and transport to each region from background
concentrations, we examine a series of sensitivity simulations from GEOS-Chem. Figure
5.3 shows the seasonal averages of AOD due only to emissions from North America,
Europe, and Asia, respectively. We clearly see that Asian emissions have the largest
hemispheric influence, although transport occurs in all seasons from all emission regions.
Most transport in the mid-latitudes follows the mean zonal wind, and as such, Asian
emissions are generally transported eastward towards the west coast of North America
and in most seasons, aerosols are transported across North America to Europe. However,
there is also transport northward to the Arctic and the Middle East from Europe. Figure
5.3 is consistent with previous studies which suggest that only a small fraction of emitted
aerosol are transported intercontinentally, perhaps limiting impacts on downwind air

quality (Park et al., 2004; Liu et al., 2009a).
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Figure 5.3: Seasonal maps of column AOD resulting from each emission region as
simulated by GEOS-Chem. The color bar is saturated at 0.75. Note the non-uniform
scaling of the color bar.

North American aerosol pollutants primarily move northeast towards Europe with
a small percentage transported as far as eastern Russia. Unlike Europe and Asia, where
transport is most pronounced in spring, for North America, summer is also a season of
increased transport, partly due to the fact that it also is a season of high emissions.

European emissions have three distinct transport pathways as noted by Duncan
and Bey (2004) and as evident here. The most dominant export is towards the northeast

over Russia, which can also lead to transport to the Arctic, where it is notably the cause

32



of Arctic haze (Quinn et al., 2007; Stohl et al., 2002). In the spring, this pollution also
makes it to the northernmost part of North America. There is also some transport
westward over the North Atlantic (2" pathway) and across the Mediterranean Sea
towards North Africa (3" pathway), but we will focus on the first pathway as it is the
most dominant and efficient export from Europe in the mid-latitudes. In addition, the
second and third pathways track over regions with significant local emissions and are
therefore harder to distinguish from observations. There is a seasonal cycle to this
pathway as evident in Figure 5.3, where export in fall, winter, and spring primarily
follows this trajectory towards the northeast and then over the Arctic. In summer
transport is more zonal, and exerts little influence over the polar region. Many previous
studies have noted that while pollution export from Europe has the greatest potential to
impact downwind sites due to its close proximity to other continents, the mechanisms for
export are less efficient (Stohl et al., 2002). However, this is difficult to ascertain from
spatial distributions and will be more evident from vertical distributions.

As for species emitted in GEOS-Chem, inorganic aerosol (primarily sulfate
aerosol [Park et al., 2004]) is the dominant contributor for AOD from North America and
European emissions (Figure 5.4), accounting for more than 90% in most regions. For
Asia, although sulfate still dominates AOD, dust is also a large contributor, especially in
the spring in the Taklamakan and Gobi desert regions (Figure 5.5). Edwards et al. (2004)
noted that because sulfate is the dominant contributor to fine mode AOD and is primarily
produced through oxidation of sulfur dioxide (SO,) and hydrogen peroxide (H,0,),
seasonality of observations of AOD also depends on the oxidizing capacity of the

atmosphere, and generally lags peak CO by several months in many regions.
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Figure 5.4: Maps of the fraction of seasonal AOD that is due to inorganic aerosol
(primarily sulfate). The color bar is saturated at 0.95.

The spatial distributions of CO tagged by emission regions in Figure 5.6 show
many similar source regions as particulates, once again highlighting the eastern US,
western Europe and China. As with aerosols, Asia is the most copious source of CO in all
seasons, although GEOS-Chem predicts that in every season, there will be a small
contribution to the background concentration of CO in almost every region of the
Northern Hemisphere due to emissions from all three source regions. However, sulfate

has an atmospheric lifetime of ~2-5 days (Rasch et al., 2000) compared to weeks or

34



months for CO. Therefore, transported CO consists of both fresh and aged air masses,

making it challenging to distinguish individual transport events.
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Figure 5.5: Maps of the fraction of seasonal AOD that is due to dust emission from Asia.
The color bar is saturated at 0.95.

Due in large part to these lifetime differences along with seasonality in emissions,
the seasonal downwind impact of transported aerosols and CO differs considerably. For
example, spring is the season where Asian emissions of both CO and aerosols have the

greatest impact on the western coast of North America. For North America, CO has the
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greatest impact on Europe in fall, when emissions are still high and CO has a longer

lifetime, compared to spring and summer for aerosols.
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Figure 5.6: Seasonal maps of column concentrations of CO from each emission region
simulated by GEOS-Chem. The color bar is saturated at 0.95 x 10*® molecules/cm?,

5.2 Vertical Distributions of Pollutants
5.2a Observational Comparisons

While seasonality in emissions and pollutant lifetimes can account for many of

the differences between the downwind impacts of CO and aerosols, there are also
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different export mechanisms that are not evident from the total column spatial

distributions. We therefore investigate the vertical distribution of LRT here.
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Figure 5.7: Seasonal averages of aerosol extinction averaged from 20-50°N as observed

by CALIOP (night observations only, Column 1) and simulated by GEOS-Chem

(Column 2). Column 3 is the difference (GEOS-Chem — CALIOP). GEOS-Chem is
sampled to match CALIOP overpass time and location. The color bars are saturated at

Figure 5.7 shows the seasonal averages of the vertical distribution of aerosol

respective maximum values.

extinction as measured by CALIOP and simulated by GEOS-Chem and the differences.

As shown previously, CALIOP and GEOS-Chem tend to agree on source regions.
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However, GEOS-Chem seems to be biased high in source regions, as off Asia (at ~90°-
120°E) and over Europe (~0°), but is low in transport regions between sources. GEOS-
Chem also has higher lofting directly above sources in Europe and Asia, but less lofting
over North America compared to CALIOP.

GEOS-Chem simulates the highest lofting over Asia, although CALIOP does not
necessarily support this for all seasons, especially in summer when there is also higher
lofting over Europe due to convection (Stohl et al., 2002). These comparisons suggest
that CALIOP observations support more efficient export of pollution via boundary layer
outflow and advection with the mean wind. Alternatively, GEOS-Chem could be missing
some more important background sources in marine regions. One possibility for such a
background aerosol would be marine organic aerosol, which is not included in the
standard GEOS-Chem simulation. However, these aerosols make up a negligible
contribution to AOD and are unlikely to explain the CALIOP observations (Kateryna
Lapina, CSU, personal communication).

We also compared vertical distributions of CO as measured by TES and as
simulated by GEOS-Chem (with the TES retrieval operator) in Figure 5.8. As discussed
previously, GEOS-Chem has an overall low bias compared to TES. This is especially
evident over Europe, as seen by Kopacz et al. (2010) who found that European emissions
were underestimated in GEOS-Chem. Additionally, GEOS-Chem seems to simulate less
CO lofting off China. While again there is agreement in placement of sources, the
widespread high bias of TES and coarse vertical resolution of the IR retrieval make it
difficult to determine if GEOS-Chem and TES are in general agreement on the vertical

distribution of CO. We attempt to investigate this further in the following section.
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Figure 5.8: Seasonal averages of the vertical distribution of CO from TES (Column 1)
and GEOS-Chem with the TES retrieval operator (Column 2). Differences are shown in
Column 3. GEOS-Chem is sampled to match TES overpass time and location. The color
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5.2b Vertical Distribution of Pollutants from Emission Regions

In order to distinguish the source of pollutants, we begin by examining the

vertical distributions simulated in the sensitivity runs. This gives us a better sense of the
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height of lofting and depth of transported layers out of each region and further insight

into where the discrepancies between the model and observations may lie.
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Figure 5.9: Seasonal averages of aerosol extinction due to North American emissions
(Column 1), European emissions (Column 2), and Asian emissions (Column 3) averaged
from 20-50°N. Color bar is saturated at a value of 0.2/km. Note the non-uniform scaling

of the color bar.

From the vertical distribution of aerosol extinction (Figure 5.9) and CO (Figure
5.10), we see again that lofting occurs most in spring and summer, which are also the
seasons for more frequent warm conveyor belts, an important lofting mechanism in East

Asia and North America. For all three regions, and both species, winter has the least
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lofting, and high concentrations are very localized suggestive of trapping in the boundary
layer. In general, lofting is more prevalent over North America and Asia, while most

outflow from Europe does appear to remain in the lower troposphere.
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Figure 5.10: Seasonal averages of the vertical distribution of CO (ppb) due to North
American emissions (Column 1), European emissions (Column 2), and Asian emissions
(Column 3) averaged from 20-50°N. Color bar is saturated at a value of 120. Note the
non-uniform scaling of the color bar.

Europe experiences far fewer warm conveyor belts (Stohl, 2002) and therefore
lofting is only slightly higher in summer with increased convection. Summer is also the

season where European emissions have the least impact on China. This suggests that
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while convection is a useful mechanism for lofting, more of the pollutants are removed
due to high summertime OH before being transported to downwind receptor sites.

This contrasts Asia where higher lofting generally leads to a greater downwind
impact. Asia has the most vigorous lofting and the greatest hemispheric influence for
both pollutant phases. Spring, the season for highest lofting of both CO and aerosols, is
also the season where Asian emissions have the greatest impact on the west coast of
North America. The larger extinction values and CO concentrations aloft than at the
surface of this region downwind (~150°W) also emphasize the more efficient transport in
the free troposphere.

As for species, much as with the spatial distribution, most of the extinction is due
to inorganic aerosols, although dust does contribute over Asia. Specifically, in spring we
do see that the extinction at the highest altitudes directly over Asia is due to dust, but as it
is transported to the west coast of North America, it continues to remain in a higher, more
distinct layer (above 700hPa) than the transported inorganic aerosol (above 850hPa). In
summer and fall, dust is still emitted, although much less and is not transported much out
of Asia.

For North America, we see the source of CO is more localized than in Asia, and
that the greater concentrations being exported from the source are in the summer, which
also has the highest lofting. However, because of the hydroxyl radical (OH)
concentrations and shorter lifetime, CO transport is not as efficient. The greatest
influence on the rest of the hemisphere of transport is conversely in fall, when emissions
are still high, but CO has a longer lifetime. Contrastingly, aerosols are more efficiently

transported in summer, as the enhanced oxidizing capacity would be more beneficial to
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the production of sulfate, and according to GEOS-Chem the majority of the lofted and
transported aerosol is inorganic aerosol.

These extinction plots also highlight the shorter lifetimes of aerosols by the strong
gradients near the source as compared to CO. Transported CO from all regions makes a
continual contribution to background concentrations to the rest of the hemisphere. The
influence due to transported particulate phase pollutants is more dependent on emissions
and transport mechanisms.

From these vertical distributions, we also see the role that topography plays in
lofting and subsidence. When looking at emissions from Europe, we see that the
mountains in western China lead to orographic lifting of pollutants, but also that
subsidence on the eastern side of the mountains aid in bringing high concentrations back
to lower altitudes for all seasons except summer, which again could be due to faster
removal. This occurs also with the Rocky Mountains in North America, where we see

enhanced lofting and then subsidence on the leeward side with Asian emissions.
5.2c Fraction of Pollutants in the Planetary Boundary Layer

Deeter et al., (2007) have shown that the vertical information in CO retrievals
generally comes from two regions: the lower troposphere and the middle troposphere. We
attempt to exploit the constraints offered by TES on the vertical distribution of CO by
examining the fraction of the CO column in these two regions.

To differentiate the lower troposphere, we use daily output planetary boundary
layer (PBL) heights from GEOS-Chem coincident with the satellite overpass. We chose
to use specific PBL heights rather than a cutoff pressure level in order to better reflect

atmospheric distributions and transport mechanisms. PBL heights can also have a strong
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impact on the vertical distribution of pollutants and vary with season and location (Lin et
al., 2010). Figure 5.11 shows these seasonal and regional dependencies through the
seasonal averages of PBL heights from GEOS-5 meteorology used here. Additionally,
PBL heights have a strong diurnal cycle, varying by a factor of ~10 from day to night
(Lin et al., 2008); for this reason, and the fact that emissions are normally greater during
the day (Lin et al., 2010), the following comparisons are made with daytime

observations.
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Figure 5.11: Seasonal averages of the height [km] of the PBL in GEOS-Chem.
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Seasonal averages of the fraction of the total column CO that are in the PBL as
observed by TES and simulated by GEOS-Chem (with the TES retrieval operator) are
shown in Figure 5.12. To note, there are some regions where the lowest altitude with a
valid observations from TES is above the PBL (over Himalayas and Greenland), fractions

therefore cannot be calculated and are disregarded in our seasonal averages. Overall, TES
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Figure 5.12: Seasonal distributions of the fraction of CO that remains in the PBL as
observed by TES and GEOS-Chem (with the TES retrieval operator). Color bar is
saturated 0.50.
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and GEOS-Chem are in good agreement, although GEOS-Chem shows slightly less CO
in the PBL in all seasons but summer, where it shows slightly higher fractions. However,
the difference is generally less than 0.05 as shown in Column 3.

This figure also shows the interaction of several factors that determine the amount
of CO that remains in the boundary layer: emissions, boundary layer height, lofting
mechanisms, and the lifetime of CO. We would assume that near source regions, a
greater amount of CO would be in the PBL, such as is evident for fall. However, these
source regions are not as evident in other seasons. For example, in spring, values over
China and India are much lower, which is most likely due to increased lofting with
convection. However, spring is also a season with high lofting off eastern China, but the
amount in the PBL is greater than in summer. Part of this can be explained by the PBL
heights which are higher in spring, but also the longer lifetime of CO in the winter
months. As seen with the total column distributions, CO concentrations build up through
the winter months and are often the greatest in spring. With increased emissions in winter
and convection also being suppressed, more of the CO emitted will remain in the PBL
and increase concentrations. CO concentrations decrease throughout the summer and are
the lowest in summer and fall. Fall has the least amount in the PBL which is in large part
due to the significantly shallower PBL in GEOS-Chem, but also due to removal
throughout the summer and decreases in emissions. Overall, given limitations in the
vertical resolution of the observations, these comparisons do not reveal any bias in the
simulated vertical profile of CO.

We also contrast these results with fractions of AOD in the PBL. Comparisons

between CALIOP and GEOS-Chem fraction of AOD in the PBL are shown in the first
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two columns of Figure 5.13 and appear to be completely dissimilar. In almost all of the
Northern Hemisphere, CALIOP shows over 70% in the PBL, whereas for GEOS-Chem,
fractions are only that high over distinct source regions. Part of this dissimilarity can be
explained by the limited instrument sensitivity of CALIOP, which is approximately 2-4 x
10™* km™sr, in the troposphere (Yu et al., 2010), reflecting some dependence on

assumed aerosol type (by way of the lidar ratio). By assigning clear air observations an
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Figure 5.13: Seasonal distributions of the fraction of AOD that remains in the PBL as
observed by CALIOP (Column 1) and simulated by GEOS-Chem with all values
(Column 2), and eliminating extinction values less than 0.0028 km™ (Column 3).
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extinction value of Okm™, we bias the data low, especially in regions with low loading,
such as marine environments and at high altitudes. We explore this by setting a detection
limit in GEOS-Chem as well. Since most of the discrepancies are over the ocean, and
lidar ratios are smallest for marine aerosol (20£6 sr), we choose to replace extinction
values in GEOS-Chem that are less than 0.0028 km™ with a value of 0 km™. As shown in
the third column of Figure 5.13, this improves the comparison with CALIOP. A more
exact comparison could be obtained by applying species-dependent detection limits to the
GEQOS-Chem simulation. We focus here on the spatial patterns in both datasets.

Both CALIOP and GEOS-Chem show high PBL fractions over sources, but those
values drop in their outflow region, such as off the east coast of the US and off Asia. This
is especially noticeable in spring and summer. The PBL fraction off Asia is also generally
lower than off the northeast US, reflecting a greater amount being lofted or more removal
in the boundary layer or possibly due to a slightly shallower marine boundary layer.

As with CO, we see some seasonality, although it is much more distinct and does
not follow the same pattern. Unlike CO, there are generally higher fractions in winter and
lower fractions in spring and summer. We also see that fractions of pollutants in the PBL
are generally greater for aerosols compared to CO and with much stronger gradients.
Near sources, ~80% of the aerosols are in the boundary layer, but for CO these values are
rarely over 50%, again emphasizing the much larger background concentrations of CO
that reside in the free troposphere.

The PBL fractions in outflow over the oceans are noticeably different between
CALIOP and GEOS-Chem. While a good portion of this is due to the aforementioned

issues with instrument sensitivity; even when we apply a detection limit to the model
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output, the spatial patterns are still inconsistent, especially during spring and summer, the
seasons of the greatest amount of outflow. The gradient in GEOS-Chem is much more
noticeable than with the CALIOP observations, again suggestive that GEOS-Chem has
either too much lofting near source, such as over Asia, or too much removal of aerosols
in boundary layer outflow.

Although these comparisons inform us that the vertical distribution of pollutants
simulated by GEOS-Chem does have some general agreement with observations, in order
to better investigate the discrepancies, we can compare export from the different source

regions using the GEOS-Chem sensitivity simulations.
5.2d Fraction of Pollutants from Tagged Regions in the PBL

Figure 5.14 shows the seasonal average of fraction of AOD that remains in PBL
due to each emission region. In conjunction with Figure 5.3, this plot allows us to
determine where LRT, as simulated in GEOS-Chem, makes a significant contribution to
near-surface air concentrations downwind. This provides insight on how emission
reductions (increases) in a source region could potentially improve (degrade) surface air
quality in receptor regions.

In order to avoid biasing the distributions of fractions of pollutants in the PBL by
columns with very small AOD values, we choose to only include columns where the
contribution from the emission region to the total AOD was greater than 0.005. Part of
the distributions shown can be explained by the boundary layer heights in Figure 5.11,

where a higher boundary layer height will mean more of the atmospheric column is in the
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boundary layer and in turn, allows more of the column AOD to be in the boundary layer.
This is evident off the southwest and southeast coasts of the US and also explains some
of the seasonality.

Nevertheless, when comparing with the tagged column total AODs in Figure 5.3,
we also see how particulate pollutants are exported seasonally and regionally in GEOS-
Chem. Since particulate pollutants are primarily emitted in the boundary layer, fractions

over source regions are generally close to 1. All of the sources that were evident from the
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Figure 5.14: Fraction of AOD from each emission region that remains in the PBL as
simulated by GEOS-Chem. Locations with AOD less than 0.005 are omitted.

50



tagged column AOD coincide with regions of high fractions of pollutants in the PBL.
There are some slight regional differences; in China, we saw that AOD values are much
higher at the source than for European and North American sources. However, the
fraction in PBL is lower, especially over the dust source in northwest China and its
outflow to Mongolia and eastern China. This agrees with the vertical distributions and
Matsuki et al. (2003) who found that because the Tarim Basin is surrounded by high
mountains, in order to be transported away from source, dust plumes need to be lofted to
above 5 km.

Contrastingly, in outflow regions, which still have high AODs, the fractions are
much lower. For example, off the coast of Asia in spring, there are tagged AOD values
greater than 0.3, but less than 30% remains in the PBL. Similarly, off the US east coast in
summer, the fraction of exported pollutants in the PBL is less than 20%. Europe differs
from these regions, in that a much greater fraction of its outflow stays in the PBL. This is
especially true for outflow eastward into Asia and to North Africa, while outflow to the
North Pole occurs less often in the PBL.

There is also evident seasonality in these distributions as seen from CALIOP and
the total column simulated by GEOS-Chem (as previously discussed with Figure 5.1),
where fractions in the boundary layer are generally higher in fall and winter and lower in
spring and summer. This is true for both source and outflow regions. Again, this is partly
due to the seasonality in PBL heights which are also generally lower in fall and winter,
but also lofting occurs less in fall and winter when convection is not as prominent.

These distributions also highlight the efficiency of free tropospheric transport

over boundary layer outflow in GEOS-Chem. In spring, when lofting is more prominent,

51



exported pollutants will have a greater impact downwind; however, the majority of this
contribution is at higher altitudes, depicted by the low fractions in the PBL (less than
40%) seen at all downwind sites. Europe again is the only exception, where many

downwind sites still have large PBL fractions. Yet, the overall contribution to the AOD is

very small.
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Figure 5.15: As for Figure 5.14 but for CO. Locations with less than 1.0x10"
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These comparisons with CO, also highlight difference in the way particulates and

gas phase pollutants are exported. Near sources, aerosol PBL fractions are higher than
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CO PBL fractions (Figure 5.15), depicting that there is both possibly more lofting with
CO as well as a longer lived free tropospheric background of CO. The spatial gradient in
these fractions is much steeper for aerosols, showing that the concentration of aerosol that
remains in the boundary layer disappears more quickly than for CO, which suggests
much faster removal of particulates over the gas phase in the boundary layer. This also
highlights the necessity of particulate pollutants to be lofted into the free troposphere in
order to be efficiently transported, along with the fact that most downwind impacts of
particulate pollutants are not at the surface but in lofted layers.

We also see differences in the vertical height at which pollutants from different
regions are exported. For North America, the fractions of CO in the PBL off the
southwest coast are notably higher than off the northeast coast. In the northeast, the
primary mechanism for export is by warm conveyor belts that quickly loft species. On the
southwest coast, however, outflow is generally with the low level offshore winds.

Additionally, northeast China has a greater fraction of CO in the boundary layer
than southeast China, even though Figure 5.6 had shown them both to be regions of high
column totals. This is in agreement with the fraction of the total column of CO in the
PBL (Figure 5.12). This could be due to advection with the mean wind supporting low
level outflow, since the wind in northeast China is more predominantly westerly, and
more northerly/northeasterly in south east China.

For Europe, boundary layer outflow of CO dominates, especially southwards
towards Africa. Compared to Asia, in general, a higher fraction of CO outflow remains at

lower altitudes, even though the overall concentrations might be lower. Boundary layer
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transport of aerosols is not as evident as with CO. As with North America and Asia, most

aerosol transport occurs when pollutants are lofted out of the PBL.
5.3 Regional Profiles

The previous sections have made regional comparisons on a hemispheric scale,
but we also want to specifically examine export and transport from these three regions.
For each of the regions, we choose a source area and compare the average extinction
profile to a downwind region for spring, a season with heightened export. These regions
are shown in Figure 5.16.
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Figure 5.16: Grid boxes used for regional averages for (a) North America, (b) Europe,
and (c) Asia. Source regions are outlined in black and outflow regions are in red and
green.

5.3a North America
For North America, the average extinction profile observed by CALIOP is similar

in the export region and the downwind site (Figure 5.17a). This contrasts GEOS-Chem
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which shows much less at the downwind site than at the source. At the source, although

the profile shapes are similar, CALIOP is greater than GEOS-Chem in the lower

atmosphere, while GEOS-Chem is slightly greater above 750hPa. This could suggest that

GEOS-Chem is not showing as much low level outflow, which could explain the
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difference downwind. It is also noticeable that the tagged emissions from North America
make a negligible contribution to simulated extinction near the surface downwind,
suggesting that particulates are being quickly removed. The contribution from North
American emissions, however, accounts for almost all of the extinction aloft, indicating
that pollutants in the boundary layer are removed proportionally faster than pollutants

lofted into the free troposphere.

The cloud profiles from CALIOP show clouds throughout the column at both the
source and the downwind site. However, at the downwind site, these clouds are
concentrated at a lower altitude. The comparatively higher level clouds at the source
could suggest convection and lofting of the pollutants. Additionally, as previously
mentioned, the CALIOP cloud and detection algorithm often has difficulties in outflow
regions where the two are mixed, which could mean that some of these discrepancies

could be due to misclassification in the CALIOP retrieval.
5.3b Europe

Profiles of extinction over Europe (Figure 5.17b) are higher than over North
America, but this is most likely due to the grid box choice for North America which
included more marine atmosphere than over Europe. Profiles from GEOS-Chem have a
similar shape to those from North America; however, the profile from CALIOP suggests
extinction values remain higher above the surface. Similar to North America, aerosol
extinction from CALIOP is higher at lower altitudes, while GEOS-Chem is greater at
higher altitudes, suggesting that GEOS-Chem might have too much lofting over Europe,
but could also be due to the low detection limit of CALIOP missing elevated aerosol

layers with low concentrations. GEOS-Chem also simulates significantly lower extinction
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values in the outflow to the North Pole than observed by CALIOP, especially at lower
altitudes. Contrastingly, in outflow to Asia, GEOS-Chem is higher than observed by
CALIOP throughout most of the profile and especially at the surface. This could suggest
too many pollutants are simulated in GEOS-Chem or some vertical misplacement, but
this is difficult to determine because of the scarcity of valid profiles from CALIOP in

these outflow areas (as shown in the spatial distributions of Figure 5.1).
5.3c Asia

Unlike Europe and North America, GEOS-Chem is significantly higher over Asia
than observed by CALIOP, both near the surface and aloft (Figure 5.17c). Extinction
values are also overall higher than the other two regions. However, in the outflow region
off Asia, the extinction profile from GEOS-Chem is also significantly lower than
observed by CALIOP at lower altitudes, again possibly suggesting that there is too much
removal of pollutants in the low level outflow. At higher altitudes, they are in relatively
good agreement, showing higher values aloft than in the outflow regions of both Europe

and North America.

Additionally, the cloud profiles suggest higher or thicker clouds aloft than the
other regions, supporting that Asia has more rigorous convection, enabling it to more
efficiently loft pollutants to be exported. These high extinction values for clouds could

also suggest that a misclassification in the cloud detection could bias these comparisons.
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6 Temporal Variability of Transport in the Northern Hemisphere

While the seasonal perspective of Chapter 5 gives us a good sense of what
transport looks like on average, it does not tell us about the frequency or magnitude of
events in each region. Again, due to many of the previously mentioned sampling issues,
we cannot effectively analyze each event separately, but we choose to investigate the
regularity and scale of transport events for spring 2007 by looking at time series of
column AOD and CO for each emission region. We choose to focus on spring as it is the
season with the most transport of both CO and particulate pollutants to downwind sites
for all regions.

6.1 Regional Time Series Comparisons
6.1a North America

Pollutants are mainly exported out of North America from the eastern US and
transported across the North Atlantic to Europe. To examine the export out of the eastern
US, we look at the time series for the source region and for an area downwind (same
averaging boxes as Figure 5.16). In the time series of AOD observed by CALIOP and
simulated by GEOS-Chem, there are several days that highlight periods of increased
export from the source (Figure 6.1a). For this comparison, we designate a day with
increased export as having a column AOD greater than the mean plus one standard
deviation for that season. In general, these time series points are an average of 10 grid

boxes. For CALIOP, these grid boxes are an average computed from approximately 20
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observations (as discussed with Figure 2.4). It is important to again emphasize here, that
due to the sampling period of CALIOP, these points in the time series are not
representative of the whole averaging box but only the area over which the satellite

passed for that day. Figure 6.2 shows where CALIOP made valid observations for March
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1-16" (because CALIOP has a repeat orbit of 16 days) and illustrates how this smaller

sampling size can make these comparisons more difficult.
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Figure 6.2: CALIOP valid observations over the North American export region
averaging box (black box) for the time period of March 1 through March 16, 2007.

For spring 2007, we find that, although CALIOP has a slightly higher mean AOD,
GEOS-Chem simulates the same number of days with high export as CALIOP (11).
However, these days do not coincide, and the model only captures 13% of the variability
in the AOD export from North America observed by CALIOP. In general, we would
expect CALIOP to have more variability compared to GEOS-Chem because again
CALIOP AOD values that go into these averages are over a small portion of a GEOS-
Chem grid box rather than an average for the whole area in the 2° by 2.5° grid box.

GEQOS-Chem simulates fewer days where the column concentration of CO is
substantially over the mean (Figure 6.1b), with only seven days that meet the criteria for
high export. This is to be expected due to the high background concentrations of CO,
which makes using column concentrations to differentiate days with greater export more
challenging. While TES observations, as previously noted, are generally higher than
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simulated by GEOS-Chem, only six days can be considered as having increased export of
CO. The correlation between TES and GEOS-Chem CO is much smaller than CALIOP
and GEOS-Chem AOD at the source region (r=0.11).

Away from the source, TES and GEOS-Chem have a slightly higher, albeit
negative, correlation coefficient (r=-0.2, time series not shown). These negative values
could suggest transport error which would cause events to be out of phase. Conversely,
the correlation between CALIOP and GEOS-Chem AQOD is significantly reduced
(r=0.04).

We also use the time series to investigate whether CO and aerosols are co-
transported during LRT events. The correlation between CO and aerosols in the source
region is low, but similar, for both the observations and the simulation. For TES CO and
CALIOP AOD the correlation coefficient is -0.33, while the simulated AOD and column
CO (with the TES retrieval operator) from GEOS-Chem is -0.34.

Away from sources, the model retains the correlation between CO and aerosols
(r=-0.31), however, this correspondence is significantly reduced (r=0.03) in the TES and
CALIOP observations. These negative values are possibly the result of the fact that AOD
values in these regions are largely due to sulfate, which is primarily the result of
oxidation of sulfur dioxide rather than direct emission, whereas CO can be emitted
directly. Additionally, CO values contain large background concentrations, and therefore
these comparisons are not effectively comparing rather events occur simultaneously.

We examine these differences through the time series of tagged emissions and
fractions in the PBL simulated by GEOS-Chem (Figure 6.1c and d). From the sensitivity

run, we find that there are several more days where the AOD and CO from tagged North
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American emissions meets our requirements for increased export (16 for AOD and 12 for
CO). This difference is to be expected as the sensitivity simulation removes dampening
of results by background concentrations. This is further supported by the finding that
tagged CO and AOD in the export region are more highly correlated (r=0.67) than the
total column concentrations, which implies that CO and AOD have some similar, but not
identical, sources and export mechanisms. This is additionally seen by the fraction of
tagged emissions in the PBL. While the mean fractions of tagged CO and contribution to
AOD in the PBL are similar (0.44 and 0.48, respectively), the correlation is only
moderate (r=0.52).

Downwind, mean fractions in the PBL for both species are lower (0.15 for CO
and 0.17 for AOD), suggesting that pollutants are more concentrated aloft (partially due
to a shallow marine PBL). The correlation between concentrations of tagged CO and
tagged AOD decreases downwind (r=0.42), most likely due to the fact that particulates
are being removed more quickly than CO. However, the correlation between the two for
fractions in the PBL increases downwind (r=0.64).

This could explain the discrepancy between observation and model correlations at
the downwind site, where GEOS-Chem shows that AOD and CO are better correlated
than observed. From the lower fractions in the PBL downwind, GEOS-Chem could be
suggesting that high AOD and CO events are primarily due to lofted layers.
6.1b Europe

Unlike North America, GEOS-Chem not only simulates a higher mean AOD in
the export region of Europe, it also simulates several more high AOD events at the source

than observed by CALIOP (14 and 9, respectively). Conversely, GEOS-Chem shows
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fewer high AOD events in both the downwind regions than CALIOP (13, 15). This could
suggest that GEOS-Chem may be exporting too many particulate pollutants from Europe,
but underestimating transport downwind. This is further substantiated by the fact that
CALIOP and GEOS-Chem are better correlated in regions close to source (r=0.33 over
Europe and r=0.40 for outflow to Asia), and less correlated further downwind (r=-0.08
for outflow to the North Pole). This does not hold true for CO, where the correlation
coefficients between TES and GEOS-Chem are similar for all regions, but slightly higher
away from sources (r values of 0.57 for source, 0.64 for North Pole, and 0.61 for outflow
to Asia).

The correlations between TES CO and CALIOP AQOD for all regions of export/
are low (r values of -0.04 for source, -0.02 for North Pole, and 0.15 for outflow to Asia).
However, GEOS-Chem simulates the correlation for AOD and CO in outflow to the
North Pole to be much higher (r=0.44), where the model transports most of the CO and
aerosols above the boundary layer. This can suggest that GEOS-Chem over-emphasizes
transport of particulates aloft.
6.1c Asia

As with North America and Europe, correlations between CALIOP AOD and
GEOS-Chem are better near the source (r=0.41) than in the outflow region (r=0.05);
while correlations between the time series of CO simulated by GEOS-Chem and
observed by TES are better away from the source (r=0.74 compared to r=0.66 near the
source). Again, this could partly be due to the vertical distribution, as correlations for
fraction in the PBL follow the same pattern. GEOS-Chem and TES CO fraction in the

PBL have an r=0.96 at the source and an r=0.99 downwind, while GEOS-Chem and
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CALIOP AOD fraction in the PBL have a higher correlation (r=0.64) at the source than

downwind (r=0.47).

6.1d Summary of Regions

Most of the correlations discussed here, were very low. We want to re-emphasize
the discussion of Chapter 3 on sampling issues, by restating that these sampled time
series might miss a transport event or over-emphasize an event due to a slight
misplacement in time or space; and that in general, any comparison of model simulations
with satellite observations with no cross-track scanning is going to be particularly
susceptible to model transport errors.

That being said, what we can glean from these times series is that pollutants are
being exported continually from these three source regions throughout the spring season
with a few well-pronounced events. In general, GEOS-Chem favors export above the
PBL, except for outflow from Europe to Asia. CO is lofted out of the PBL more than
particulate pollutants, except over the US east coast. Because CO is spread throughout
more of the atmospheric column, when outflow occurs in the free troposphere, the
vertical placement of CO and AOD in downwind regions is more similar than with
boundary layer outflow which reflects differences in lifetimes.

Additionally, we find that, with the exception of North America, GEOS-Chem
captures more of the variability observed in CO than for AOD. The model also
reproduces more of the variability in AOD observed by CALIOP near the source than at
the downwind site, which is opposite to CO, where GEOS-Chem is more highly

correlated with TES observations away from the source.
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6.2 IMPROVE Time Series

In order to determine the potential surface impact of Asian emissions on the
northwestern coast of North America, we also looked at spring 2007 time series of sulfate
concentrations at two IMPROVE sites and compared them with concentrations simulated
by GEOS-Chem sampled for the same grid box (Figure 6.2). The White Pass (WP) site is
at a higher elevation (1827 m) and should therefore be more frequently influenced by
elevated layers transported from Asia, whereas Mount Rainier (MR) at 439 m would
potentially be more influenced by local emissions. This is simulated in the model where
we see that the time series of total sulfate concentration at White Pass is highly
influenced by the contribution from Asian emissions (r=0.9), but Asian emissions do not
dominate the variability in sulfate concentrations at Mount Rainier to the same extent
(r=0.65). In general, the model predicts that Asian emissions make up ~50% of the total
sulfate concentration at White Pass and ~25% at Mount Rainier. We also see that the
model simulates several locally driven enhancements throughout the season with very
little contribution from Asian emissions (May 27" for example).

GEQOS-Chem is able to capture many of the enhancements noted in the
IMPROVE data, such as on March 31% and April 27". The model does overestimate
concentrations, especially during March, for both sites. Overall, the model captures more

of the variability at the IMPROVE Mount Rainier site (r=0.55) than for White Pass
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(0.46). This may suggest that accurately simulating LRT impacts is more challenging
than local emission influences.

For both the model and the IMPROVE sites, the Mount Rainier location generally
shows higher concentrations than at the White Pass site. Sulfate concentrations at Mt.
Rainier and White Pass are highly correlated in the observation (r=0.78), but this is not
reproduced in the model (r=0.12).

In order to test the assumption that transported air masses would first reach high
altitude sites and then subside to lower altitudes, we also looked at lag (using preceding
or proceeding observation) correlations between observations. For the IMPROVE sites,
the correlation for a lag of +1 for Mount Rainier was low 0.29. By contrast, the +1 lag
correlation for White Pass was 0.61, suggesting that there is better correlation when we
consider that air masses arrive at the lower altitude site before the high altitude sites,
which could be suggestive of boundary layer flow forced orographically as it moves
inland.

However, air masses should only take a day to subside and IMPROVE
measurements are only taken every third day, so a lag correlation of 1 would suggest that
it took three days to subside or three days to rise. We investigate this further by looking at
the full daily time series of sulfate concentrations from GEOS-Chem (Figure 6.3) rather
than the sampled every three day concentrations. Here we see that many events where it
appeared that GEOS-Chem was suggesting that high altitude enhancements were
preceded by a low altitude enhancement (such as April 27" and 30™), are the result of

sampling out periods of transport events, such as the high peak on April 29™. With the
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full time series, we also note that the simulated +1 lag correlation for tagged Asian

emissions at Mount Rainier increases to 0.77 from 0.09 for the sampled time series.

'SAep |[e 10} SUOITRNUBIU0I WBYD-SOTD YUM INg t°9 ainbi- 10) Se swes :G'g aanbi4

a1pQ
/50 91/G0 10/S0 91/%0 1e/€0 91/¢0 10/€0
- ~A7 ' -~ J_ Z . - \,\l\\ - N X IR o 7 )
T LTIAN e IR Yo T STRITTEe e TG N8 50 o0
B~ A ~ VR 2 AN 7 ] P = Vo Y .
ey ) Y . »/ ,, 1w M, \ G0 Mub
iai AR i low £
© y o) g
- o 14 o 3 ] _ hid
u © . S
— i RN
- ] 3
C _ &
— o —0¢—
E _ 1gz

"WBYD-SOID Ul (Bul] paysep) SUOISSIWa UeISY 0} aNP pue ‘Wayd-SOF9
Aq saxoq pub (aulj usalb p1jos) ssed allYAA pue (3ul] oe|g p1jos) Jalurey A 8yl 10} parejnwis ‘(puowelp usaib) alls ssed allYAA
‘(puowrerp »ae|q) s IAQHJIAI Ja1urey JUNOIA 8y} Je painseaw SUOIIeIuadu0D 81eyNS JO Salds awil /00g Bunds 49 aanbi4

210Q
0g/s0 G1/s0 0g/+0 S1/%0 1£/€0 91/¢c0 10/€0
~X _ _ , _ _ 00
G0 ¢
N c
E =
4. a
A =o' 3
i 1.5
- m;u_euo_u<8||||m_W
- dM Weyd-s039 —— [ 3
- ynswiosyd) — - - [ &
C o YN wayd-s039 HO¢ —
- w/Zal SSOd SHUM IAQNANI O [
— WELey JIuoY IN JAQHANI <o L]
C _ _ _ _ 16z




To confirm that plumes were actually descending in the model, we also looked at the
vertical profiles of extinction for these events as in Figure 6.4 which shows a lofted

plume as it traverses the North Pacific and subsides over the northwest coast of the US.
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Figure 6.6: Vertical distribution of extinction from Asian emissions as simulated by
GEOS-Chem for April 24™ -26", 2007 averaged from 44-48°N along the latitudes 150-
117.25°W.

These comparisons between GEOS-Chem and IMPROVE could suggest that that
concentrations at both sites are primarily driven by local emissions with less influence
from foreign air masses than simulated by GEOS-Chem. However, as previously
mentioned with the satellite observations, although there is some agreement between
GEOS-Chem and the IMPROVE sites on specific enhancement events, the data suggests
that observations with poor temporal resolution are unable to fully resolve transport
events and make it especially difficult to determine transport and subsidence

mechanisms.
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7 Summary and Future Work

7.1 Summary

The goal of this work was to use A-Train satellite observations in conjunction
with the GEOS-Chem model to analyze the vertical distribution of pollutants during
export and long range transport in the Northern Hemisphere. We used CO measurements
from TES, AOD and extinction values from CALIOP, and AOD from MODIS in order to
analyze gas and particulate phase pollutants for the period of December 2006-November
2007.

While the original goal of this work was to analyze distributions during individual
transport events, initial analysis showed that the interference of clouds, the small
footprint of satellite observations, and the distance between scans constrained our ability
to track plumes as they progress on short time scales. However, it was also shown that
these sampling issues had a much smaller impact on seasonal scales. We therefore
focused our analysis on seasonal averages of long range transport.

The model and satellite observations both show that pollutants are being
continually exported from the main source regions in the Northern Hemisphere with
several particularly high LRT events in spring and summer. The model reproduces the
spatial distribution of pollutants in the Northern Hemisphere, capturing observed source
regions of CO and particulate pollutants and their seasonal variability. For both CO and

aerosols, major source regions for all seasons include eastern China, the eastern US,
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western Europe, and western Africa. However, export from these regions is generally
most evident in spring. While GEOS-Chem has an overall low bias in CO to TES; for
aerosols, disagreement mainly arises in outflow over oceans, where GEOS-Chem
noticeably underestimates AOD in comparison to both MODIS and CALIOP.

This discrepancy was further examined through vertical distributions of CO and
aerosol extinction. It is generally understood that pollutants are more efficiently
transported in the free troposphere where they are subject to less removal and stronger
winds. This behavior is captured by GEOS-Chem. No bias is apparent in the vertical
distribution of CO simulated by the model; however, the limited vertical sensitivity of IR
satellite observations limits our ability to test the GEOS-Chem simulation of CO. The
lidar observations of aerosols from CALIOP provide an unprecedented degree of vertical
resolution. While the model captures the particulate source regions identified by CALIOP
and MODIS, it overestimates the concentrations of aerosol pollutants and lofting over
Asia and Europe. Conversely, GEOS-Chem underestimates aerosol extinction in outflow
regions across the Northern Hemisphere compared to CALIOP. This indicates that
boundary layer outflow of aerosols may be more common than simulated by the model
and removal processes in the boundary layer are possibly too efficient.

There are also noted differences between the vertical distribution of CO and
aerosols that give some indication of how the different phases are transported. Aerosols
are concentrated more at lower altitudes near sources, while CO is distributed throughout
the column. The high background concentrations of CO, due to its longer lifetime, make
identifying transported plumes more difficult but also make the downwind impact greater

than for aerosols. Furthermore, the relative insolubility of CO limits the efficiency of
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removal processes in the boundary layer which are removing particulate pollutants too
quickly. Further downwind, we see greater concentrations of transported CO in the PBL
than for aerosols.

We also used two IMPROVE sites: White Pass, with an elevation of 1827 m, and
Mount Rainier at 429 m, in order to infer the downwind impact of transported plumes
simulated in GEOS-Chem at different altitudes. For the surface observations, there is
some variation in the concentrations at the two sites, possibly suggesting different air
mass influences or transport mechanisms. However, the inability to track the progression
of plumes and the course temporal resolution makes it difficult to conclusively validate
the ability of GEOS-Chem to simulate these transported plumes and differentiate the
altitude-dependent impact and transport mechanism of plumes from local emission

sources on a receptor site.
7.2 Future Work

The outcome of this work was to locate specific regions of disagreements between
satellite observations and model simulations with regards to the vertical distribution of
pollutants as they were exported and transported. Future work will focus on specifically
diagnosing these issues with regards to model processes and emission estimates. There is
current work in the GEOS-Chem community addressing the outflow of dust from Africa
and quantifying background marine aerosol, but further work needs to be done in
analyzing lofting mechanisms of aerosols over Europe and off of Asia along with
removal processes in outflow regions. In particular, there is a need to investigate the

possibility that pollutants are being rained out more quickly than observed.

71



CALIOP extinction profiles also provide a measure of aerosol type which we did
not analyze here. It would be useful to examine differences in the profiles observed by
CALIOP based on the inferred aerosol types (dust, marine, polluted). This would give us
further insight into discrepancies in outflow regions, such as Asia, where dust, pollution,
and marine aerosols are collocated.

Finally, the study of LRT is primarily motivated by a need to assess the
downwind impact of pollutants at receptor sites. The use of surface based observations
would aid in analyzing transported plumes as they are received and better to distinguish
low altitude impacts that are less visible in satellite datasets. Here we only looked at
surface data from two IMPROVE sites, which proved to be inconclusive. A goal of future
work will be to include more ground based observations with increased temporal
resolution, particularly more surface lidar data, such as from MPLNET and EARLINET

as it becomes more readily available.
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