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Abstract

Black carbon is a pollutant of concern in the Arctic; however models struggle to ac-
curately simulate its seasonal cycle observed from in-situ measurements. This work
aims to examine the contribution of different types of emissions from various regions
to this cycle using the GEOS-Chem model. Base model emissions were modified by
introducing a seasonal cycle on the existing emissions from domestic wood burning,
and the addition of gas flaring emissions. To assess the efficacy of these changes,
comparisons were made with ground measurements performed at Alert, Barrow, and
Ny-Alesund, along with airborne measurements performed by the PAMARCMiP air-
craft campaign. The best agreement was found at Alert and Barrow with the sim-
ulation using all modifications. The Ny-Alesund site, due to its elevation, had a
different cycle than the one observed at the other sites which the model had difficulty
in recreating. Vertical profiles obtained from PAMARCMIiP showed good agreement,
however the effects of the emissions changes diminished rapidly with altitude. Source
regions of pollution in the model were assessed as well. The major source region
at altitudes above the planetary boundary layer was found to be East Asia in the
winter, spring and fall, while biomass burning was a major contributor during the
summer. Closer to the ground, Europe and East Asia were the major contributors,

with smaller contributions from North Asia and North America.
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Chapter 1

Introduction

The Arctic is an environment that is vulnerable to human activity, affected by a
changing climate to a larger degree than anywhere else. The Intergovernmental Panel
on Climate Change predicts that for every degree that the global average tempera-
ture increases, the Arctic will see increases of double that or more through polar
amplification (IPCC, 2013a). This warming is driving large scale change such as the
increased rate of melting glaciers in Greenland. Between 1995 and 2005, the output
from glaciers in Greenland more than doubled, from 90 to 220 cubic kilometers (Rig-
not and Kanagaratnam, 2006). Another widely publicized consequence is the loss of
sea ice extent in the Arctic. The trend in September sea ice extent in the Arctic be-
tween 1979 and 2001 is -7% per decade, which increases up -14% per decade including
2013, with the 7 lowest values of September sea ice extent occurring within the last
decade (Stroeve et al., 2014).

A major contributor to the changing climate is black carbon aerosols. They are
a byproduct of inefficient combustion and a major pollutant in the Arctic, causing
a global increase in forcing through all forcing mechanisms, including clouds and
cryosphere forcing, estimated to be 1.1 % with uncertainty bounds of 0.17 to 2.1
% (Bond et al., 2013). These aerosols are transported from various source regions,
sometimes as far south as 40 degrees north, a problem that is worsened in the winter
and spring by slow removal processes and poor circulation (Stohl and Law, 2007),

which causes an annual cycle for aerosols in the Arctic. The major removal process

for carbonaceous aerosols is wet deposition, with 70-85 % of tropospheric aerosols



2

removed through this process (Pdschl, 2005). This process is slowed during winter in
the Arctic due to the cold dry Arctic air, which has roughly one fifth of the water
vapor that is found in the summer Arctic air (Serreze et al., 2012). This causes large
differences in precipitation from summer to winter, for example at Alert in January,
there is on average 9 cm of snow, compared to 20 cm of snow in July, along with 13
mm of rain (EC, 2010). Surface temperatures during the winter in the Arctic are low
due to the absence of solar radiation for long periods of time, combined with a reflec-
tive surface of ice and snow. These low temperatures form stable inversions, which
inhibits vertical transport and removal processes (Shaw, 1995). The combination of
these two effects results in increased concentrations of aerosols and other pollutants
during the winter and early spring.

Although they are sparse, a few stations in the Arctic and sub-Arctic measure
black carbon aerosols and other pollutants. In addition to these ground monitoring
stations, there have been various aircraft campaigns throughout the years which pro-
vide valuable data about pollutants higher in the atmosphere. One recent project
which included Arctic aircraft flights was Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites (ARCTAS). These flights occurred in April,
June, and July of 2008. The measurements collected during these flights have been
analyzed to identify source regions for aerosol pollution during the spring and sum-
mer. One study performed using back trajectories concluded that the majority of
measured black carbon in the lower troposphere was due to Russian biomass burning
events, while Asian emissions dominated at higher altitudes (Matsui et al., 2011).
These findings are consistent with other analysis of ARCTAS data with the GEOS-
Chem chemical transport model (Wang et al., 2011). Another project involving Arctic
flights that occurred during the same time period was the Polar Study using Aircraft,

Remote Sensing, Surface Measurement and Models, of Climate, Chemistry, Aerosols,
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and Transport (POLARCAT). Analysis of vertical profiles collected during flights
in April in Alaska found enhancements in black carbon concentrations at altitudes
of 4.5 km and 5.5 km, due to plumes from both anthropogenic sources as well as
biomass burning plumes. Another study using POLARCAT data over Greenland
along with FLEXPART modeling found that in air masses originating from North
America, the pollution plumes contained far more sulphate than black carbon mass
(Quennehen et al., 2011). The campaign that has been examined in this work is
the Polar Airborne Measurements and Arctic Regional Climate Model Simulation
Project (PAMARCMIP), which has performed flights Alaska and the Canadian Arc-
tic in 2009, 2011 and 2012.

Although Arctic black carbon concentrations are still higher than in preindustrial
times, they have fallen from maximum values measured in recent decades. Concen-
trations have decreased on average by 40% between 1990 to 2009 at three Arctic
monitoring sites, Alert, Barrow, and Ny-Alesund (Sharma et al., 2013), and by as
much as 80% aloft as measured by the AGASP (1983-1986) and PAMARCMIiP (2009-
2012) flight campaigns in northern Canada and Greenland (Stone et al., 2014). This
decrease is thought to be mainly due to the decline in heavy industry after the collapse
of the former Soviet Union (Sharma et al., 2004). There is concern about increas-
ing pollution concentrations especially from gas flaring. A recent study found that
while the practice of flaring waste gas contributed only 3% to the global BC emis-
sions, north of 66 degrees gas flaring is the largest source of black carbon emissions.
It contributes 66% of all black carbon emissions in the region, followed by biomass
burning with 31%, with residential and other burning contributing only 3%. 42% of
the annual mean black carbon surface concentration in the Arctic could be attributed
to flaring (Stohl et al., 2013). This figure may increase as well, as a United States

Geological Survey estimated that there are around 90 billion barrels of undiscovered,
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technically recoverable oil (13 % of global amount) north of the Arctic circle, along
with 40 billion barrels of proven oil (6% of global amount) (Robertson and Pierce,
2008).

These flaring emissions are included in a new emissions inventory compiled as
part of Evaluating the Climate and Air Quality Impacts of Short Lived Pollutants
(ECLIPSE), as well as recent global emissions for the years 2005 and 2010 (Kilmont
et al., 2013). A modelling study investigating black carbon sources in Siberia us-
ing this inventory found better agreement with in-situ aircraft measurements than
previous studies which did not include the flaring emissions (Raut et al., 2013). An-
other study using this inventory found that emitting black carbon in the Arctic will
give almost a fivefold increase in the Arctic surface temperature response compared to
emitting the same amount of black carbon at midlatitudes, due to the fact that a large
amount of the black carbon emitted in the Arctic region remains in the lower part
of the atmosphere and is deposited in the region (Sand et al., 2013). The ECLIPSE
inventory was used in this work due to the fact that the black carbon emission inven-
tory currently used in the GEOS-Chem model is out of date as it uses a base year of
2000 (Bond et al., 2007).

An approach to determining the source regions of Arctic black carbon is to per-
form a sensitivity study by perturbing emission in a chemical transport model. Past
studies have identified that Asia is the main contributor to free tropospheric black
carbon concentrations, and European, Russian, and North American sources domi-
nate near the surface (Wang et al., 2011). This is broadly consistent with what has
been found in a comparison of 17 different climate models (Shindell et al., 2008).

Broad scale source region studies have not taken into account Arctic gas flaring
and the domestic heating cycle. These have been considered only in regional studies

(Raut et al., 2013), or ones with very limited source regions (Arctic and mid-latitudes)
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(Sand et al., 2013). The novelty of the work presented here is that it determines the
contribution of gas flaring and domestic heating to Arctic black carbon, and takes it
into account when determining source regions. These regions are also determined for
all in-situ measurements including along the PAMARCMIP flight track, as well as for
the entire Arctic region.

This document begins with an overview of aerosols and their effects on the en-
vironment, along with early research on aerosols in the Arctic in chapter 2. It then
details various measurement techniques and campaigns that have occurred to monitor
Arctic aerosols in chapter 3. The results of the work are presented in chapter 4, along

with the conclusions that can be drawn from the results in chapter 5.



Chapter 2

Background

2.1 Aerosols and the Environment

The movement of energy in the atmosphere is a complex system, which can be af-
fected to a large degree through human activity. The two main ways that this system
is changed are the introduction of greenhouse gases and aerosols. While the effects
of greenhouse gases are already fairly well documented and understood, the effects of
aerosols are more uncertain (IPCC, 2013b).

Aerosols come from natural as well as anthropogenic sources. Natural aerosols
include mineral dust entering the atmosphere when winds pass over desert regions,
or sea salt entering the atmosphere from sea spray. Anthropogenic aerosols come
mainly from combustion, the two main types being sulphate aerosols and carbona-
ceous aerosols (Jacob, 1999). Sulphate aerosols are strong scatters of visible light
whereas black carbon aerosols absorb in the visible spectrum. Current figures for
forcing due to aerosols are a global average of -0.6 % to -0.2 % for negative forcing
due to sulphate aerosols and 0.05 % to 0.80 % for positive forcing due to black
carbon aerosols (IPCC, 2013c). Aerosols can contain more than one component, es-
pecially if they have aged. This comes about through the condensation of various
gases onto particles, and the coagulation of different types of particles (Heintzenburg,
1988).

Since these particles contain both scattering and absorbing components, it is useful
to define the Single Scattering Albedo, which is the ratio of the scattering coefficient

to the sum of the scattering coefficient and the absorption coefficient. This ratio
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ranges from a value of 1 for a particle that is totally scattering to a theoretical limit
of 0 for a particle that is totally absorbing, although in reality such a particle does not
exist (Seinfeld and Pandis, 2006a). Another useful quantity in the study of aerosols
is Aerosol Optical Depth (AOD). This is defined by the equation:

r= / bewt (', \)da (2.1)
21

where 7 is the AOD, z; and z, are the edges of a given thickness of the atmosphere,
and b, is the extinction coefficient, which varies with both wavelength, A\, and height,

2. The AOD appears in Beer’s law:
I =1¢eT" (2.2)

where I is the intensity of a beam that has passed through a part of the atmosphere
between the points z; and zy, and I, is the original intensity of the beam (Seinfeld
and Pandis, 2006b). AOD calculated for the entire atmospheric column gives a useful
measure of the total amount of aerosol above a given point. Since AOD is depen-
dent upon the wavelength it is measured at, and not all instruments operate at the
same wavelengths, one must use the Angstrom exponent in order to perform compar-
isons between instruments. The Angstrom exponent, which varies with wavelength

(Kaskaoutis et al., 2007), is defined as

T

o =———T22"
Log(i—

(2.3)

Ll 1S}

)

Log(™1)
2

where 7,1 and 7\9 are known AODs at wavelengths A1 and A\2. This is then used to

calculate an unknown AOD using the equation

A

To)fa (2.4)
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where 7, is a known AOD measured at wavelength \g, 7 is the AOD of interest that
corresponds to the wavelength A and « is the Angstrom exponent (Liou, 2002).
Both natural and anthropogenic aerosols can be grouped into two categories, pri-
mary and secondary aerosols. Primary aerosols are ones that are emitted directly
into the atmosphere as particles, such as mineral dust, whereas secondary aerosols
begin as gases and subsequently form aerosols. In general, primary aerosols tend to
be larger and secondary aerosols tend to be smaller (Seinfeld and Pandis, 2006c¢).
The effects of these particles can be classified into direct and indirect effects. A
direct effect is when incoming or outgoing radiation interacts with an aerosol through
scattering or absorption. An indirect effect is when the presence of aerosols affects
another natural process which interacts with radiation. For example if the atmo-
sphere becomes supersaturated, water vapor will begin to condense onto aerosols and
they will form cloud droplets. This mechanism is governed by the Kohler equation,
which depends on the size and composition of a given particle. A smaller particle
requires a higher super saturation than a larger particle of the same composition.
Cloud droplets in a high enough concentration can reflect incoming radiation, or ab-
sorb outgoing radiation, depending upon their location and properties (Petty, 2006).
Aerosols are removed from the atmosphere in several ways. They can be scav-
enged by raindrops, ice, and snow as they fall out of the atmosphere, they can serve
as cloud condensation nuclei or ice nuclei which will fall out of the atmosphere, or
they can simply deposit out of the atmosphere. Smaller aerosols are generally only
scavenged by precipitation, and larger particles can be scavenged, or simply sediment
out of the atmosphere. This gives an average atmospheric lifetime of 3 to 10 days,
which is long enough for aerosols emitted in Europe, Russia, and occasionally Asia
to be transported into the Arctic (Bourgeois and Bey, 2011). Once these aerosols
have ended up in the Arctic, it is the absorbing part of the aerosol that has a large

effect on the local environment. This is due to the fact that the Arctic already has
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a high albedo due to reflective snow and ice, therefore reflective sulphate aerosols do
not much change the radiative balance. On the other hand black carbon aerosols
heat the atmosphere while they are airborne, and then once they have deposited onto
the snow or sea ice the albedo of the snow or ice is reduced, leading to increased
melting. This effect is compounded when bare ground and open ocean is exposed by
the decreasing snow cover, further decreasing the overall albedo of the ground which
leads to even more warming (Quinn et al., 2011).

Black carbon is defined by four different physical properties, it absorbs strongly
across all visible wavelengths with a mass absorption coefficient (the linear absorp-
tion coefficient divided by density) of at least 5 m?Q at a wavelength of 550 nm, it is
composed of graphitic SP2 bonded carbon, it is refractory with a vaporization tem-
perature near 4000K, and it is insoluble in water and common organic solvents (Bond
et al., 2013). There are different methods to measure the black carbon mass of a given
aerosol particle that exploit these physical properties, each with their own name. El-
emental carbon refers to black carbon that has been captured on filters which are
then heated to the point that the trapped particles begin to vaporize. The mass is
calculated from reflected and transmitted laser light through the sample. Equivalent
black carbon refers to black carbon that has been trapped on a filter and measured
by comparing the transmission of light through a clean filter versus through a soiled
filter. Refractory black carbon refers to black carbon that is measured by illuminating
aerosol particles with a laser until they begin to vaporize and give off light, which can
be measured. The measurements that these methods produce are not always equiv-
alent. In general equivalent black carbon is the highest as it assumes that all light
attenuation through the soiled filter is black carbon when in reality other substances
can absorb as well. Elemental carbon is in the middle, and refractory black carbon is
the smallest due to the fact that this measurement technique in its current form can

only be performed on particles ranging from 70 to 500 nm (Lack et al., 2013).
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One of the major Arctic sources of black carbon that is discussed in this work
is black carbon from flaring. This is a process that occurs both at oil wells and
petroleum refining facilities where natural gas that cannot be used is burned, usually
on top of a high tower. Like any combustion process, one of the byproducts is black
carbon. Although the burning of natural gas is relatively clean in comparison to some
other fuel types, producing 0.77 grams of black carbon per kilogram of gas (McEwen
and Johnson, 2012) as compared to 3.05 g/kg for bituminous coal (Chen et al., 2009),
there are large volumes being burned in close proximity to the Arctic. Another factor
that is explored is a seasonal cycle of emissions. The main contributor to this seasonal
change in emissions is the burning of various types of fuels for heat during the winter.
In China coal is still used as a heating fuel in many cities during the heating season
from November until March. For example in the city of Xian in Northern China,
58% of the coal that is consumed is used for heating during this period (Cao et al.,
2007). Changes in demand on the electrical grid that that requires more fuel to be
burned to generate electricity contribute to this cycle as well. The electrical cycle is
somewhat different though, peaking in the summer due to increased air condition-
ing use. The United States, which currently generates the majority of its electricity
from combustibles, used 20% more electricity than an average month during July and
August of 2012 (EIA, 2014). These cycles are important as transportation pathways
change throughout the year due to meteorological changes, so to be able to under-
stand seasonal pollution cycles in remote regions, an accurate temporal distribution

of emissions is required.

2.2 Early Efforts

There has been interest in the study of black carbon for many years, dating from
the mid-20th century. Early interest was spurred not by a changing climate, but by

severe pollution episodes in England that were linked to higher rates of mortality
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(Wilkins, 1954). The study of black carbon in the Arctic came about from interest in
the phenomenon known as Arctic Haze. This term is used to describe the annual cycle
of pollution in the Arctic, which reaches a peak in the late winter and early spring.
These conditions were first noticed by whalers in the mid-18th century; however they
owe their name to United States Air Force officer Murray Mitchell who did pioneering
work in the study of the Arctic atmosphere (Mitchell, 1957). This cycle occurs due
to several reasons. First of all in the winter there is a strong temperature inversion
which limits vertical motion, trapping pollutants in the lower troposphere. There is
also very little precipitation of any kind to remove particles from the air, and weather
patterns during this time favor transport to the Arctic (Law and Stohl, 2007).

High concentrations of black carbon were first observed during a study done in
Barrow in 1979, where concentrations were found to be at a similar level to some
urban environments (Rosen et al., 1980). Around the same time, another group
using data from Barrow found proof that this pollution originated from outside the
Arctic (Rahn and McCaffery, 1980). High concentrations of vanadium were found
during the winter high of Arctic Haze, which come from the burning of residual oil.
This type of oil is too viscous to be used at temperatures found in the Arctic, so it is
only burned in a temperate environment (Zoller et al., 1973). They concluded that
this air most likely came from Europe, passing over Russia on its way into the Arctic.
Efforts were made to understand the effect of this black carbon in the atmosphere,
such as obtaining vertical profiles of black carbon concentrations over various places
in the Arctic (Hansen et al., 1984). These measurements revealed that there were
significant amounts of black carbon even at high altitudes. Calculations done at the
time using similar conditions to what had been measured in these profiles (Cess,
1983) found that the change in the surface-atmosphere energy absorption at the top
of the atmosphere averaged over 1982 was approximately 2.5 % Another study that

measured the amount of black carbon in Arctic ice and snow (Clarke and Noone,
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1985) found that deposition onto the snow and ice was causing a reduction in albedo
of 5 to 10 percent, which corresponded to roughly 3 % of additional heating at the
surface.

Although this work indicated that black carbon was present in large quantities
in an otherwise pristine environment, and that it could be having a large effect on
the exchange of energy in that environment, very little work was done to understand
the role of black carbon in the Arctic over the next decade or so. Most work was
focused on the effects of sulphate, as this was thought to be the major component of
combustion related aerosols. For example, several early modeling studies (Charlson
et al., 1992) (Schwartz, 1996) modeled their aerosols as purely scattering, with a
single scattering albedo of 1. A subsequent study (Hegg et al., 1997) found that in
fact a significant amount of the mass of small aerosols was in fact black carbon, and

a more realistic single scattering albedo would be around 0.9.



Chapter 3

Monitoring the Arctic

Scientific measurements in the Arctic present a unique set of challenges due to the
fact that much of it is very inaccessible, and the weather and temperatures are often

extreme.

3.1 Arctic Black Carbon Monitoring Sites

Several Arctic sites monitor various chemical species, including black carbon and
carbon monoxide. Carbon monoxide is also of interest as it is produced along with
black carbon, so it can be used as a tracer for the transport mechanisms in the
model (Pommier et al., 2010). The stations used in this work are Alert, Barrow,
and Ny-Alesund, whose locations are presented in figure 3.2. The sites that measure
black carbon use an Aethalometer produced by Magee instruments. This model of
Aethalometer functions by drawing air over a quartz filter, trapping aerosols. The
filter is illuminated with visible light, which is measured on the other side of the filter
by two photo-diodes, one which measures the part of the filter which has been exposed
to the aerosols, and one which measures a clean part (Hansen, 2005). The change in
attenuation of light through the soiled part of the filter versus the clean part of the
filter is collected over a period of time, and the black carbon concentration (%) is

determined using the following formula

~ —100ALog($*)
C = 00— 1) (3.1)

13
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where A is the area of the soiled part of the filter, % is the ratio of the intensities of
the sample beam to the reference beam at times t; and t5, Q is the flow rate of air
through the filter, and k is the specific attenuation coefficient, which is recommended
to be determined on a site by site basis as it can vary. The manufacturer suggests
using a value of 19 %2, which was found to be adequate at Alert and Barrow (Sharma
et al., 2004). The Ny-Alesund site required a slightly lower specific attenuation co-
efficient of 15.9 %2 (Eleftheriadis et al., 2009). These values must occasionally be
adjusted, for example during the non-haze period from May until October at Alert
a k value of 28.5 %2 was found to be more appropriate. The different k values are
necessary due to the different compositions of aerosols at each site, such as local dust
contamination at Alert during the summer, and Ny-Alesund’s elevation exposing it
to different air masses. These measurements compare well with other measurement
methods, with a an r? value of 0.91 and a slope of 0.95 when compared against Par-
ticle Soot Absorption Photometer measurements, and an 72 value of 0.83 and a slope
of 0.95 when compared against thermal black carbon measurements (Sharma et al.,
2002). The detection limit of the Aethalometer is reported by the manufacturer as
100 24 for an integration period of 1 minute (Magee, 2010), which drops to 15 % for
a 30 minute integration period (Sandradewi et al., 2008), and down to 1.5 4 for a 1
hour collection period (Polissar et al., 2001). The collection periods at the sites used
were 5 minutes at Barrow, 30 minutes at Ny-Alesund and 60 minutes at Alert. The
longer integration times at Alert and Ny-Alesund allow for a lower detection limit,
wheras the short integration time at Barrow allows for more precise filtering of local
pollution events due to its poximity to a population center, which is upwind of the
station 24% of the time (Bodhaine, 1995).

Different methods of measuring black carbon can produce different concentrations,

even if the measurements are taken at the same sites. This can be seen in figure 3.1,
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which shows black carbon concentrations measured using both an aethalometer and
weekly filter measurements. Both methods have various weaknesses that must be
taken into account. An aethalometer assumes that all of the absorption that it has
measured is due to black carbon, but other species of aerosol can contribute a small
amount as well, leading to some over prediction. On the other hand, the filter method
collects aerosol over the entire week, which means that it is difficult to filter out local
pollution episodes. This causes an over prediction during the summer months when
there are more local pollution sources, which can be filtered out of the aethalometer

data due to its higher time resolution.
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Figure 3.1: Comparison of filter and aethalometer black carbon measurements taken
at Alert.

Sites collecting carbon monoxide data use a variety of different instruments, how-
ever they all operate on roughly the same principle. Carbon monoxide will absorb
ultraviolet light, and then fluoresce in the visible range, at a wavelengths of 450 nm,
480 nm, and 520 nm (Carrivain and Orain, 2013) . The amount of carbon monoxide is

calculated from the intensity of the fluorescence, or the amount of absorption (ESRL,
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2014). In some cases the carbon monoxide is reacted with mercuric oxide, and it is

the resulting mercury gas that absorbs (SRI, 2014).

3.2 Aircraft Campaigns

The PAMARCMIP campaign was selected for this work due to the fact that it has
data from multiple years. This campaign performed flights in northern Canada and
Alaska to monitor various properties during the change from winter to spring in the
Arctic. The flights were made using the POLAR 5, a Basler BT-67 operated by the
Alfred Wegener Institute for the study of the Arctic. PAMARCMIP aims to study
meteorology, air quality and sea ice thickness.

A range of aerosol properties were measured, including aerosol number concentra-
tion, scattering and absorption coefficients, AOD, and black carbon concentration.
The black carbon concentrations were measured with a single particle soot photome-
ter. This instrument functions by drawing aerosol containing air into a chamber
equipped with a 1060 nm laser and a set of detectors that detect in the visible range.
The laser is shone onto the particles which scatter and absorb the light. The scat-
tering allows calculation of the size of the particle, while the absorbed light causes
the particles to heat up and eventually vaporize. As this heating occurs, the absorb-
ing part of the particles emit light which is detected, the mass being determined by
the intensity of the emitted light. The SP2 has a detection limit of 10 *§ (DMT,
2013), and the instrument agrees well with other black carbon measurement systems.
A comparison with two other measurement systems found that mass measurements
from all three instruments agreed to within 15% (Slowik et al., 2007). This system is
ideal for an aircraft campaign as there are no filters to change, as well as a high time
resolution.

A study of these black carbon measurements found that concentrations were de-

creasing aloft in comparison with previous airborne studies, in line with what was
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being observed at various ground station monitoring sites (Stone et al., 2014). The
aerosol property data has also proved useful for providing large scale pictures of the
vertical structure of Arctic aerosol for comparison with models and satellite instru-
ments (Stone et al., 2010). It has also been used for the study of individual events,
such as a pollution event that occurred over Zeppelin mountain on Ny-Alesund, where
the PAMARCMIP plane was able to collect data in conjunction with the station on
the mountain, sampling the air mass out to a distance of 40 kilometers (Hoffman
et al., 2012). This study provided an opportunity to see how parameters such as the

size distribution of aerosols changed with height. Figure 3.2 shows the flight paths

PAMARCMIP Flights 2009 2011 2012
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Figure 3.2: PAMARCMIP 2009, 2011 and 2012 flight tracks, along with in-situ ground
monitoring stations.

taken by the plane. The flights took place between late March and early May of each

year.



Chapter 4

Assessing the Implications of Emissions Types

This chapter interprets data from the measurements discussed in the previous chap-
ter using different simulations in order to understand the implications of different

emissions sources.

4.1 Models

The model used for these simulations is the GEOS-Chem global chemical transport
model version 9.01.03. The model is driven by GEOS-5 meteorology provided by the
NASA Global Modeling and Assimilation Office (Rienecker et al., 2008), with a 15
minute time step for transport and a 60 minute time step for chemistry and emissions.
The grid size used was a 2° by 2.5° grid with 47 vertical levels up to 0.01 hPa. The
model has a bulk aerosol mass simulation of sulphate and secondary organic aerosols
(Park et al., 2004), sea salt (Jaeglé et al., 2011) , mineral dust (Farlie et al., 2010),
and carbonaceous aerosols (Park et al., 2003). Organic carbon and black carbon are
divided into hydrophilic and hydrophobic fractions. There is a fixed e folding time
of 1.2 days for conversion from hydrophobic to hydrophilic (Chin et al., 2002). The
hydrophilic aerosols are removed through in-cloud rainout, as well as the dry deposi-
tion and below cloud rainout that removes all acrosols (Bey et al., 2001).

All simulations were done with six months of spin up to ensure that starting condi-
tions did not affect the model results. The emission inventories used for carbonaceous
aerosol are the Bond inventory (Bond et al., 2007) that covers the entire world for

a base year of 2000, and the Lu inventory (Lu et al., 2011) which covers India and

18
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China for the years 1996-2010. These emissions were doubled in the regions of Russia
and China following Wang et al. (2011) to account for increases in these emissions
since 2000 due to the ongoing rapid growth of the Chinese economy which is coupled
to increasing emissions, growing from 1200 Gg in 2000 to 1900 Gg in 2009 (Qin and
Xie, 2012), as well as the rapid recovery of the Russian economy, which stagnated
after the fall of communism (Aslund, 2007). Model states were output on a daily
average basis, except for data that was collected coincidently with the PAMARCMiP
flight campaign which output at points coinciding with measurements taken in the
aircraft. Some simulations were modified by the addition of black carbon emissions
from flaring and seasonal cycles for existing emissions as described in the next section.

GEOS-Chem has been previously used in the study of the arctic. One use was the
identification of source regions for measurements taken during the ARCTAS flight
campaign in 2008, as well as for measurements performed at several different moni-
toring stations (Wang et al., 2011). Another application of the model alongside data
from various satellites to the Arctic region was to evaluate the impact of severe Rus-
sian wildfires in 2003 on the Arctic (Generoso et al., 2007). It has also been used for
the study of compounds other than aerosols, for example one study used a version
of GEOS-Chem coupled with an ocean model to study the sources of high levels of

mercury found in the Arctic during the summer (Fisher et al., 2012).

4.2 Emissions Variations

In this work two main data sets are examined, the PAMARCMIP aircraft campaigns
and ground level monitoring sites, as described in the second chapter. Four sets of
simulations were performed. The first set used the standard GEOS-Chem emissions
inventories for black carbon. The second set of simulations used the same total emis-
sions as the first simulation, however seasonal variation was imposed on the emissions

using the ECLIPSE (Evaluating the Climate and Air Quality Impacts of Short-lived
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Pollutants) version 5 emissions inventory (Kilmont et al., 2013). The year used to
calculate seasonal variation was 2010. The ECLIPSE inventory includes a represen-
tation of the seasonal variation in domestic heating. Annual total emissions from the
base case simulation were scaled by monthly emissions from the ECLIPSE inventory.

The third set of simulations used the same emissions as the second set, however
emissions from gas flaring were also added from the ECLIPSE inventory. This par-
ticular type of emission was chosen as it is one of the largest sources of black carbon
emissions north of 60 degrees, along with the fact that the amount of flaring has risen
in Northern Russia in recent years, increasing by an estimated 10 billion cubic meters
between 1995 and 2006, displacing Nigeria as the world’s largest source of gas flaring
emissions (Elvidge et al., 2007).

The fourth set of simulations use the same emissions as the third set, however the
emissions in various regions were set to zero in order to determine their total contribu-
tion to the pollution that is found in the Arctic. These regions were North America,
Europe, Eastern Asia, and Northern Asia. A final simulation had no biomass burn-
ing emissions. Total global emissions, along with emissions above 65 degrees, are
presented in figure 4.1. On a global scale, the residential and commercial sector is
the largest emitter, however above 65 degrees the energy sector, which includes gas
flaring, becomes dominant.

Figure 4.3 shows the average difference in black carbon concentrations between the
simulations using the original Bond and Lu black carbon emissions inventories, whose
concentrations are presented in figure 4.2, and the ones that use the Bond and Lu
inventory with the seasonal cycle applied. These maps show a large difference in the
winter months in Europe and north eastern China, whereas the difference is much
smaller during the spring. This change is driven by the seasonal cycle of heating dur-
ing the winter that was not represented adequately before by the original inventories.

Figure 4.4 shows the difference in black carbon concentrations between the simula-
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Figure 4.1: ECLIPSE and Bond/Lu emissions used in the simulations. Northern
emissions are above 65 degrees latitude. Gas flaring emissions are included in the
ECLIPSE energy line. E refers to ECLIPSE and BL refers to Bond/Lu. Res. and
Comm. is Residential and Commercial.
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Figure 4.2: Column Arctic black carbon concentrations in the base GEOS-Chem
simulation.
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Figure 4.3: Black carbon concentration difference between simulations with seasonal
cycle applied to emissions minus the original simulation with unchanged emissions.
Negative values are due to the fact that emissions have shifted between months due
to the applied seasonal cycle.

A Black Carbon (ng/mz)
A Black Carbon (ng/mz)

DJF 2009 2011 2012 " MAM 2009 2011 2012 .
%40 %40
8 8 _

NE NE
6 £ 6 £

H H

il £l
4 £ 4%

] k|

o a
2 2
0 0

Figure 4.4: Black carbon concentration difference between simulation with original
emissions minus the simulation with gas flaring emissions added to the original emis-
sions.

tions using the original Bond and Lu inventories and the simulations with additional
flaring from ECLIPSE added. There are large changes in northern Russia due to the
additional gas flaring, along with north eastern China. This flaring appears to be
higher during the winter than in the spring, due to a modest seasonal cycle above 65
degrees as seen in figure 4.1, as well as differences in transport during the winter and

spring from flaring source regions.
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4.3 Ground Level Sites

Several ground level sites were selected for analysis, detailed in chapter two. Not
all of the sites had data that covered the same years as the simulations that were
performed, and some had partial overlap.
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Figure 4.5: Ground level monitoring stations for black carbon concentrations. The
line labeled Station all years are monthly averages that are calculated using all avail-
able points, while the lines labeled Station GC years are calculated from the years
that overlap the simulation years, if any are available. The other lines refer to data
from the original simulation (GEOS-Chem), the weighted simulation (GEOS-Chem
seas heat) and the weighted simulation with additional flaring (GEOS-Chem seas
heat F'). Error bars are calculated from the standard deviation divided by the square
root of the number of observations.

The comparisons against the first three sets of simulations are presented in figure
4.5. All sites show a seasonal cycle of black carbon concentration, however this cycle

is not uniform across the entire Arctic. At Barrow there is a distinct peak in January,
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whereas at Alert the concentrations stay roughly constant from January until April
and then rapidly decrease. Ny-Alesund has quite a different cycle, peaking in March
with lower concentrations through the winter months. In addition, the difference in
magnitude between summer and winter concentrations varies as well, with a factor
of 5 at Barrow, 6 at Ny-Alesund and 8 at Alert.

The original GEOS-Chem simulation partially represents the seasonal cycle of
Arctic haze, however during the winter months there is a large underestimation at
all sites with the exception of Ny-Alesund. Adjusting the original emissions with
a seasonal cycle has a small effect on winter concentrations, however this change is
insufficient to represent the observations. Looking at the difference between this sim-
ulation and the original simulation in figure 4.3, it appears that this change is mostly
confined to Europe. The simulation that includes flaring in northern Russia does
improve accuracy at Alert and Barrow in January, February and March, however the
concentrations drop far too quickly during the transition from the high concentration
levels during the Arctic haze period in the winter and early spring to the relatively
clean periods during the summer. This transition, which occurs due to the increasing
temperature as well as higher levels of moisture in the air, appears to be starting
earlier in the model than what is seen from the in-situ measurements, particularly at
Alert. This suggests issues with correctly modeling the removal processes during this
changeover period.

Figure 4.6 examines the seasonal cycle at the Ny-Alesund site. Its location on top
of a mountain at 474 meters is sometimes in the free troposphere which experiences
different circulation. This is due to the fact that the height of the atmospheric bound-
ary layer in the Arctic during the winter is quite shallow, with a height of around 100
meters during the winter in the vicinity of the station, rising to a maximum of around
550 meters during the winter (Zhang et al., 2011). This GEOS-Chem simulation does

not reproduce this cycle in the grid box that contains the Ny-Alesund site four levels
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above the surface, instead producing a cycle similar to what is seen at the other two
sites. If the model is sampled in a grid box higher above this point, however, the cycle
begins to show similarities to what is measured at the station at around 1.6 km which
is 12 levels above the surface. Details of the GEOS-Chem grid can be seen in figure

4.17, as the points on the figure correspond to the vertical bins in GEOS-Chem.
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Figure 4.6: Black carbon at selected heights in the GEOS-Chem model above the
Ny-Alesund station along with in-situ measurements. Simulation heights are 1 km
on the left and 1.6 km on the right, station altitude is 474 m.

Figure 4.7 examines the day to day variation in black carbon concentrations. Mea-
surements taken during the winter and early spring of 2012 at Alert indicate several
instances of days with black carbon concentrations that are much larger than the
surrounding values. The addition of a seasonal cycle along with additional flaring
emissions has improved the ability of the model to represent these episodes, despite
the fact that model emissions are constant throughout the month. The correlation be-
tween the two simulations and the in-situ measurements does not change very much,
going from 0.70 to 0.72, however the slope greatly increases from 0.42 in the original
simulation to 0.77 in the simulation that includes flaring emissions and a seasonal
cycle, and the root mean squared error decreases from 49.16 ™% to 45.45 ™%. Syn-
optic events contribute to episodic transport from source regions to the Arctic, for

example a case study of an Arctic haze event in early March of 2007 detected by the
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CALIPSO satellite found that the major factor for this episode was a cyclone that
allowed for rapid vertical transport, along with a high pressure system in the north
western pacific that facilitated rapid pole-wards transport (Di Pierro et al., 2011).
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Figure 4.7: Comparison of Daily measurements at Alert along with daily simulation
values.

Figure 4.8 shows carbon monoxide concentrations at the three sites. While there
is good agreement with the measurements, even with the seasonal cycle applied and
additional flaring emissions added there is an underestimate during the winter at all
sites. Carbon monoxide is a useful chemical to examine in the study of black carbon
as it is produced in the same processes as black carbon, however it is a gas, therefore
it is not deposited out of the atmosphere like black carbon, which means that it can
be used as a tracer for transport in the model (Pommier et al., 2010). In all cases, we
see that the pattern does not change much from site to site, unlike black carbon at
the Ny-Alesund site, which exhibits a much different cycle. This would suggest that
this difference is rooted in the deposition scheme, as opposed to problems with trans-
port, although the winter underestimation does indicate that the modeled transport
processes are not perfect. This is reinforced by the accuracy shown in reproducing the
daily measurements at Alert, which would depend strongly on proper transportation,

as the emissions are not varied on a daily basis.
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Figure 4.8: Ground level monitoring station comparisons for carbon monoxide, blue
line is the original simulation while the red line is the simulation with a seasonal
heating cycle applied, as well as additional flaring emissions.

4.4 Emissions Source Region Attribution

Sensitivity simulations were conducted to understand how different source regions af-
fect Arctic black carbon. These regions are detailed in figure 4.9, with exact latitude

and longitude ranges defined in table 4.1.

Region Latitude Range | Longitude Range
North America 25N-90N 170W-50W
Europe 30N-90N 10W-60E
East Asia 10S-50N 60E-180E
North Asia 50N-90N 60E-180E

Table 4.1: Source region latitude and longitude ranges

Figure 4.10 shows the origins of black carbon at the three stations as predicted by

the model. The major contributors to winter concentrations in the North American
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Figure 4.9: Source regions of simulated black carbon in GEOS-Chem. Colors corre-
spond to following area plots.

Arctic are East Asia and Europe, with smaller contributions from Northern Asia and
North America. The small size of the North American contribution is likely due to
the fact that the majority of emissions in North America take place at lower latitudes
than in other regions and the transport pathways to the Arctic are not as direct.
During the summer, biomass burning emissions begin to play a larger role as human
activity and dry vegetation mix to create wildfires. At the Ny-Alesund site, a similar
distribution is seen, except that Europe plays a much more prominent role.

These findings are consistent with other research on the origins of Arctic pollution.
One study which analyzed the same three sites using the FLEXPART model to calcu-
late back trajectories found that air parcels arriving from Northern Eurasia (Europe
and parts of Northern and Eastern Asia) were associated with high concentrations of
black carbon, whereas those arriving from North America were lower (Hirdman et al.,
2010). A similar study which examined both Alert and Barrow found that at Alert

the main source regions were Siberia and Europe, whereas at Barrow the main source



Alert 2004-2012

Barrow 2010-2012

120

[ North America

[ Biomass Burning

[ E:I;p:sia [ North America
. I Europe
Blomase B ] I East Asia

29

I North Asia
I Biomass Burning
—— Station

=@ Station

EBC (ng/m?3)
EBC (ng/m?)

Ny Alesund 2005-2012

["""1 North America
I Eurcpe

[ East Asia
I North Asia
[ Biomass Burning
w——Station

EBC (ng/m?3)

J F M A M J J A S O N D
Month

Figure 4.10: Monthly averages of black carbon at selected Arctic measurement sites
color coded to the origin of the emissions.

regions were Siberia and Asia (Sharma et al., 2006). A third study which focused on
the Arctic region as a whole, but used a similar approach by doing a sensitivity study
using the ECHAM5-HAMMOZ found similar contributions from Siberia, Asia and
Europe, with smaller contributions from North America (Bourgeois and Bey, 2011).
In addition to examining single sites, it is also interesting to examine the entire
area of the Arctic, as well as the vertical changes in black carbon concentrations.
Figure 4.11 presents seasonal concentrations of black carbon in the Arctic, averaged
over the region from 70 to 90 degrees North, and 180 degrees East to 180 degrees
West. During the winter there are highly elevated levels of black carbon near the
ground, which are seen in the ground station comparison section. These concentra-

tions, however, decrease rapidly with increasing altitude, until levels are comparable
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Figure 4.11: Vertical profiles of black carbon in the arctic averaged seasonally. The
area defined as the arctic for these figures is from 70 degrees north to 90 degrees
north, over all longitudes. Concentration amounts are color coded to their emission
source regions.

to other seasons at higher altitudes. During the winter, spring, and fall, upper alti-
tude concentrations are dominated by East Asian emissions while during the summer
biomass burning tends to dominate. This is due to the fact that air masses originating
from East Asia sometimes experience rapid vertical transport due to local weather
conditions such as being lifted by mid-latitude cyclones (Di Pierro et al., 2011), as
well as being forced upwards by the low potential temperature surfaces at the surface
in the arctic during the winter, as air originating from East Asia is warm and moist,
and cannot pass through these surfaces (Stohl, 2006). During summer, the dominant
contributor to black carbon mass both aloft and near the ground is biomass burn-

ing. While there are wildfires that are started by natural causes such as lightning, it
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has been estimated that between 85-90 % of wildfires are caused by human activity,
accounting for 50-60% of the total burned area, with climate change expected to in-

crease to both the number and size of these fires (Christensen et al., 2013). Above

ng

2000 meters, there is some variation in concentration, going from around 20 % in

the summer, to around 50 % in the winter. Below 2000 meters, especially near the

surface, there is a dramatic change, from below 20 ™% in the summer to around 130
-4 in the winter. These differences show that the winter Arctic haze phenomenon is
mainly contained in the lower atmosphere, trapped in the polar dome, which is the
name given to the cold, stable air near the surface in the Arctic. The dome can extend
as far south as 40 degrees in parts of Europe and Asia, making these the dominant
source regions of the Haze (Law and Stohl, 2007). In the lower troposphere, Europe
and Northern Asia become important sources in the winter, spring, and fall, although
East Asia still contributes a significant amount. During the summer, biomass burning
emissions dominate at all altitudes. Similar to the surface source region comparisons,
these results are consistent with what others have found. A comparison of 17 different
models found that Europe tended to dominate concentrations low in the atmosphere,
and become less important with altitude, whereas East Asia became more impor-
tant with altitude, and North America remained roughly constant (Shindell et al.,
2008). Another sensitivity study performed using the Global Environmental Mul-
tiscale model with Air Quality processes (GEM-AQ) model found that Europe and
Northern Asia were the largest source regions near the surface, decreasing with alti-

tude, with East Asia and North America becoming larger with altitude (Huang et al.,
2010).

4.5 PAMARCMIiP

The PAMARCMIiP campaign has currently collected data in 2009, 2011, and 2012.

Figure 4.12 shows the location and altitude of each data point collected during the
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Figure 4.12: PAMARCMIP flight tracks 2009, 2011, and 2012. Dots represent points
where usable data was collected.

PAMARCMiP campaign. During each simulation, values were archived for each of
these points at the nearest grid box and time step.

Alert in northern Canada presents a unique opportunity as there are a variety of
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instruments located at the research station there, as well as the fact that the PAMAR-
CMiP campaign performed flights around the area. A comparison of PAMARCMiP
measurements with other instruments is necessary due to the fact that there were
differences in the concentrations measured by the SP2 from year to year, as well as

different SP2 instruments in use. Figure 4.13 presents airborne measurements taken
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Figure 4.13: Measurements of black carbon around Alert using Aethalometer, weekly
filter, and SP2.

during the PAMARCMIiP campaign in the vicinity of Alert (within 2 degrees of lat-
itude and 12 degrees of longitude) up to a maximum altitude of 1000 meters, along
with ground level measurements from Alert Station. In 2009 and 2011 aircraft and
ground measurements agree to within an average of 24 4. It is puzzling that the
concentrations measured by PAMARCMIP are so much higher in 2012 than in the
other two years, a phenomenon that is not reflected in the ground level measurements
with average difference increasing to 63.5 4. This is seen at the Ny-Alesund site as
well, in figure 4.14, thus we focus the rest of our analysis on 2009 and 2011. Over
2009 and 2011, the modeled values both on the ground as well as coincidently sampled
along flight paths had excellent agreement, with average agreements of 17 ™% on the
ground, and 21 7% in the air.

Figure 4.15 shows the PAMARCMIP data gridded onto the GEOS-Chem grid,
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Figure 4.14: Measurements of black carbon around Ny-Alesund using Aethalometer
and SP2.
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Figure 4.15: A is PAMARCMIiP black carbon concentrations on the GEOS-Chem
grid, b is coincidently sampled points from the simulation on the GEOS-Chem grid.
Concentrations are averaged from the points in a given bin, and all data is included
(April 3rd-25th 2009, March 30th-May 5th 2011).

along with modeled concentrations. In general, we see that the addition of flaring
does not completely resolve the individual points of high concentration in the PA-

MARCMiP data, however most general areas of high concentration are matched in
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2009 and 2011. Also, in general concentrations in the west are higher than what was
measured in the east.

Sensitivity simulations were conducted to identify the sources contributing to the
observed black carbon. Figure 4.16 shows the contribution of each source region to
the simulated black carbon at each level. At all levels, emissions from Fast Asia
dominate, therefore the high western concentrations are likely due to plumes from
this region, with lower concentrations in the east originating from Europe. Biomass
burning emissions are negligible at all levels, and North America makes a modest
contribution. Each grid box does not represent a full vertical column, therefore it is

necessary to examine the data on the vertical GEOS-Chem grid as well.
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Figure 4.16: Vertical profile of black carbon in the Arctic from points taken coinci-
dently with PAMARCMIP data, color coded to source region. The time-frame of this
data is late March until late April of 2009 and 2011.

Figure 4.17 shows comparisons of vertical profiles made from these measurements,
along with modified GEOS-Chem simulations. We see that the addition of gas flaring
and a seasonal cycle shows good agreement with the measurements in the lower part of
the atmosphere up to about 1500 meters. Above this point there is an overestimation
until around 3000 meters where there is a large rise in concentration to a level higher

than what is measured near the ground. This large rise is likely a concentrated plume
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Figure 4.17: Vertical black carbon profile of PAMARCMiP and simulation data.
Numbers refer to the number of data points in each box.

that was not represented in the model. A possible source may be biomass burning as
April 2009 had an above average number of wildfires, with 31% more fires and 38%
more total acreage burned than the average amounts in the previous ten years in the
United States (NOAA, 2009). It should be noted that these profiles only represent
a small portion of time and space in the Arctic, and that some levels contain a
higher number of points than others. There is unfortunately no continuous record
of high altitude black carbon measurements, only brief snapshots. One important
fact is that these measurements are much lower than the ones that were collected
during the AGASP campaigns of 1983 and 1986. For example, the second AGASP
campaign which was conducted during the same part of the year as PAMARCMiP,
found concentrations of around 300-500 =% in the lower atmosphere, decreasing to
concentrations of 25-100 4 at an altitude of around 8 km (Hansen and Novakov,

1989).



Chapter 5

Conclusions

Black carbon concentrations from three Arctic measurement sites, Alert, Barrow, and
Ny-Alesund, along with measurements taken during the PAMARCMIP flight cam-
paign, were interpreted with the GEOS-Chem chemical transport model. The Arctic
sites performed measurements using an Aethalometer, whereas the flight campaign
measurements were performed with a Single Particle Soot Photometer (SP2). Con-
centrations measured by the Aethalometer are generally higher than those measured
by the SP2 due to the fact that the Aethalometer is unable to distinguish between
black carbon and other absorbing compounds, and the SP2 measures a limited range
of particle sizes. In order to examine the seasonal cycle of Arctic black carbon, model
emissions were modified in a couple ways. A seasonal cycle derived from the ECLIPSE
inventory was applied to the original anthropogenic black carbon emissions. The main
contributor to this cycle was domestic heating which peaked in the winter. The sec-
ond modification that was performed was the addition of gas flaring emissions to the
original emissions. As well as simulations involving global emissions modifications,
a series of simulations were performed without emissions in several regions in the
northern hemisphere, as well as one with no biomass burning emissions. These were
performed in order to determine the amount of pollution each region was contributing
to the total amount of pollution that is measured in the Arctic. These regions were
North America, Europe, North Asia, and East Asia.

Long term comparisons at the Alert and Barrow sites found that simulations that
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included both the seasonal cycle and the additional flaring emissions matched the in-
situ measurements quite well during the winter, with the average difference between
the simulation and the measurements in December, January, and February improving
from 28.9 2% to 8.6 *% at Alert and from 25.5 ™% to 6.3 ™4 at Barrow. This indicates
that flaring emissions are quite an important contributor to wintertime Arctic black
carbon concentrations as the original emissions inventory did not include these emis-
sions. The seasonal cycle did improve agreement, however it was not as important a
contribution as the flaring emissions, improving agreement to 22.2 % at Alert and
to 16.5 at ™% at Barrow.

In addition to long term average comparisons, daily values were considered as well
at the Alert site. The addition of flaring emissions improved the simulated concentra-
tions of days with high concentration events. In addition to illustrating the impact
that flaring emissions are having in the Arctic, as the Alert site is located at quite
a distance from the origin of the emissions, this indicates that the modeled trans-
portation pathways have some skill, as the model emissions are varied on a monthly
basis. This is supported by comparisons of simulated and measured carbon monoxide
concentrations at Alert with an annual average monthly difference of 15.4 ppb, as
carbon monoxide is a tracer for transport.

The comparison of different measurement methods in the vicinity of the Alert and
Ny-Alesund stations, along with comparisons of the PAMARCMiP campaign high-
light some difficulties in recreating the transition period from a relatively polluted
Arctic in the winter and spring to a more pristine environment in the summer. In
general there was reasonable agreement between the simulation and measurements
at most altitudes except for one area which was suspected to be a biomass burning
plume that was not reproduced in the simulation. The improvements in agreement

from the various modifications were confined to the lower part of the atmosphere
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below around 1500 meters. Also the addition of flaring emissions did not improve
the simulation at all altitudes, as sometimes the simulation with only the seasonal
heating cycle applied was closer to the measured concentration, while at other alti-
tudes the simulation with both was more accurate. The difference in concentrations
between the the base simulation and the simulation with all modifications decreased

with altitude from 16.1 % at the surface until the simulations converge above 3000
meters, and again at 5000 meters. While it is difficult to determine whether the addi-
tional flaring emissions are as important during this time period as during the winter
months, there is evidence that the domestic seasonal heating cycle is quite important
during this time period, at least in the lower parts of the atmosphere.

From the study of the contributions of different source regions to Arctic black
carbon concentrations, we can draw a number of conclusions. Transport from East
Asia is dominant aloft during the winter, spring, and fall above an altitude of roughly
2000 meters. In the lower troposphere, Europe and Northern Asia become important
sources in the winter, spring, and fall, although East Asia still contributes a significant
amount. During the summer, biomass burning emissions dominate at all altitudes.

This work has shown the importance of both the seasonal heating cycle of residen-
tial burning emissions as well as flaring emissions to concentrations of black carbon
in the Arctic, especially during the winter. Some next steps that are worth exploring
are evaluating these modifications with in-situ measurements both on the ground and
aloft in other parts of the world. This would lend insight into which other regions
are being affected by the practice of gas flaring, and the importance of these changes
in other parts of the world. Another area that would be of interest would be further
analysis of the period of change in March, April and May from polluted to pristine
conditions, due to the difficulty in modelling this time period in the Arctic. Coordi-

nation with a flight campaign would be ideal, with many vertical profiles in the lower
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portion of the atmosphere, as this area seems to be the part that is most affected by
the changes explored in this work. In addition, these modifications should be eval-
uated alongside any improvements to the aerosol scavenging routines in the model
to see if scavenging changes alone can improve the simulation of the March to May
transitional period, or if emissions modifications have a role to play as well. Also, a
more sophisticated approach to applying a seasonal cycle to the existing emissions
would be required for a mature version of these changes if they were to be included
in the standard GEOS-Chem model. This would require determining the biofuel and
fossil fuel portions of each of the different sectors in the ECLIPSE inventory, from

which the seasonal cycle used in this work is derived.
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Appendix A

Arctic MODIS Evaluation

Another instrument that was evaluated in the Arctic region was the Moderate Reso-

lution Imaging Spectroradiometer (MODIS).

A.1 Instrumentation

There are currently two MODIS instruments orbiting the earth, one on board the
Aqua satellite and one on board the Terra satellite. These instruments measure radi-
ation that is reflected or emitted from the surface of the Earth in 36 different bands
ranging in wavelength from 0.4 to 14.4 um. The data that are collected are used
for the study of a large number of things such as the altitude and temperature of
clouds, the temperature of the Earth’s surface, ocean properties, and aerosol proper-
ties (NASA, 2014b). A global comparison done using 132 Aerosol Robotic Network
(AERONET) sites using AOD at 550 nm found that over land there was a correlation
coefficient of 0.8 and a slope of 0.78 between the MODIS retrievals and the measured
AERONET AOD, while over the ocean there was a correlation coefficient of 0.91 with
a slope of 0.94 (Remer et al., 2004).

The MODIS instrument has been used for a number of different applications in
the Arctic. One use is the prediction of sea ice thickness using MODIS ice surface
temperature images along with weather data (Makynen et al., 2013), a technique
useful for ice up to 50 cm in thickness. Another is the monitoring of melt ponds on

top of sea ice using surface reflectance measurements from 3 of the MODIS visible

20
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bands (Tschudi et al., 2008). A third use for MODIS in the Arctic has been the iden-
tification of different types of polar clouds and snow for use in the cloud and earth
radiant energy system (CERES) which is used to process data for the atmospheric
radiation measurements program (Trepte et al., 2003).

The in-situ measurements used for comparison with the MODIS product were
Aerosol Robotic Network (AERONET) ground based aerosol measurement sites.
These sites are operated by a wide variety of organizations such as universities, na-
tional environmental agencies, and individuals. Measurements are taken using a Cimel
model 318 sun photometer, which measures the intensity of the Sun’s direct beam
and the sky at several wavelengths throughout the day at a variety of angles (NASA,
2014a). This data is used to calculate several products including Aerosol Optical
Depth (AOD). The data that was used in this research was level 2 data, which is
screened for clouds and quality assured. These sites have been used to examine the
cycle of AOD in the Arctic, which is different than in other parts of the world. Using
data from the Andenes site in Norway, a study found that the annual cycle of aerosols
there was much different than at other sites higher in the Arctic. It was found that
AOD peaked in May, remaining high through the summer, with low values in the
spring (Rodriguez et al., 2012). Conversely, data from Ny Alesund, a station at a
similar longitude, but 9.6 degrees of latitude further north, shows the lowest values
of AOD occur in the summer and fall, rising rapidly in mid-winter and reaching a
maximum in the spring (Herber et al., 2002). This cycle is also observed at Barrow,
a site only 2.3 degrees further north but situated in Alaska. A long term analysis of
this data has found that in the past decade the peak AOD has been rising, attributed

to increasing Eurasian SO, emissions (Tomasi et al., 2012).
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A.2 Coincident Daily Comparison

The MODIS data used for these comparisons is cloud screened level 2 data from the
Terra instrument, which was gridded onto a 0.1° by 0.1° daily average grid. This data
was additionally screened by discarding data points with no useful neighbors, and by
averaging each point with its nearest neighbors. To evaluate the performance of the
MODIS aerosol product in the Arctic, it was compared against the AERONET AOD

product in months with a minimum of 4 values. Table A.1 presents the sites that

Site Latitude | Longitude

Fort McMurray 56.8 -111.48
Yakusk 61.7 129.4
Yellowknife 62.5 -114.4
Kuopio 62.9 27.6
[galuit 63.8 -68.5
Bonanza Creek 64.7 -148.3
Andenes 69.3 16.0
Barrow 71.3 -156.7
Resolute Bay 4.7 -94.9
Thule 76.5 -68.8
Hornsund 77.0 15.6
OPAL 80.0 -85.9

Table A.1: Northern AERONET Sites

were used for the comparison. Taken over the entire Arctic, the MODIS instrument
shows a reasonable correlation with coincident daily AERONET values, as can be
seen in figure A.1. However on a site by site basis, there is much poorer correlation
and in general fewer usable points at sites that are further North. This can be seen
in figure A.2 which presents daily AOD comparisons at various northern AERONET

sites.
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Figure A.1: Coincident Arctic AERONET and MODIS AOD. Fit line is calculated

using reduced major axis regression
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Figure A.2: Comparison of daily AERONET and coincident MODIS AOD at selected
arctic and subarctic sites. Fit lines are calculated using reduced major axis regression.
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A.3 Monthly Average Comparisons

In addition to comparing coincident daily measurements, long term averages were
considered as well which were made from all available data. This was done as the
cloud filtering that is gained by only using coincident AERONET and MODIS points
is limited to when AERONET is available, and in the locations of AERONET stations.
These comparisons produced results similar to what was observed from the coincident
daily comparisons. Figure A.3 shows a reasonable correlation over the Arctic, however
once again when examined on a station by station basis, the quality is highly variable,
as can be seen in figure A.4. Figure A.5 shows an average of MODIS data during the
summer months of 2008-2011, along with Arctic AERONET sites during the same
period. From this map we can see the amount of noise in the data, with no real
pattern or realistic distribution, and the AOD values reported by MODIS do not

match what is seen at the AERONET sites.

odr Arctic AOD

MODIS

R:0.62 Slope:0.86 Int:-0.02

1 1
0 0,00 0,1 0,15 0.2 0,25 0.3 0,35 0.4 0,45 0.5
Aeronet

Figure A.3: Comparison of monthly average AERONET and MODIS AOD from
arctic and subarctic sites.
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Figure A.4: Comparison of monthly AERONET and MODIS AOD at selected arctic
and subarctic sites. Fit lines are calculated using reduced major axis regression.
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Figure A.5: Average Arctic MODIS AOD during summer months 2008 to 2011.
AERONET site averages are shown during the same time period in filled circles.
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A.4 Conclusions

There are several possible causes for the poor quality of this dataset in the Arctic.
The MODIS aerosol product relies upon reflected radiation from the sun, and the
Arctic is covered by highly reflective snow and ice for a large part of the year. This
can cause problems for the aerosol retrieval algorithm as it was designed for darker
surfaces. Another possible cause is that solar zenith angles in the Arctic are high,
which causes some data to be discarded as the algorithm can only use points with
solar zenith angles that are less than 75 degrees. The reason for the evaluation of this
data set was the longevity of the MODIS instruments, with data available from 1999
for the Terra instrument and 2002 for the Aqua instrument, along with successful
applications to other Arctic research questions as discussed earlier. Unfortunately
there was too much uncertainty in the data for what we wanted to accomplish, and

as such it was decided not to pursue the use of this dataset.



