
Atmospheric pollution in the Arctic:

Sources, transport, and chemical processing

A dissertation presented

by

Jenny A. Fisher

to

The Department of Earth and Planetary Sciences

in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in the subject of

Earth and Planetary Sciences

Harvard University
Cambridge, Massachusetts

August, 2011



c© 2011 by Jenny A. Fisher

All rights reserved.



iii

Dissertation Advisor Author

Professor Daniel J. Jacob Jenny A. Fisher

Atmospheric pollution in the Arctic:

Sources, transport, and chemical processing

Abstract

This dissertation applies a global chemical transport model (GEOS-Chem) together with

ground-based, aircraft, and satellite observations to quantify the sources, transport path-

ways, and chemical processing of tropospheric pollution in the Arctic.

Asian anthropogenic emissions are shown to be the dominant source of carbon monox-

ide (CO) pollution throughout the Arctic troposphere, except near the surface where Euro-

pean anthropogenic emissions are similarly important. Despite anomalously large fires in

spring 2008, biomass burning is found to contribute little to mean CO during that period.

AIRS satellite data are used to demonstrate a link between El Niño and Asian pollution

transport to the Arctic, with transport hindered in 2008 due to a weakened Aleutian Low

associated with La Niña conditions.

Sulfate-ammonium aerosol in the Arctic is found to derive from a more complicated

mix of sources. European and East Asian emissions are important but not dominant sources

of sulfate. Anthropogenic emissions from West Asia (Russia and Kazakhstan) are shown to

provide the largest source of sulfate to the Arctic lower troposphere in winter. Ammonium
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is mostly from European and East Asian sources. In spring 2008, a large contribution

from boreal fires resulted in a more neutralized aerosol in the free troposphere than at the

surface. Aerosol transported to the Arctic from East Asia and Europe is found to be mostly

neutralized, while West Asian and North American aerosol is highly acidic. Recent growth

of sulfur emissions in West Asia may explain observations of increasing aerosol acidity in

Alaska over the past decade.

Mercury in the Arctic shows a different seasonality from other pollutants, with a spring

minimum driven by bromine chemistry over sea ice followed by a summer maximum.

GEOS-Chem simulations of surface observations are used to argue that the summer peak

cannot be explained by atmospheric transport, re-emission from snowpacks, or ocean ki-

netics. Instead, Russian rivers are proposed to provide a large flux of mercury to the Arctic

Ocean in spring-summer, with subsequent evasion to the atmosphere driving the observed

summer peak. The Arctic Ocean then provides a net source to the atmosphere, with rivers

the dominant mercury source to the Arctic environment.
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Chapter 1

Overview

The Arctic is a harbinger of global environmental change. Unprecedented and rapid

warming in the polar regions is evidenced by rising air temperatures (Trenberth et al.,

2007), melting sea ice (Perovich and Richter-Menge, 2009; Serreze et al., 2007), permafrost

degradation (Jorgenson et al., 2006; Osterkamp et al., 2009), decreasing snow cover (Brown

et al., 2010), and retreating glaciers (Arendt et al., 2009; Barrand and Sharp, 2010). These

changes in Arctic climate are strongly linked to atmospheric pollutants, which contribute

to changes in radiative forcing, surface albedo, and cloud properties (Quinn et al., 2008).

Although the Arctic is largely devoid of local sources, it is a major receptor for anthro-

pogenic pollution transported from mid-latitudes (Quinn et al., 2007), with important impli-

cations not only for Arctic climate but also for atmospheric chemistry and biogeochemical

cycling. Atmospheric pollution was identified in the Arctic as early as the 1950s (Shaw,

1995). However, despite a long history of study, the sources and properties of pollutants

in the Arctic troposphere remain highly uncertain (Shindell et al., 2008). This dissertation

uses a suite of observational datasets combined with a chemical transport model to better
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constrain the sources, transport pathways, and chemical properties of Arctic pollution.

1.1 Transport of pollution to the Arctic

Early studies of Arctic pollution sources took place in the 1970s and early 1980s and fo-

cused on attribution of particulate matter measured at surface sites. Using tracer corre-

lations and meteorological analyses, these studies found dominant contributions to Arctic

pollution from Europe and the former Soviet Union (Barrie, 1986; Carlson, 1981; Raatz

and Shaw, 1984; Rahn, 1981). Since this early work took place, global emissions distribu-

tions have changed dramatically with the collapse of the Soviet Union, emission controls

across North America and Europe, and rapid industrialization in East Asia. Furthermore,

the source attribution obtained from surface data may not be representative of the sources to

the overlying free troposphere, which in Arctic winter and spring is often decoupled from

the boundary layer due to frequent thermal inversions (Bradley et al., 1993).

In recent years, global models have been increasingly used to pinpoint the sources of

Arctic pollution. While diverse models agree that a variety of mid-latitude source regions

contribute to pollutant distributions in the Arctic, they disagree quantitatively on the rel-

ative importance of Europe, North America, East Asia, and Russia (Koch and Hansen,

2005; Shindell et al., 2008; Stohl, 2006). In addition, models vary by more than 100%

in simulation of Arctic pollutant distributions and are generally unable to reproduce either

the concentrations or the seasonality of observed trace gases and aerosols (Shindell et al.,

2008).
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When I began this research in 2006, there had been little work linking models of Arc-

tic pollution transport to observations, especially in the free troposphere. Using carbon

monoxide (CO) as a tracer of anthropogenic pollution, I conducted an integrated analysis

of pollution sources and transport using ground-based, aircraft, and satellite data combined

with the GEOS-Chem chemical transport model (CTM). My work addressed the following

questions:

• What are the relative contributions of different source regions (North America, Eu-

rope, East Asia) and types (fossil fuel, open burning) to CO pollution in the Arctic?

• How do these contributions vary as a function of altitude?

• Can we use satellite data to observe pollution transport to the Arctic?

• What drives the interannual variability of pollution transport to the Arctic?

1.2 Sources and properties of the Arctic aerosol

Sulfate is the dominant component of the aerosol pollution that accumulates in the Arctic in

winter and spring in both the boundary layer (Quinn et al., 2002) and the free troposphere

(Scheuer et al., 2003). Despite its prevalence and its importance as a climate forcer (Quinn

et al., 2008), the sources of sulfate to the Arctic remain poorly understood, and simulations

of Arctic sulfate vary by more than a factor of 1000 in the free troposphere (Shindell et al.,

2008).
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While pure sulfate is strongly acidic, the acidity of sulfate aerosol in the troposphere

can range from very acidic to fully neutralized, with ammonium the dominant neutraliz-

ing agent. The extent of sulfate neutralization impacts the hygroscopicity of the aerosol,

thereby influencing the magnitude of both direct and indirect climate effects (Abbatt et al.,

2006; Baustian et al., 2010; Martin et al., 2004). Arctic ammonium has received limited

study, and the sources have not been quantified.

Surface-based observations of aerosol concentrations at Barrow, Alaska show that am-

monium aerosol has been decreasing more rapidly than sulfate over the past decade, despite

concurrent increases in global ammonia emissions from agriculture (Galloway et al., 2008).

This has led to an increasingly acidic aerosol at Barrow (Quinn et al., 2009). Meanwhile,

this trend has not been observed in surface data from Alert, Canada (Hole et al., 2009). The

differences between these sites and the drivers for these observed trends in aerosol acidity

are not understood.

Using a combination of aircraft and surface data and the GEOS-Chem CTM, I sought

to answer the following questions:

• What are the relative contributions of different sources to sulfate-ammonium aerosol

in the Arctic boundary layer and free troposphere?

• How do the source influences evolve seasonally from winter to spring?

• How acidic is the Arctic aerosol, and how do different source regions impact this

acidity?
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• Can we understand the decadal-scale trends in aerosol acidity observed at Arctic

surface sites?

1.3 Atmosphere-ocean cycling of Arctic mercury

Mercury is a neurotoxin that bioaccumulates and biomagnifies in aquatic ecosystems (Mer-

gler et al., 2007). Human exposure to mercury is particularly problematic in the Arctic,

where extremely high concentrations have been measured in a variety of marine fish and

mammals that make up the traditional diets of some Northern communities (Van Oostdam

et al., 1999). Measurements in fish and mammals indicate substantial increases in biotic

mercury levels over the past few decades (Rigét et al., 2011); however, the drivers of this

trend are not understood. Atmospheric deposition has been implicated as a source of mer-

cury to the Arctic Ocean (Ariya et al., 2004; Lindberg et al., 2002; Lu et al., 2001; Skov

et al., 2004), where biological uptake can occur, but cycling between the atmosphere and

the ocean in the Arctic remains poorly quantified.

Mercury cycling in the Arctic differs from other environments. In Arctic spring, atmo-

spheric mercury drops rapidly due to Atmospheric Mercury Depletion Events (AMDEs),

which convert long-lived elemental mercury to its short-lived divalent form (Steffen et al.,

2008). In summer, atmospheric concentrations rise to a level equivalent to or greater than

their pre-AMDE values, a phenomenon known as the summer rebound (Holmes et al.,

2010). While a substantial body of literature has been devoted to understanding the spring

AMDEs (e.g., Ariya et al., 2004; Calvert and Lindberg, 2003; Steffen et al., 2008), less
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work has focused on the drivers of the summer rebound. Understanding mercury cycling

in summer is especially crucial given that sea ice is at a minimum during this time of year,

allowing for enhanced atmosphere-ocean exchange.

Atmospheric mercury concentrations have been measured at sites across the Arctic

since the mid-1990s (Berg et al., 2008; Cole and Steffen, 2010; Steffen et al., 2005). Using

data from these long-term monitoring sites as constraints for the GEOS-Chem atmosphere-

ocean mercury model, I addressed the following questions:

• Can the observed summer rebound in atmospheric mercury be explained using our

current understanding of mercury cycling?

• What drives the observed summer rebound, and how does this impact atmosphere-

ocean exchange?

• How important is the atmosphere as a source of mercury to the Arctic Ocean, and

what other sources may be important?

1.4 Outline and major results

In Chapter 2, I use aircraft observations of CO from the NASA ARCTAS and NOAA

ARCPAC campaigns in April 2008 together with multiyear (2003–2008) CO satellite data

from the AIRS instrument and the GEOS-Chem CTM to better understand the sources,

transport, and interannual variability of pollution in the Arctic in spring. From model

simulation of the aircraft data, I find best estimates of CO emissions in April 2008 of
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26 Tg month−1 for Asian anthropogenic, 9.4 for European anthropogenic, 4.1 for North

American anthropogenic, 15 for Russian biomass burning (anomalously large that year),

and 23 for Southeast Asian biomass burning. I find that Asian anthropogenic emissions

are the dominant source of Arctic CO pollution everywhere except in surface air where

European anthropogenic emissions are of similar importance. Russian biomass burning

makes little contribution to mean CO (reflecting the long CO lifetime) but makes a large

contribution to CO variability in the form of combustion plumes. I analyze two pollution

events sampled by the aircraft to demonstrate that AIRS can successfully observe pollution

transport to the Arctic in the mid-troposphere. I find that AIRS CO columns over Alaska are

highly correlated with the Ocean Niño Index, suggesting a link between El Niño and Asian

pollution transport to the Arctic. AIRS shows lower-than-average CO columns over Alaska

during April 2008, despite the Russian fires, due to a weakened Aleutian Low hindering

transport from Asia and associated with the moderate 2007–2008 La Niña.

In Chapter 3, I use GEOS-Chem simulations of sulfate-ammonium aerosol data from

the NASA ARCTAS and NOAA ARCPAC aircraft campaigns in April 2008, together with

longer-term data from surface sites, to better understand aerosol sources in the Arctic in

winter-spring and the implications for aerosol acidity. Because Arctic pollution is domi-

nated by transport from mid-latitudes, I first test the relevant ammonia and sulfur dioxide

emission inventories in the model by comparison with wet deposition flux data over the

source continents. I find that a complicated mix of natural and anthropogenic sources with

different vertical signatures is responsible for sulfate concentrations in the Arctic. East
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Asian pollution influence is weak in winter but becomes important in spring through trans-

port in the free troposphere. European influence is important at all altitudes but never

dominant. West Asia (non-Arctic Russia and Kazakhstan) is the largest contributor to Arc-

tic sulfate in surface air in winter, reflecting a southward extension of the Arctic front over

that region. Ammonium in Arctic spring mostly originates from anthropogenic sources

in East Asia and Europe, with added contribution from boreal fires, resulting in a more

neutralized aerosol in the free troposphere than at the surface. I find that East Asian and

European aerosol transported to the Arctic is mostly neutralized, whereas West Asian and

North American aerosol is highly acidic. I suggest that growth of sulfur emissions in West

Asia may be responsible for the observed increase in aerosol acidity at Barrow over the

past decade.

In Chapter 4, I use the GEOS-Chem coupled atmosphere-ocean model of mercury,

constrained by multi-year observations of atmospheric mercury from surface sites across

the Arctic, to better understand the drivers of the observed summer peak in atmospheric

mercury concentrations. I show that the summer peak cannot be explained by atmospheric

transport from mid-latitudes, re-emission from snowpacks, or ocean kinetics. Instead, I find

that a previously unrecognized large source of mercury to the Arctic Ocean of 160 Mg a−1

is necessary to reproduce atmospheric observations, and for this I hypothesize discharge

from large circumpolar rivers. I assess the importance of this source by constructing an

annual budget for mercury in the atmosphere-ocean system and find that the Arctic Ocean

acts as a net source to the atmosphere, with implications for biological mercury exposure.
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naert, G.: Fate of elemental mercury in the Arctic during atmospheric mercury depletion
episodes and the load of atmospheric mercury to the Arctic, Environmental Science &
Technology, 38, 2373–2382, 2004.

Steffen, A., Schroeder, W., Macdonald, R., Poissant, L., and Konoplev, A.: Mercury in
the Arctic atmosphere: An analysis of eight years of measurements of GEM at Alert
(Canada) and a comparison with observations at Amderma (Russia) and Kuujjuarapik
(Canada), Science of the Total Environment, 342, 185–198, 2005.

Steffen, A., Douglas, T., Amyot, M., Ariya, P., Aspmo, K., Berg, T., Bottenheim, J.,
Brooks, S., Cobbett, F., Dastoor, A., Dommergue, A., Ebinghaus, R., Ferrari, C.,
Gårdfeldt, K., Goodsite, M. E., Lean, D., Poulain, A. J., Scherz, C., Skov, H., Som-
mar, J., and Temme, C.: A synthesis of atmospheric mercury depletion event chemistry
in the atmosphere and snow, Atmospheric Chemistry and Physics, 8, 1445–1482, 2008.

Stohl, A.: Characteristics of atmospheric transport into the Arctic troposphere, Journal of
Geophysical Research, 111, D11 306, 2006.

Trenberth, K. E., Jones, P., Ambenje, R., Bojariu, R., Easterling, D., Klein Tank, A., Parker,
F., Rahimzadeh, J. A., Renwick, M., Soden, B., and Zhai, P.: Observations: Surface and
Atmospheric Climate Change, in: Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change, edited by Solomon, S., Qin, D., Manning, M., Chen,
Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, 2007.

Van Oostdam, J., Gilman, A., Dewailly, E., Usher, P., Wheatley, B., Kuhnlein, H., Neve,
S., Walker, J., Tracy, B., Feeley, M., et al.: Human health implications of environmental
contaminants in Arctic Canada: a review, The Science of the Total Environment, 230,
1–82, 1999.



Chapter 2

Source attribution and interannual
variability of Arctic pollution in
spring constrained by aircraft
(ARCTAS, ARCPAC) and satellite
(AIRS) observations of carbon monoxide

Abstract

We use aircraft observations of carbon monoxide (CO) from the NASA ARCTAS and
NOAA ARCPAC campaigns in April 2008 together with multiyear (2003–2008) CO satel-
lite data from the AIRS instrument and a global chemical transport model (GEOS-Chem) to
better understand the sources, transport, and interannual variability of pollution in the Arc-
tic in spring. Model simulation of the aircraft data gives best estimates of CO emissions
in April 2008 of 26 Tg month−1 for Asian anthropogenic, 9.4 for European anthropogenic,
4.1 for North American anthropogenic, 15 for Russian biomass burning (anomalously large
that year), and 23 for Southeast Asian biomass burning. We find that Asian anthropogenic
emissions are the dominant source of Arctic CO pollution everywhere except in surface
air where European anthropogenic emissions are of similar importance. Russian biomass
burning makes little contribution to mean CO (reflecting the long CO lifetime) but makes
a large contribution to CO variability in the form of combustion plumes. Analysis of two
pollution events sampled by the aircraft demonstrates that AIRS can successfully observe
pollution transport to the Arctic in the mid-troposphere. The 2003–2008 record of CO from
AIRS shows that interannual variability averaged over the Arctic cap is very small. AIRS
CO columns over Alaska are highly correlated with the Ocean Niño Index, suggesting a
link between El Niño and Asian pollution transport to the Arctic. AIRS shows lower-than-
average CO columns over Alaska during April 2008, despite the Russian fires, due to a
weakened Aleutian Low hindering transport from Asia and associated with the moderate
2007–2008 La Niña. This suggests that Asian pollution influence over the Arctic may be
particularly large under strong El Niño conditions.
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2.1 Introduction

The Arctic is a major receptor for mid-latitudes pollution (Quinn et al., 2007; Shaw, 1995).

Radiative forcing by pollutants in the Arctic including ozone, aerosols, and black carbon

deposited on snow could make a major contribution to regional and global warming (Koch

and Hansen, 2005; Shindell et al., 2006a; McConnell et al., 2007; Quinn et al., 2008; Shin-

dell and Faluvegi, 2009). Several studies have identified pollution transport pathways to

the Arctic on the basis of model simulations and meteorological analyses (Eckhardt et al.,

2003; Klonecki et al., 2003; Koch and Hansen, 2005; Shindell et al., 2008; Stohl, 2006), but

our ability to verify these pathways through chemical observations has been limited. Polar-

orbiting satellites offer unique platforms for this purpose. We present here an analysis of

the sources and transport of Arctic pollution in spring using the GEOS-Chem chemical

transport model (CTM) to interpret satellite observations of carbon monoxide (CO) from

the Atmospheric InfraRed Sounder (AIRS) together with aircraft measurements from the

NASA ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft

and Satellites) and NOAA ARCPAC (Aerosol, Radiation, and Cloud Processes affecting

Arctic Climate) campaigns.

Despite 50 years of observations of Arctic pollution, there remains considerable un-

certainty concerning the sources. Surface-based studies conducted in the 1970s and 1980s

focused on anthropogenic pollution transported from Eastern Europe and Siberia (Barrie,

1986; Carlson, 1981; Raatz and Shaw, 1984; Rahn, 1981). Wintertime influence from
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these regions is facilitated by cold surface temperatures and stable conditions, enabling

low-altitude isentropic transport to the Arctic (Barrie, 1986; Klonecki et al., 2003; Law and

Stohl, 2007; Stohl, 2006). Pollutants from Asia and North America, emitted at lower lat-

itudes and therefore warmer temperatures, were thought to be inhibited from entering the

Arctic by the “polar dome”, an isentropic transport barrier.

Recent research has called into question the predominance of Europe as the main source

of Arctic pollution. Modeling studies have shown that while near-surface pollution may

still be dominated by European sources, transport from Asia and North America is possi-

ble at higher altitudes, facilitated by lofting of pollutants by warm conveyor belts (WCBs)

(Koch and Hansen, 2005; Shindell et al., 2008; Stohl, 2006). Furthermore, with the collapse

of the Soviet Union, strict emission controls in the European Union, and the rapid indus-

trialization of China and Southeast Asia, the global distribution of emissions has changed

dramatically over the past 20 years. Several studies show increasing contributions from

Asia but disagree quantitatively on the importance of this source for overall Arctic pol-

lution (Koch and Hansen, 2005; Shindell et al., 2008; Stohl, 2006). As interest in Arctic

pollution has broadened from air quality to climate impacts, there is a pressing need to

understand pollution sources not only at the surface but throughout the troposphere.

Biomass burning has recently been suggested as an additional important source of Arc-

tic pollution. Black carbon records in Greenland ice cores show large concentrations at-

tributable to fire emissions dating back to the pre-industrial era (McConnell et al., 2007),

and more recent measurements in snow suggest that biomass burning accounts for more
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than 90% of the black carbon deposited in the Arctic in spring (Hegg et al., 2009). Fires

in Eastern Europe and Russia have been shown to cause substantial increases in the atmo-

spheric loading of pollutants including CO, ozone, and aerosols measured at surface sites

in the European Arctic (Stohl et al., 2007). Early analysis of the ARCPAC aircraft data

identified a substantial contribution from Russian forest fires and central Asian agricultural

burning to atmospheric pollution over Alaska (Warneke et al., 2009).

CO is emitted by incomplete combustion, and we use it here as a tracer of pollution.

Its atmospheric lifetime against oxidation by the hydroxyl radical (OH) is on average two

months, long enough to track transport on intercontinental scales but short enough to show

well-defined concentration gradients (Heald et al., 2003a; Liang et al., 2004; Liu et al.,

2003; Staudt et al., 2001; Turquety et al., 2008; Yashiro et al., 2009). In a recent inter-

comparison of 11 CTMs, simulated CO concentrations disagreed by a factor of 2–3 at all

altitudes in the Arctic due to model differences in emissions, transport, and OH concentra-

tions (Shindell et al., 2008). There is a need to better understand CO sources and transport

to the Arctic as an indicator of pollution influence.

Satellite observations present a unique perspective to address these issues. CO is readily

detectable from space at infrared (IR) wavelengths, and data are available from a number

of satellite instruments, including MOPITT, AIRS, TES, SCIAMACHY, and IASI. AIRS is

particularly promising for studying pollution transport to the Arctic because of its high spa-

tial density (up to 70% global coverage daily) (McMillan et al., 2005), sensitivity at high

latitudes, cloud-clearing capabilities (Susskind et al., 2003), and multi-year record (con-
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tinuous observations since mid-2002). It is a nadir-viewing thermal IR sounder onboard

NASA’s polar-orbiting Aqua satellite and retrieves CO at 4.7 µm (McMillan et al., 2011).

As with all thermal IR sounders, the sensitivity to CO is strongest in the mid-troposphere

and generally weak in the boundary layer, with little vertical resolution (McMillan et al.,

2008; Warner et al., 2007); however, in some instances, AIRS can see CO enhancements

down to the top of the boundary layer (McMillan et al., 2011, 2010). Validation of AIRS

CO retrievals in the northern hemisphere indicates AIRS is biased approximately 10% high

from 300–900 mb, with little quantitative sensitivity to the boundary layer (McMillan et al.,

2011). AIRS CO observations have been shown to successfully track the transpacific trans-

port of Asian pollution to North America (Zhang et al., 2008) and the transatlantic transport

of North American wildfire emissions to Europe (McMillan et al., 2008). Total column

AIRS CO retrievals have been validated at three high-latitude sites (Yurganov et al., 2010),

but application to Arctic pollution transport had not previously been tested.

Aircraft data from the ARCTAS and ARCPAC campaigns based in Alaska in April

2008 can help evaluate the utility of the AIRS data for observing long-range transport to

the Arctic. The in situ measurements provide highly accurate information on the structure

of Arctic CO distributions, allowing an independent test of the AIRS CO data. The aircraft

observations can further provide quantitative constraints on sources of CO in the Arctic.

We examine here the influence of different source types (fuel combustion, biomass

burning) and mid-latitude source regions on Arctic pollution in spring, using the GEOS-

Chem CTM as a platform for intercomparing the aircraft and satellite datasets. We first use
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the aircraft observations to constrain the CO sources in the CTM and subsequently use the

CTM to quantify the source contributions to Arctic CO pollution. The aircraft observations

together with the CTM are used to test the ability of AIRS to observe high-latitude pollution

transport. We then use AIRS observations to investigate the interannual variability of CO

transport to the Arctic.

2.2 Model description

We use the GEOS-Chem CTM version 8-01-04 (http://acmg.seas.harvard.edu/geos/index.

html) driven by GEOS-5 assimilated meteorology from the NASA Global Modeling and

Assimilation Office (GMAO) Goddard Earth Observing System (GEOS). The native res-

olution of GEOS-5 is 0.5◦×0.667◦ with 72 vertical levels; we regrid to 2◦×2.5◦ for input

to GEOS-Chem. The GEOS-Chem simulation of CO has previously been used to track

intercontinental transport of pollution (Duncan and Bey, 2004; Heald et al., 2003a; Jaffe

et al., 2004; Li et al., 2002; Liang et al., 2004; Liu et al., 2003; Zhang et al., 2008) and has

been extensively compared to in situ and satellite observations (Duncan and Logan, 2008;

Duncan et al., 2007; Heald et al., 2006; Hudman et al., 2008; Jaeglé et al., 2003; Kiley

et al., 2003; Koike et al., 2006; Liu et al., 2003).

We simulate April 2008 preceded by a 10-month spin-up. Anthropogenic (fossil fuel

and biofuel) sources of CO are simulated using state-of-the-science regional emission in-

ventories as described in Table 2.1. Emissions from sources not accounted for in the re-

gional inventories are taken from the EDGAR 3.2 FT2000 global emissions inventory for

http://acmg.seas.harvard.edu/geos/index.html
http://acmg.seas.harvard.edu/geos/index.html
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2000 (Olivier et al., 1999; Olivier and Berdowski, 2001). Biomass burning emissions are

from the Fire Locating and Monitoring of Burning Emissions (FLAMBE) inventory (Reid

et al., 2009), which provides carbon emissions at 1◦×1◦ spatial resolution and hourly tem-

poral resolution based on both MODIS and GOES satellite fire counts (Naval Research

Laboratory, http://www.nrlmry.navy.mil/flambe/). CO emissions are subsequently calcu-

lated using emission factors from Andreae and Merlet (2001). All emissions are injected

into the local planetary boundary layer as defined from the GEOS-5 data. While this could

cause an underestimate of vertical transport of CO from the most energetic fires, recent

work has shown that direct free tropospheric injection of biomass burning plumes is infre-

quent (Kahn et al., 2008; Labonne et al., 2007; Val Martin et al., 2010).

Additional sources of CO in our simulation include oxidation of methane (CH4) and

non-methane volatile organic compounds (NMVOCs). Methane is specified using latitu-

dinally-resolved observations from the NOAA/ESRL/GMD network (Dlugokencky et al.,

2008). A yield of one CO molecule per oxidized CH4 molecule is assumed. Oxidation

of anthropogenic and biomass burning NMVOCs is simulated by increasing direct CO

emissions from these sources by 19% and 11% respectively (Duncan et al., 2007). Biogenic

NMVOC sources in the model include isoprene, monoterpenes, methanol, and acetone. All

NMVOCs are assumed to oxidize immediately to CO with yields given by Duncan et al.

(2007). These indirect emissions are not included in the regional CO emission totals given

later in the paper.

We use a linear CO simulation (Duncan et al., 2007) with monthly mean archived OH

http://www.nrlmry.navy.mil/flambe/
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Table 2.1: Global CO sources for April 2008 used in GEOS-Chem simulations.

Source CO Emission (Tg.month−1)

Prior Simulationa Optimized Simulationb

Anthropogenicc 51 59

North Americad (172.5–17.5◦W, 24–88◦N) 4.2 4.1
Europee (17.5◦W–60◦E, 33–88◦N) 6.2 9.4
Siberiaf (60–172.5◦E, 50–88◦N) 0.4 0.4
Asiag (60–152.5◦E, 0–50◦N) 22 26
Rest of the worldf 9.9 9.9
Secondary production from NMVOC oxidationh 8.1 9.4

Biomass Burningi 104 58

North America (172.5–17.5◦W, 24–88◦N) 0.3 0.3
Europe (17.5◦W–60◦E, 33–88◦N) 2.0 2.0
Russia/Kazakhstan (60–152.5◦E, 33–60◦N) 29 15
Southeast Asia (60–152.5◦E, 0–33◦N) 51 23
Rest of the world 12 12
Secondary production from NMVOC oxidationh 10 5.8

Biogenicj 29 29

Methane 71 71

TOTAL 255 217
a Monthly source totals from the original GEOS-Chem emission inventories.
b Changes from the prior simulation reflect source corrections based on the ARCTAS and ARCPAC aircraft observa-

tions (Table 2.2).
c Anthropogenic sources include fossil fuel and biofuel emissions.
d North America includes Canada, the United States, and Mexico. Primary emissions over the US are derived by

decreasing the US Environmental Protection Agency National Emission Inventory (EPA-NEI99, http://www.epa.
gov/ttnchie1/net/1999inventory.html) CO emissions by 60%, following Hudman et al. (2008). Canadian emissions
are from the Criteria Air Contaminants (CAC) inventory (Environment Canada, http://www.ec.gc.ca/pdb/cac/cac
home e.cfm) and Mexican emissions are from the Big Bend Regional Aerosol and Visibility Observational Study
Emissions Inventory (BRAVO) (Kuhns et al., 2005).

e European anthropogenic emissions are from the Cooperative Programme for Monitoring and Evaluation of the
Long-range Transmission of Air Pollutants in Europe (EMEP) inventory (Vestreng and Klein, 2002).

f Siberian and “rest of the world” anthropogenic emissions are from the EDGAR 3.2 FT2000 inventory (Olivier et al.,
1999; Olivier and Berdowski, 2001).

g Asian emissions are derived from the NASA INTEX-B inventory for 2006 (Zhang et al., 2009) with seasonality
based on monthly activity levels of NOx emissions (Zhang et al., 2007).

h Secondary CO sources are computed by increasing direct CO emissions by 11% for biomass burning emissions and
by 19% for anthropogenic emissions (Duncan et al., 2007). Over the US, anthropogenic CO is increased by 39%
rather than 19% to account for the improved CO source estimate from Hudman et al. (2008).

i Biomass burning CO emissions are from the FLAMBE inventory (Reid et al., 2009) and are computed as described
in the text.

j The source from the oxidation of biogenic NMVOCs is computed following Duncan et al. (2007) and includes
acetone and methanol as well as the Model of Emissions of Gases and Aerosols from Nature (MEGAN) inventory
for isoprene and monoterpenes (Guenther et al., 2006).

http://www.epa.gov/ttnchie1/net/1999inventory.html
http://www.epa.gov/ttnchie1/net/1999inventory.html
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm
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concentrations from a previous GEOS-Chem full-chemistry simulation (Park et al., 2004).

The annual global mean OH concentration in our simulation is 10.8×105 molecules cm−3.

This is close to the 25-model mean of 11.1±1.7×105 molecules cm−3 reported in the Shin-

dell et al. (2006b) CTM intercomparison and higher than the 9.4×105 molecules cm−3 re-

ported for GEOS-Chem in that comparison. For source attribution, the linearity of the

model permits us to include tagged CO tracers from individual sources that are consistent

with the overall CO simulation.

Model CO emissions for April 2008 are shown in Fig. 2.1 and summarized in Table 2.1.

The highest emissions (red hotspots in Fig. 2.1) are due to biomass burning, with particu-

larly intense fire activity over Southeast Asia (Vietnam and Myanmar) and over southern

Russia near the Russia-China border. The FLAMBE inventory includes 51 Tg month−1

of CO emissions from Southeast Asian fires in April. This value is more than twice that

reported in previous studies (e.g., 18 Tg month−1 for April in Duncan et al. (2003), and

23 Tg month−1 in Heald et al. (2003b)) and in other inventories (e.g., 6 Tg month−1 in

GFED2). Satellite fire counts for the region show no significant increases in burning in

2008 relative to other years (Acker and Leptoukh, 2007). The FLAMBE emissions inven-

tory is probably too high, as discussed further below. Russian fires during April 2008 were

much more intense than usual at that time of year because of lower-than-normal snow cover

during the previous winter (Warneke et al., 2009). Figure 2.2 shows a timeseries of 2001–

2008 monthly fire counts from the MODIS instrument aboard the Terra satellite. Satellite

fire counts over Russia in April 2008 were 2.5 times the April average and higher than for
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any month of the record except May 2003.

1011 molec/cm2/s  0 5 10 25 50 100 250 400

Figure 2.1: CO combustion sources for April 2008 (excluding secondary CO from oxidation of
biogenic NMVOCs and methane). Values are shown for the optimized simulation but patterns are
similar for the prior simulation.

To compare GEOS-Chem and in situ aircraft CO, the model is sampled along the flight

track at the same time and location as the observations. The aircraft data are averaged over

the GEOS-Chem grid and time-step. For comparison with AIRS, GEOS-Chem is sampled

at the AIRS overpass locations and averaged over a 3-h window centered at the 13:30 local

overpass time. AIRS retrieves CO profiles on nine trapezoidal pressure layers sampled

from the 100 AIRS pressure levels. GEOS-Chem model profiles are convolved to AIRS

retrieval space using the convolution equation (McMillan et al., 2011; Olsen et al., 2007)
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Figure 2.2: Monthly mean fire counts (cloud and overpass corrected) for southern Russia and Kaza-
khstan (33–60◦N, 60–152.5◦ E) from the MODIS instrument aboard the Terra satellite. Fire counts
for April of each year are in red. The red solid line shows the 2001–2008 April mean. Data courtesy
of NASA Goddard Earth Sciences Data and Information Services Center.

and summed over the 100 pressure levels to compute the modeled total CO column:

ŷm = ∑
i

za,i exp
(

FAF′ · ln
zm,i

za,i

)
, (2.1)

where ŷm is the convolved model column, zm,i is the original model profile of partial

columns interpolated onto the 100 AIRS pressure levels i, za,i is the AIRS retrieval a priori

profile of partial columns, F is a 100×9 matrix that defines the nine vertical trapezoidal

layers on which AIRS CO is retrieved, F′ is its pseudo-inverse, and A is a 9×9 averaging

kernel matrix in the trapezoidal space. The degrees of freedom (DOF) for signal, measur-

ing the number of pieces of information in the vertical profile, are generally less than 1.5

(Kopacz et al., 2010), so we use total column CO rather than profiles. The column sensi-
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tivity as indicated by the averaging kernels is low in the boundary layer and has a broad

maximum at 300–600 hPa (McMillan et al., 2011, 2010; Warner et al., 2007).

In this study we use version 5 AIRS CO retrievals (available from http://disc.sci.gsfc.

nasa.gov/AIRS/data-holdings/by-data-product/) and, following the recommendations in

McMillan et al. (2011), include only daytime AIRS observations with DOF for signal

greater than 0.5 retrieved over surfaces with temperature above 250 K. These thresholds

eliminate on average 20% of the available daytime observations globally and 25% in the

Arctic in April.

2.3 CO observations and constraints on sources

Jacob et al. (2010) give a general description of the NASA ARCTAS campaign. A major

goal was to observe long-range transport of pollution to the Arctic using a DC-8 aircraft

based in Fairbanks, Alaska from 1 to 19 April 2008. CO measurements were made using

the Differential Absorption of CO Measurement (DACOM) instrument at a frequency of

1 Hz and accuracy of 2% (Sachse et al., 1987). The NOAA ARCPAC campaign (Warneke

et al., 2009) took place concurrently using a WP-3D aircraft also based in Fairbanks with

flights from 3 to 23 April 2008 (all but one after 11 April). CO measurements were made

by vacuum ultraviolet resonance fluorescence at a frequency of 1 Hz and accuracy of 5%

(Holloway et al., 2000).

Observed and modeled CO concentrations along the ARCTAS and ARCPAC flight

tracks are shown in Fig. 2.3. Observed concentrations during ARCTAS ranged from 23 to

http://disc.sci.gsfc.nasa.gov/AIRS/data-holdings/by-data-product/
http://disc.sci.gsfc.nasa.gov/AIRS/data-holdings/by-data-product/
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296 ppbv (excluding observations south of 55◦N from transit flights). Less than 1% of the

observations had concentrations greater than 250 ppbv. Low values signify stratospheric air

and are removed for subsequent analysis as described below. Observed concentrations dur-

ing ARCPAC ranged from 96 to 383 ppbv. The highest CO concentrations were observed

over and around Alaska and were due to Asian pollution and Russian fires, as discussed

below. High-CO layers were also sampled elsewhere, in particular near the North Pole

by the DC-8. The GEOS-Chem simulation with prior emissions (Fig. 2.3, middle pan-

els) shows qualitative agreement with the observations but quantitative discrepancies are

evident. Modeled concentrations are generally too low, although they are sometimes too

high in plumes over and around Alaska, suggesting different model errors for the different

sources affecting the Arctic.

Figure 2.4 shows the median vertical distribution of the aircraft CO observations along

with the corresponding model values. Stratospheric observations, diagnosed as [O3]/[CO]

>1.25 mol mol−1 (Hudman et al., 2007), were removed from the data set. The median

observed CO concentration at the surface was 160 ppbv. The data show little or no decrease

up to 5 km and a sharp decrease above. The ARCTAS data show the most variability in the

mid-troposphere (3–6 km). The ARCPAC data show greater variability than the ARCTAS

data at all altitudes.

The red lines in Fig. 2.4 show the median CO profiles from the GEOS-Chem simu-

lation with prior emissions. Relative to both aircraft data sets, the model is 10 ppbv too

low near the surface. This difference decreases with altitude and disappears in the up-
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Figure 2.3: CO concentrations during ARCTAS (1 to 19 April 2008) and ARCPAC (3 to 23 April
2008). Aircraft observations (top) are compared to model values sampled along the flight tracks
and using prior (middle) or optimized (bottom) emissions. The flight tracks extend from 0 to 12 km
(ARCTAS) and 8 km (ARCPAC); low values correspond to the stratosphere. Observations south of
55◦N taken during transit flights are excluded. For ARCTAS flights, observed CO concentrations
range from 23 to 296 ppbv, while modeled concentrations range from 33 to 243 ppbv with prior
emissions and 34 to 226 ppbv with optimized emissions. For ARCPAC flights, observed concentra-
tions range from 96 to 383 ppbv, while modeled concentrations range from 112 to 255 ppbv with
prior emissions and 115 to 221 ppbv with optimized emissions.

per troposphere. The underestimate of CO at northern extratropical latitudes in spring is

a general problem in current CTMs (Shindell et al., 2006b). We correct the discrepancy

here by adjusting emissions based on the assumption that emission errors in the model are

systematic, model transport errors are random, and model OH errors are small. We thus

estimate the correction to emissions by performing least squares multiple linear regression
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Figure 2.4: Median vertical distribution of CO concentrations in ARCTAS (1 to 19 April 2008)
and ARCPAC (3 to 23 April 2008), averaged over 1-km altitude bins. Observations are compared to
model values with prior and optimized emissions. Black horizontal bars show the interquartile range
of the observations. Stratospheric observations identified by [O3]/[CO] >1.25 mol mol−1 have been
removed.

to the aircraft observations of model results for five tagged tracers of CO sources: (1) North

American anthropogenic (fossil fuel and biofuel), (2) European anthropogenic, (3) Asian

anthropogenic, (4) Russian biomass burning, and (5) Southeast Asian biomass burning.

Emissions from these five sources are assumed to represent the only sources of model er-

ror. The regression is performed after first subtracting the modeled contribution from all

other sources from the total modeled and observed CO. The resulting fit coefficients repre-

sent the source corrections needed to minimize the discrepancy between observations and

model. The fit is conducted using all tropospheric data from both ARCTAS (1454 points

from 9 flight days) and ARCPAC (1251 points from 9 flight days), including data from

transit flights to the Arctic.

Table 2.2 shows the emission scaling factors from the least squares fit with confidence

intervals determined using the bootstrap method. The resulting emission estimates are

given in Table 2.1 and Fig. 2.1. We find that we need to increase anthropogenic emissions
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Table 2.2: Correction factors to prior CO combustion sources in GEOS-Chema.

Source Correction factor
North American anthropogenic 0.96±0.16
European anthropogenic 1.52±0.18
Asian anthropogenic 1.18±0.11
Russian biomass burning 0.53±0.09
Southeast Asian biomass burning 0.45±0.11
a Source correction factors to the prior emission inventories of Table 2.1, derived using a multiple linear regression

between GEOS-Chem tagged tracers and aircraft observations from ARCTAS (1 to 19 April 2008) and ARCPAC (3
to 23 April 2008) as described in the text. Anthropogenic sources include fossil fuel and biofuel. Errors show the 95%
confidence interval calculated by the bootstrap method.

from East Asia and from Europe to correct the underestimate of the background (Fig. 2.4)

and in the eastern part of the ARCTAS domain (Fig. 2.3). No correction is needed for

our North American anthropogenic emissions (Table 2.2), where our prior emissions are

consistent with other observational constraints (Hudman et al., 2008; Kopacz et al., 2010).

Our finding that current anthropogenic emission inventories for Europe and Asia are

too low is consistent with the recent inverse model analysis of Kopacz et al. (2010), which

was constrained by an ensemble of satellite data (MOPITT, AIRS, and SCIAMACHY) and

verified against aircraft and ground-based measurements. They found that the inventories

need to be increased in seasons other than summer. Their optimized April anthropogenic

emissions of 8.0 Tg month−1 for Europe and 28 Tg month−1 for Asia are consistent with

our estimates of 9.4 Tg month−1 for Europe and 26 Tg month−1 for Asia. Kopacz et al.

(2010) suggested that the spring underestimate in the inventories may reflect emissions

from residential fuel use and vehicle cold starts. These sources are included in the Zhang

et al. (2009) inventory used as our prior for Asia but with the assumptions that residential

fuel use peaks from November through March and that cold starts have no seasonal vari-
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ation. It is unlikely that the discrepancy over Asia reflects growth in CO emissions since

2006 (the base year for the emissions inventory), as recent increased energy use has largely

been offset by technology renewals (Zhang et al., 2009).

The ARCTAS and ARCPAC data suggest that we need to decrease biomass burning

emissions in the FLAMBE inventory by a factor of 0.5 over southern Russia and by a factor

of 0.4 over Southeast Asia. The downward correction results in an optimized estimate of

15 Tg CO from Russian fires and 23 Tg CO from Southeast Asian fires in April, the latter in

agreement with previous estimates of 18–23 Tg month−1 (Duncan et al., 2003; Heald et al.,

2003b).

Modeled CO concentrations from the optimized simulation are shown along the flight

tracks in Fig. 2.3 (lower panels) and the profiles are shown as blue lines in Fig. 2.4. The

source correction eliminates the model error below 4 km for both campaigns. Above 4 km,

the optimization eliminates the error relative to ARCTAS but not ARCPAC. After source

correction, the Pearson correlation coefficient between observations and simulation im-

proves from r = 0.50 to r = 0.60 for ARCTAS and from r = 0.49 to r = 0.53 for ARCPAC.

The low correlation coefficients are driven by the high CO values found in some fine-

structure plumes, where large model error is expected due to both plume smearing and

displacement (Rastigejev et al., 2010). We tried removing the plumes before performing

the least squares fit but this did not significantly alter the resultant source correction factors.

To further test the optimization of sources, we conducted independent comparisons with

observations using CO column data from a surface site at Eureka, Nunavut (80◦N, 86◦W)
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and from the AIRS satellite instrument. The measurements at Eureka were made with a

Bruker Fourier Transform Spectrometer (FTS) (Batchelor et al., 2009). Intercomparison

with the DC-8 during a spiral over the site on 8 April 2008 showed agreement within

0.01×1018 molecules cm−2 (0.5%). Figure 2.5 shows that the source correction reduces

the mean model bias relative to observations from −6% with prior sources to −1% with

optimized sources.
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Figure 2.5: CO columns at Eureka, Nunavut, Canada (86.4◦W, 80.0◦N) from 1 to 20 April 2008.
Measurements by a ground-based Fourier Transform Spectrometer are compared to model values
with both prior and optimized sources. Black vertical bars show the uncertainties of the measure-
ments.

Figure 2.6 shows the mean April 2008 AIRS CO columns compared to the GEOS-

Chem model values from the optimized simulation. Both AIRS and GEOS-Chem show the

highest pollution levels in the European sector of the Arctic, followed by the Asian sector.

The North American Arctic is least polluted. Transport of European pollution takes place

directly northward over Scandinavia, while transport from Asia is northeastward, entering

the Arctic over Siberia and Alaska. Averaged over the Arctic, GEOS-Chem is 3% lower

than AIRS. Comparison with the prior simulation (not shown) revealed positive errors over
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the southern Russian fire source and outflow regions due to the significant overestimate

of fire emissions. Meanwhile, the optimized GEOS-Chem simulation shows the largest

underestimate over the region of the Russian fires, which may indicate that the factor of

two downward correction to the FLAMBE inventory is too large.

0.80 1.30 1.80 2.30 2.80 1018 molec/cm2 -20 -15 -10 -5 10 15 20%

AIRS GEOS-Chem % Difference
(GC-AIRS)

50
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Figure 2.6: Mean CO columns during April 2008 observed by the AIRS satellite instrument (version
5) and simulated by GEOS-Chem with optimized sources (and AIRS averaging kernels applied).
The right panel shows the percent difference between the two. GEOS-Chem was sampled along the
AIRS orbit tracks at the time of successful retrievals (see text).

2.4 Sources of Arctic pollution in April 2008

We use the GEOS-Chem tagged tracers to decompose the optimized simulated CO vertical

profiles from ARCTAS and ARCPAC (Fig. 2.4, blue lines) into the contributions from

individual sources. Figure 2.7 shows the median profiles along the flight tracks of the five

dominant sources, which on average account for 67% of total CO during the campaigns.

For both campaigns, mean concentrations are dominated by Asian anthropogenic emissions

along with a substantial contribution from European anthropogenic emissions, especially

at low altitude. These mean contributions largely reflect the wintertime accumulation of
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CO over the scale of the northern extratropical hemisphere. Emissions from Russian fires,

which did not begin until April (Fig. 2.2), have much less impact on the mean pollution

influence.
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Figure 2.7: Median vertical distribution along the ARCTAS and ARCPAC flight tracks of GEOS-
Chem CO concentrations tagged by source region and type: Asian anthropogenic (As. Anth., blue),
European anthropogenic (Eur. Anth., green), North American anthropogenic (N.A. Anth., red),
Russian biomass burning (Rus. BB, orange) and Southeast Asian biomass burning (As. BB, purple).
Horizontal bars are standard deviations.

Conversely, Russian biomass burning makes a large contribution to CO variability (hor-

izontal bars in Fig. 2.7). During ARCPAC, the variability at all altitudes is dominated by

the Russian biomass burning source, consistent with the large biomass burning plume influ-

ence observed during the campaign (Warneke et al., 2009). The Russian biomass burning

contribution is smaller during ARCTAS and is comparable to the contributions from the

continental anthropogenic sources, reflecting differences in sampling strategy between the

two campaigns. The Asian anthropogenic and Southeast Asian biomass burning sources

dominate variability in the upper troposphere for the ARCTAS flights. This reflects the

dominant pathway of Asian outflow in spring involving uplift in WCBs off the Pacific

coast, as was previously observed in the TRACE-P aircraft campaign (Liu et al., 2003).
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Stohl (2006) identified this as the only major transport pathway from Asia to the Arctic,

with subsequent influence at the Arctic surface involving subsidence on a time scale of a

month. The lifetime of CO is sufficiently long for this subsidence to operate, leading to a

general Asian pollution influence in the Arctic background.

Figure 2.8 shows the April 2008 mean contributions of each tracer in different alti-

tude bands over the scale of the Arctic. Asian anthropogenic emission is the dominant

contributor throughout the Arctic above 2 km, reflecting the high-altitude WCB transport

pathway. There is some lifting of European pollution affecting the middle troposphere in

the European and Siberian sectors of the Arctic. In the boundary layer, Asian and Euro-

pean anthropogenic influences are of comparable magnitude but have distinct geographical

signatures. European influence dominates in the European sector of the Arctic, reflecting

near-surface northward transport over Scandinavia, and also over eastern Siberia, reflecting

westerly transport. We see from Fig. 2.8 that this trans-Siberian transport is the dominant

pathway by which European pollution affects Alaska. Our finding of European influence

lifted to the middle troposphere and transported across Siberia in April differs from the

prevailing winter situation (Klonecki et al., 2003; Stohl, 2006) when European pollution is

strongly confined to the boundary layer and the circulation around the Siberian high carries

it to the Arctic rather than eastward across Siberia.

Relative to other anthropogenic sources, pollution from North America makes little

contribution to Arctic background concentrations. North American influence is limited to

the lowest 5 km and to the Canadian Archipelago, Davis Strait, and Greenland. Like Asian
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Figure 2.8: Contributions of different mid-latitude source regions to CO pollution in the Arctic in
April 2008, as indicated by the GEOS-Chem simulation. Results are shown as mean CO mixing
ratios in altitude bands of 0–2, 2–5, and 5–10 km. The Arctic Circle is indicated by a dashed white
line.
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sources, North American emissions reach the Arctic via uplift and transport associated with

WCBs (Stohl, 2006); however, CO emissions in North America are much weaker than in

Asia (Table 2.1).

Shindell et al. (2008) previously found in a multi-model CO intercomparison that the

Arctic in spring was most sensitive to European sources, followed by North American then

Asian sources. The difference with our results reflects the magnitude of emissions. The

multi-model mean total emissions (anthropogenic and biomass burning) in Shindell et al.

(2008) were 156, 90, and 129 Tg a−1 for East Asia, Europe, and North America, respec-

tively; whereas our corresponding totals are 234, 135, and 77 Tg a−1 for anthropogenic

sources alone. Our higher Asian emissions and lower North American emissions are con-

sistent with recent inverse analyses (Fortems-Cheiney et al., 2009; Heald et al., 2004; Hud-

man et al., 2008; Kopacz et al., 2010, 2009; Streets et al., 2006; Tanimoto et al., 2008).

Although Southeast Asian fires were a large northern hemispheric source of CO during

April 2008 (Fig. 2.1 and Table 2.1), their influence on the Arctic is minimal because of the

low latitude of emissions and the dominance in spring of venting by deep convective events

(Liu et al., 2003). The small fraction of these emissions that reaches the Arctic does so in

the upper troposphere (Figs. 2.7 and 2.8), reflecting isentropic transport (Klonecki et al.,

2003) along with transport by WCBs (Bey et al., 2001; Liang et al., 2004; Liu et al., 2003).

Even in the upper troposphere, the Southeast Asian fire influence is smaller than the Asian

anthropogenic influence.
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2.5 Variability of Arctic pollution observed by AIRS

AIRS provides a unique perspective on variability of transport to the Arctic. In this section

we first test the ability of AIRS to observe long-range pollution transport to the Arctic by

investigating two pollution events of different origins observed by the aircraft during ARC-

TAS. We then assess the representativeness of the April 2008 observations using the AIRS

multi-year record (2003–2008) and more generally interpret the interannual variability ob-

served by AIRS.

AIRS version 5 total column retrievals for 2003–2007 have been validated against FTIR

data at three high latitude sites and show excellent agreement (Yurganov et al., 2010). At Ny

Alesund (80◦N), the mean annual bias is near zero. Mean bias is also near zero at Kiruna

(68◦N) and Harestua (60◦N) for DOF for signal greater than 0.7, but negative biases are

observed at lower DOF. Overall, northern hemispheric AIRS total column observations in

April show an 8% negative bias relative to FTIR data. Validation of AIRS CO retrievals

in the northern hemisphere with aircraft in situ profiles indicates AIRS is biased approxi-

mately 10% high from 300–900 mb with little quantitative sensitivity to the boundary layer,

like all thermal IR sounders (McMillan et al., 2011). In the Arctic, this lack of sensitivity

may be compounded by the cold surface. We therefore expect AIRS to be capable of iden-

tifying transport to the Arctic in the mid-troposphere but not at low altitude, and test this

below with two case studies of pollution plumes observed by ARCTAS.

Figure 2.9 shows CO concentrations on 16 April 2008 observed by the DC-8 aircraft
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and total column CO observed by AIRS, together with the corresponding GEOS-Chem

values. CO concentrations of up to 250 ppbv, among the highest during the ARCTAS cam-

paign, were observed at altitudes of 3.5–5 km over western Alaska and the Norton Sound

during this flight. The enhancement was well captured by GEOS-Chem, which shows the

source to be a mix of Asian pollution and Eurasian fires. Further evidence for a biomass

burning source comes from elevated observations of hydrogen cyanide (HCN) and acetoni-

trile (CH3CN). More than half of the back trajectories shown in Fig. 2.10 passed directly

over the agricultural fires in southeastern Russia and Kazakhstan at low altitude before be-

ing lifted, likely by WCBs, to the mid-troposphere. Turning to the satellite observations,

we see qualitative agreement between measured and simulated total column CO through-

out the Arctic, although AIRS is consistently higher than GEOS-Chem as previously dis-

cussed. Both AIRS and GEOS-Chem show an extensive plume stretching from Eastern

Russia across the Pacific to Alaska. Forward trajectories from the sampled plume indicate

that the plume did not travel poleward after being sampled; however, it eventually entered

the Arctic over the Canadian Archipelago and the Davis Strait eight to ten days later. This

example illustrates AIRS’s ability to observe WCB lofting and outflow from Eurasia to the

Arctic.

Figure 2.11 shows a different case on 9 April 2008, when a CO enhancement was ob-

served by the aircraft at the North Pole at altitudes below 2 km. Concentrations in the

plume were 165–170 ppbv. Backward trajectories (Fig. 2.12) indicate that the plume trav-

eled slowly from northeastern Europe across Siberia, remaining at low altitude. Although
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Figure 2.9: Russian biomass burning event over Alaska sampled by the DC-8 aircraft on 16 April
2008. The top panels show aircraft observations of CO concentrations compared to the GEOS-
Chem model. The bottom panels show the AIRS CO column concentrations observed on that day
compared to the GEOS-Chem model with AIRS averaging kernels applied.

trajectories pass over the Russian burning region, this was before the most intense fires

began, and observed concentrations of HCN and CH3CN were negligible. GEOS-Chem
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Figure 2.10: Ten-day backward and forward trajectories from the FLEXPART model using WRF
meteorological fields and starting from the 16 April 2008 plume shown in Fig. 2.9. The color scale
indicates altitude.

captures the plume and indicates that the primary source was European pollution mixed

with some Asian pollution. Forward trajectories show that much of the polluted airmass

remained at low altitude over the pole for at least the next ten days. We do not expect AIRS

to be sensitive to such low-altitude transport, and indeed we see from Fig. 2.11 that neither

AIRS nor the GEOS-Chem simulation weighted by AIRS averaging kernels could detect

the plume.

The limited ability of AIRS to observe low-altitude CO enhancements prevents us from

using AIRS to systematically identify near-surface transport events to the Arctic. As we

have shown with the GEOS-Chem simulation, this mainly impacts our interpretation of

pollution from European sources, which is primarily (though not exclusively) transported

at low altitude. AIRS is most useful for identifying mid-tropospheric transport, which as

we have seen privileges Asian influence.
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Figure 2.11: Same as Fig. 2.9, but for a European pollution event at the North Pole on 9 April 2008.

The 2003–2008 April mean CO columns from AIRS are shown in Fig. 2.13, along

with the anomalies for each year. The major features described for 2008 (Fig. 2.6 and

Sect. 2.3) are also seen in the multi-year mean, with the European sector of the Arctic

being the most polluted and the North American sector the cleanest. The anomaly maps
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Figure 2.12: Same as Fig. 2.10, but for the European pollution event on 9 April 2008 shown in
Fig. 2.11.

show little variability north of the Arctic Circle. Mean April CO column ranges from

2.06×1018 molecules cm−2 to 2.11×1018 molecules cm−2, despite larger year-to-year dif-

ferences at mid-latitudes, and is most strongly correlated with mean Arctic sea level pres-

sure (SLP) in the GEOS-5 data (r =−0.81). We attribute this anti-correlation to the higher

degree of Arctic isolation associated with high pressure conditions, preventing poleward

transport of CO from mid-latitudes.

Pollution transport to the Arctic is thought to be enhanced under the positive phase of

the North Atlantic Oscillation (NAO) (Duncan and Bey, 2004; Eckhardt et al., 2003) due

to stronger surface westerlies and anomalous southerly flow (Hurrell et al., 2003). Pre-

vious studies found strong positive correlations, most pronounced at the surface, between

NAO strength and Arctic pollution accumulation in winter and spring (Duncan and Bey,

2004; Eckhardt et al., 2003). However, we find no significant correlation of AIRS CO

over the Arctic in April 2003–2008 with the February–April mean NAO index (taken from
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Figure 2.13: 2003–2008 mean April CO columns from AIRS (top) and CO column anomalies for
each April in the AIRS record.

the NOAA Climate Prediction Center, available at http://www.cpc.noaa.gov). This could

reflect limitations due to (1) our focus on spring, when the NAO index is typically weak

(Hurrell et al., 2003), (2) the lack of sensitivity of AIRS to surface concentrations where

the correlation is strongest, and (3) the limited range of NAO index variability (less than

http://www.cpc.noaa.gov


Chapter 2 - Source attribution and interannual variability of Arctic pollution 43

±1) over the 2003–2008 period of the AIRS record.

AIRS observations for April 2008 show that despite the anomalously large Russian

fire source, pollution influence over Alaska was much weaker than normal (Fig. 2.13).

This can be explained by a strong SLP anomaly, as shown in Fig. 2.14. Positive pressure

anomalies of more than 10 hPa were seen over the North Pacific with weaker negative

anomalies further north, indicating that the climatological Aleutian low pressure system

was less intense and shifted northward. Considering that the Aleutian low and associated

storm tracks are a major driver for transport of Asian pollution to the Arctic (Fuelberg et al.,

2010), this transport may have been weaker than normal in April 2008.

1000 1006 1012 1018 1025
 hPa

-10 -5 5 100
 hPa

2003-2008 April Mean SLP 2008 April Mean SLP 2008 April SLP Anomalies

Figure 2.14: Mean sea level pressures from GEOS-5 for April 2003–2008 (left) and 2008 only
(middle). The 2008 anomaly is shown at right.

We further examined the interannual variability of the AIRS April CO column over

Alaska and find that it is highly correlated (r = 0.80) with the February-April mean Ocean

Niño Index (ONI, a measure of the El Niño-Southern Oscillation, again taken from the

NOAA Climate Prediction Center), as shown in Fig. 2.15. The correlation is significant

at the p = 0.10 level. Atmospheric teleconnections from ENSO have long been known
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to affect the strength and position of the Aleutian low pressure system (Bjerknes, 1966;

Niebauer, 1988). During El Niño conditions, the Aleutian low intensifies and shifts to the

southeast of its climatological mean position (52◦N, 175◦ E; Rodionov et al., 2005), while

during La Niña conditions it weakens and shifts to the west. Niebauer (1988) found that

this change alters the low-level flow over the central Pacific, bringing Asian outflow north

toward Alaska during El Niño years (see his Fig. 7) and decreasing the northward flow of

Asian air during La Niña years. We suspect that this mechanism extends to higher altitudes

and explains the correlation between the ONI and the AIRS CO column over Alaska. While

there have been no strong El Niño years since the beginning of the AIRS record, a moderate

La Niña with monthly ONI values up to −1.4 occurred from fall 2007 through spring

2008, resulting in a less intense Aleutian low and an associated decrease in Asian pollution

influence during April 2008. The La Niña persisted through April (ONI =−0.8) and began

to dissipate in May.

The specific meteorological conditions that characterized April 2008 have important

implications for the interpretation of the ARCTAS and ARCPAC aircraft data. As discussed

in Sect. 2.4, we find from these data that CO pollution throughout the Arctic is dominated

by the Asian anthropogenic source, despite the anomalously weak poleward transport from

this source in April 2008. El Niño conditions would be expected to lead to larger Asian

influence and consequently more CO pollution in the Arctic. Such an effect may be further

amplified by increased biomass burning, which has been shown to play a dominant role in

increasing CO concentrations over Alaska during El Niño events (Szopa et al., 2007). In
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Figure 2.15: Year-to-year variability of the mean April AIRS-observed CO column over Alaska
(168–140◦W, 54–72◦N) and mean Ocean Niño Index (ONI) averaged over February-April for each
year. Positive values of the ONI (red) indicate El Niño conditions while negative values (blue)
indicate La Niña conditions. The Pearson correlation coefficient of r = 0.80 is significant at the
p = 0.10 level. The ONI data were obtained from the NOAA Climate Prediction Center, available at
http://www.cpc.noaa.gov.

2003, the only El Niño year in our record, CO columns were indeed anomalously high over

Alaska, the Chukchi Sea, and much of the North American Arctic (Fig. 2.13).

We further investigated the relationship between ENSO and CO concentrations in the

Alaskan Arctic using GEOS-Chem. GEOS-5 meteorological fields are available only for

2005–2008, so we performed a sensitivity simulation using meteorology from 2005 (the

highest ONI for those four years, see Fig. 2.15) while maintaining emissions at 2008 lev-

els. Figure 2.16 compares simulated concentrations of the Asian fossil fuel tagged tracer

in April using 2005 and 2008 meteorology. April 2005 shows stronger northward transport

http://www.cpc.noaa.gov
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of Asian pollution over the North Pacific and Alaska than April 2008. Whether this en-

hancement is indeed linked to the more positive phase of the ONI in 2005 is unclear, and

additional data and simulations during a strong El Niño year would be needed to verify this

link.

2.6 Conclusions

We used CO observations from the NASA ARCTAS and NOAA ARCPAC aircraft cam-

paigns as top-down constraints in a global 3-D chemical transport model (GEOS-Chem) to

quantify the sources of pollution to the Arctic in spring 2008. Through comparisons with

aircraft and GEOS-Chem, we demonstrated that AIRS satellite measurements of CO cap-

tured the mean spatial structure of Arctic pollution in April 2008 as well as events in the

free troposphere but did not detect events in the boundary layer because of low sensitivity

in the thermal IR. We subsequently used the 2003–2008 record of AIRS CO observations

in the Arctic in April to investigate the interannual variability of pollution transport from

northern mid-latitudes.

Least squares regression of the GEOS-Chem CO simulation to the ARCTAS and AR-

CPAC aircraft observations suggests that anthropogenic CO emissions in Europe in April

2008 are underestimated by 50% in the EMEP inventory and anthropogenic emissions in

Asia are underestimated by 20% in the Streets et al. (2006) inventory updated for 2008.

The discrepancy likely represents an underestimate of seasonal CO emissions rather than a

problem in global annual emissions. This result is consistent with the recent inverse anal-
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Figure 2.16: Concentrations of the Asian fossil fuel CO tagged tracer in the GEOS-Chem simulation
for April 2005 versus April 2008 meteorology with identical April 2008 emissions for both years.
Results are shown as April mean CO mixing ratios at 0–2, 2–5, and 5–10 km.
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ysis of Kopacz et al. (2010) and may reflect a winter-spring underestimate of emissions

from residential fuel use and vehicle cold starts. April 2008 saw anomalous fire activity in

southern Russia in addition to seasonal biomass burning in Southeast Asia. We find that

the FLAMBE inventory with hourly resolution based on MODIS and GOES fire data over-

estimates these emissions by a factor of two. Optimized April 2008 emissions obtained

by fitting GEOS-Chem to the ARCTAS aircraft data are 26 Tg month−1 for Asian anthro-

pogenic, 9.4 Tg month−1 for European anthropogenic, 4.1 Tg month−1 for North American

anthropogenic, 15 Tg month−1 for Russian biomass burning, and 23 Tg month−1 for South-

east Asian biomass burning. The resulting simulation shows no significant bias (mean of

−1%) relative to ground-based column data at Eureka (80◦N, 86◦W). It also shows a−3%

underestimate relative to AIRS in the Arctic, although this may reflect in part a high bias

in the AIRS data (McMillan et al., 2011).

We find in GEOS-Chem that CO concentrations over the Arctic in spring are domi-

nated at all altitudes by Asian anthropogenic sources. The exception is at the surface where

European anthropogenic sources are of comparable importance. This anthropogenic dom-

inance, despite the large biomass burning emissions in April 2008, reflects the wintertime

accumulation of anthropogenic CO on the scale of the northern extratropics. European pol-

lution influence in April extends to the free troposphere and also across Siberia following

westerly flow. This contrasts with the prevailing pattern in winter when stratification con-

fines European pollution to the surface and the Siberian high pressure system suppresses

westerly transport. Russian biomass burning makes little contribution to mean CO but
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contributes substantially to CO variability. Asian and biomass burning synoptic transport

events take place mainly in the free troposphere through warm conveyor belts (WCBs) and

are followed by slow subsidence. Analysis of specific pollution events sampled by the air-

craft shows that AIRS can successfully observe the long-range transport of pollution to the

Arctic in the middle troposphere but not at the surface.

AIRS CO observations in April, both for 2008 and for the multiyear record (2003–

2008), show the highest levels of pollution in the European Arctic sector, followed by the

Asian sector and with the North American sector being cleanest. This is consistent with

GEOS-Chem, where synoptic lifting of European pollution contributes to the European

sector. The North American sector is relatively clean, despite WCB injections off the east

coast of North America, because CO emissions there are relatively small. Mean April

AIRS CO columns for 2003–2008 show little interannual variability when averaged over

the Arctic polar cap. What little variability exists is most strongly correlated with Arctic sea

level pressure (r =−0.81) and can be explained by decreased pollution inflow from mid-

latitudes under high-pressure conditions. We find little correlation with the NAO index,

which could reflect the limited range of this index in spring over the 2003–2008 period as

well as AIRS’s lack of sensitivity in the boundary layer.

AIRS CO columns over Alaska in April 2008 are anomalously low compared to other

years, despite the anomalously high Russian biomass burning influence. We find that AIRS

CO in this region is highly correlated with the Ocean Niño Index (r = 0.80). The low CO

columns over Alaska in April 2008 were associated with La Niña conditions in fall 2007
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through spring 2008 that weakened the Aleutian low pressure system. As a result, transport

of Asian pollution to the Arctic was likely suppressed. We verified this result by comparing

GEOS-Chem simulations for April 2005 (weak El Niño) and April 2008. This suggests

that the impact of Asian pollution in the Arctic could be very large under strong El Niño

conditions, so far missing from the AIRS record.
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Chapter 3

Sources, distribution, and acidity of
sulfate–ammonium aerosol in the
Arctic in winter–spring

Abstract

We use GEOS-Chem chemical transport model simulations of sulfate-ammonium aerosol
data from the NASA ARCTAS and NOAA ARCPAC aircraft campaigns in the North Amer-
ican Arctic in April 2008, together with longer-term data from surface sites, to better un-
derstand aerosol sources in the Arctic in winter-spring and the implications for aerosol
acidity. Arctic pollution is dominated by transport from mid-latitudes, and we test the rel-
evant ammonia and sulfur dioxide emission inventories in the model by comparison with
wet deposition flux data over the source continents. We find that a complicated mix of
natural and anthropogenic sources with different vertical signatures is responsible for sul-
fate concentrations in the Arctic. East Asian pollution influence is weak in winter but
becomes important in spring through transport in the free troposphere. European influ-
ence is important at all altitudes but never dominant. West Asia (non-Arctic Russia and
Kazakhstan) is the largest contributor to Arctic sulfate in surface air in winter, reflecting
a southward extension of the Arctic front over that region. Ammonium in Arctic spring
mostly originates from anthropogenic sources in East Asia and Europe, with added con-
tribution from boreal fires, resulting in a more neutralized aerosol in the free troposphere
than at the surface. The ARCTAS and ARCPAC data indicate a median aerosol neutraliza-
tion fraction NH+

4 /(2SO2−
4 +NO−3 ) of 0.5 mol mol−1 below 2 km and 0.7 mol mol−1 above.

We find that East Asian and European aerosol transported to the Arctic is mostly neutral-
ized, whereas West Asian and North American aerosol is highly acidic. Growth of sulfur
emissions in West Asia may be responsible for the observed increase in aerosol acidity at
Barrow over the past decade. As global sulfur emissions decline over the next decades,
increasing aerosol neutralization in the Arctic is expected, potentially accelerating Arctic
warming through indirect radiative forcing and feedbacks.
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3.1 Introduction

Long-range transport of pollution from mid-latitudes is a major source of aerosols to the

Arctic, with a winter-spring maximum known as Arctic haze (Rahn, 1981a; Quinn et al.,

2009). Sulfate is the dominant component of this aerosol (Quinn et al., 2007), and it may

range from highly acidic to fully neutralized depending on the availability of ammonia.

The extent to which sulfate aerosol is neutralized has implications for aerosol radiative

forcing (Martin et al., 2004), ice cloud nucleation (Abbatt et al., 2006; Eastwood et al.,

2009; Baustian et al., 2010), and heterogeneous chemistry (Fan and Jacob, 1992; Fickert

et al., 1999). Here we use the GEOS-Chem 3-D global chemical transport model (CTM)

to interpret observations of sulfate-ammonium aerosol composition and acidity from the

NASA ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft

and Satellites) and NOAA ARCPAC (Aerosol, Radiation, and Cloud Processes affecting

Arctic Climate) aircraft campaigns conducted in the North American Arctic in April 2008,

using also ground-based measurements to place the aircraft data in a broader seasonal con-

text. Our objective is to better understand the sources contributing to sulfate, ammonium,

and aerosol acidity through the depth of the Arctic troposphere over the winter-spring sea-

son.

High aerosol concentrations in the Arctic in winter-spring reflect a combination of fast

transport from mid-latitudes, reduced vertical mixing, and lack of precipitation (Barrie et

al., 1981; Raatz and Shaw, 1984; Iversen and Joranger, 1985; Barrie, 1986; Shaw, 1995;
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Quinn et al., 2007; Garrett et al., 2010). The resulting aerosol radiative forcing may play a

major role in driving climate change in the Arctic (Shindell and Faluvegi, 2009), where re-

cent warming has been especially rapid (Trenberth et al., 2007). Scattering sulfate aerosols

reflect incoming solar radiation, generally resulting in atmospheric cooling (Quinn et al.,

2008). However, warming may result where the surface albedo is very high (Pueschel and

Kinne, 1995) or if the sulfate is internally mixed with absorbing aerosol (Jacobson, 2001b).

Hygroscopic growth of particles leads to absorption of terrestrial radiation, inducing a di-

rect warming effect that can be particularly efficient during polar night (Ritter et al., 2005).

Indirect effects of aerosols on cloud properties typically cause surface cooling (Quinn et

al., 2008) but can also warm the surface through interactions with terrestrial radiation (Gar-

rett and Zhao, 2006; Lubin and Vogelmann, 2006). The warming is expected to dominate

during Arctic winter (Lubin and Vogelmann, 2007).

The chemical composition of the Arctic aerosol, in particular the extent to which sulfate

aerosol is neutralized, has major implications for aerosol radiative forcing. Observations

show that ammonia (NH3) is the main neutralizing agent. It is quantitatively absorbed by

the acidic sulfate aerosol, titrating its acidity, reducing its hygroscopicity, and producing

solid ammonium sulfate at low relative humidity. The resulting decrease in aerosol water

content both reduces the direct radiative forcing of sulfate (Boucher and Anderson, 1995;

Adams et al., 2001; Jacobson, 2001a; Martin et al., 2004; J. Wang et al., 2008b) and inhibits

homogenous ice nucleation by liquid sulfate-containing particles (Koop et al., 2000). Solid

ammonium sulfate particles can also play a role in cold cloud formation by serving as



Chapter 3 - Sources, distribution, and acidity of sulfate–ammonium aerosol in the Arctic
in winter–spring 62

heterogeneous ice nuclei (Abbatt et al., 2006; Wise et al., 2009; Baustian et al., 2010).

Hydrophobic dust particles coated with ammonium sulfate are efficient ice nuclei, whereas

particles coated with pure sulfuric acid are not (Eastwood et al., 2009). Sulfate aerosol

neutralization also suppresses acid-catalyzed heterogeneous bromine reactions thought to

be critical in driving ozone and mercury depletion events in Arctic spring (Fan and Jacob,

1992; Ayers et al., 1999; Fickert et al., 1999; Piot and von Glasow, 2008).

Most of the information on sulfate aerosol in the Arctic has come from surface sites.

Early studies attributed sulfate in the North American Arctic to sulfur dioxide (SO2) sources

in Europe and the Soviet Union based on metal tracers (Rahn, 1981b; Raatz and Shaw,

1984; Lowenthal and Rahn, 1985). More recently, Quinn et al. (2009) used the same

methodology with data from Barrow, Alaska to show that despite large decreases in emis-

sions and a decreasing trend in sulfate concentrations, the attribution of sulfate sources has

not changed over the past 30 years. In contrast, data from Alert, Canada suggest a growing

relative contribution from North America as the influence from Eurasian sources has de-

creased (Gong et al., 2010; Hirdman et al., 2010a). Eurasian emissions are still thought to

dominate sulfate concentrations at both Barrow and Alert (Hirdman et al., 2010a; Hirdman

et al., 2010b).

Because the highly stable Arctic boundary layer is decoupled from the free troposphere

in winter-spring, measurements at the surface are not representative of the tropospheric

column. The sources of sulfate in the Arctic free troposphere are not as well understood as

the sources at the surface, and source contributions may vary greatly with altitude (Shindell
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et al., 2008). Back-trajectory analyses of 1983-1992 aircraft data from the Arctic Gas and

Aerosol Sampling Program (AGASP) implied dominant sulfate sources in both the bound-

ary layer and the free troposphere from Europe and the former Soviet Union (Sheridan and

Musselman, 1985; Herbert et al., 1989; Parungo et al., 1993). More recent aircraft mea-

surements and model analyses from the Tropospheric Ozone Production about the Spring

Equinox (TOPSE) campaign in February-May 2000 suggested dominant sulfate sources

from Europe in the boundary layer and from North America in the mid-troposphere (Klo-

necki et al., 2003; Scheuer et al., 2003).

A number of CTM studies have investigated the sources of sulfate in the Arctic, with

varying results. Simulations for the late 1980s and early 1990s showed a major contribu-

tion to Arctic sulfate from the Norilsk industrial site in Siberia. Christensen (1997) found

Norilsk to be responsible for 30% of low-altitude sulfate in the Arctic in all seasons, with

the remainder from western Europe and Russia. At higher altitudes, Russian and European

sources were found to dominate (Christensen, 1997; Tarrasn and Iversen, 1998). More re-

cent work has recognized the growing importance of East Asian emissions, especially in

the free troposphere (Koch and Hansen, 2005; Shindell et al., 2008; Huang et al., 2010).

While most models agree that Arctic sulfate can be attributed to a mix of anthropogenic

sources from Europe, Russia, North America, and East Asia, they disagree considerably

both on the relative importance of these sources and on the absolute concentrations of sul-

fate in the Arctic atmosphere. A recent multi-model sulfate intercomparison by Shindell et

al. (2008) showed concentrations varying between models by a factor of 1000 in the Arctic



Chapter 3 - Sources, distribution, and acidity of sulfate–ammonium aerosol in the Arctic
in winter–spring 64

free troposphere, with none of the models able to successfully reproduce observed surface

sulfate concentrations or seasonality.

Little attention has been paid so far to the factors determining the neutralization of

acidic sulfate aerosol by ammonia in the Arctic. Combined observations of aerosol sulfate

and ammonium, providing a diagnostic of sulfate neutralization, are available from a few

Arctic surface sites. Ammonium concentrations also peak in winter-spring but the seasonal

amplitude is less than for sulfate, resulting in peak aerosol acidity in winter (Toom-Sauntry

and Barrie, 2002). While northern hemispheric NH3 emissions are estimated to have in-

creased by 20% over the last decade due to agricultural activity (Galloway et al., 2008;

Clarisse et al., 2009), data from Barrow show decreasing Arctic ammonium concentrations

over the last decade (Quinn et al., 2009). Concurrent decreases in sulfate are proceeding

more slowly, resulting in increasing aerosol acidity at Barrow (Quinn et al., 2009). Data

at Alert also show a long-term decline in ammonium, but proceeding less rapidly than for

sulfate, leading to more neutralized aerosol (Hole et al., 2009). The differences between

Barrow and Alert point to different source influences affecting different regions of the Arc-

tic in a time-dependent way.

Data from the April 2008 ARCTAS and ARCPAC aircraft campaigns based in Fair-

banks, Alaska (Brock et al., 2010; Jacob et al., 2010) provide unprecedented information

on the vertical distribution of sulfate-ammonium aerosols through the depth of the tropo-

sphere in the North American Arctic. Both aircraft included extensive chemical payloads.

We use here the GEOS-Chem CTM in combination with the aircraft data and seasonal
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observations from surface sites to probe the sources of sulfate-ammonium aerosols in the

Arctic in winter-spring and the implications for aerosol acidity. Other studies have applied

GEOS-Chem to interpretation of ARCTAS/ARCPAC observations of CO (Fisher et al.,

2010), carbonaceous aerosols (Q. Wang et al., 2011), HOx radicals (Mao et al., 2010), and

mercury (Holmes et al., 2010).

3.2 GEOS-Chem Simulation

We use the GEOS-Chem CTM version 8-02-03 (http://geos-chem.org) to simulate coupled

aerosol-oxidant chemistry on the global scale. The model is driven by GEOS-5 assimilated

meteorological data from the NASA Goddard Earth Observing System (GEOS) with 6-hour

temporal resolution, 47 vertical levels, and 0.5◦×0.667◦ horizontal resolution, regridded

to 2◦×2.5◦ for input to GEOS-Chem. We initialize the model with a one-year spin-up

followed by simulation of January-May 2008.

The GEOS-Chem coupled aerosol-oxidant simulation was originally described by Park

et al. (2004), but the present version includes a number of updates. NH3 and SO2 emissions

for the simulation period are compiled in Table 3.1 and shown in Fig. 3.1. Direct emission

of anthropogenic sulfate is included as a small fraction of anthropogenic SO2 (Chin et al.,

2000) and is not included in Table 3.1. Open biomass burning emissions are from the Fire

Location and Monitoring of Burning Emissions (FLAMBE) inventory (Reid et al., 2009),

injected into the local planetary boundary layer, with SO2 and NH3 emissions scaled to

carbon emissions using emission factors from Andreae and Merlet (2001). Unusually large

http://geos-chem.org
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Russian wildfires affected the North American Arctic during ARCTAS/ARCPAC (Warneke

et al., 2009). Fisher et al. (2010) found that the FLAMBE emissions for CO needed to be

reduced by 47% for Russia and 55% for Southeast Asia to match the aircraft observations

and we apply the same corrections here for SO2 and NH3. We also include SO2 emission

from both eruptive and non-eruptive (continuous degassing) volcanism. In winter-spring

2008, sustained eruptive activity was recorded at Karymsky and Shiveluch in Kamchatka

and Cleveland in the Aleutian Islands. Non-eruptive activity was common throughout our

simulation period at a number of volcanoes in Iceland, Kamchatka, and the Aleutian Is-

lands.

(a) SO2

(b) NH3

kg S or N km-2
100 200 500 10000 10 20 50

Figure 3.1: January-May 2008 GEOS-Chem emissions of (a) SO2 (kg S km−2) and (b) NH3 (kg N
km−2), averaged over the 2◦x2.5◦ model grid. Regional totals are given in Table 3.1.
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Table 3.1: Global SO2 and NH3 emissions for 2008.a

Source SO2, Tg S NH3, Tg N
Anthropogenicb 64 (27) 39 (15)
Continguous U.S. and Canada (south of 60◦N) 8.0 (3.3)c,d 2.6 (0.82)d

Europe (south of 60◦N) 6.9 (3.2)e 5.2 (2.3)e

West Asia and Siberia (south of 60◦N) 3.3 (1.4) 1.2 (0.30)
East Asia 23 (9.7)f 21 (7.4)g

North American Arctic (60-90◦N, 180-37.5◦W) 0.016 (0.0067)d 0.0015 (0.0006)d

Eurasian Arctic (60-90◦N, 37.5◦W-180◦E) 0.58 (0.25)e 0.14 (0.049)e

Rest of world 13 (5.3) 8.5 (3.8)
Ships 8.5 (3.5)h –
Aircraft 0.070 (0.028)i –

Open biomass burningj 2.0 (0.56)k 9.5 (2.3)k

Natural sources 31 (13) 14.3 (5.9)
Oxidation of biogenic dimethyl sulfide (DMS) 18 (8.1)l –
Volcanism 13 (5.1)m –
Ocean, soil, crop decomposition, wild animals – 14.3 (5.9)n

TOTAL 97 (41) 62 (23)
a Annual totals for 2008 used in GEOS-Chem. Totals for January-May are given in parentheses.
b Including fuel and industrial emissions of SO2 and agricultural and fuel emissions of NH3. Fuel emissions are

mostly from coal for SO2 and from biomass (biofuel) for NH3. Default anthropogenic emission inventories
are EDGAR 3.2 for SO2 in 2000 (Olivier et al., 1999) and the Bouwman et al. (1997) implementation of the
Global Emissions Inventory Activity (GEIA) for NH3 in 1990 with seasonality from Park et al. (2004). These
inventories are overwritten for specific regions as indicated in footnotes. See Fig. 3.3a for region definitions.

c U.S. anthropogenic SO2 emissions are from the US Environmental Protection Agency National Emission
Inventory for 1999 (EPA-NEI99, http://www.epa.gov/ttnchie1/net/1999inventory.html).

d Canadian anthropogenic emissions are from the Criteria Air Contaminants (CAC) inventory for 2005 (Envi-
ronment Canada, http://www.ec.gc.ca/pdb/cac/cac home e.cfm).

e European anthropogenic emissions are from the Cooperative Programme for Monitoring and Evaluation of
the Long-range Transmission of Air Pollutants in Europe (EMEP) inventory for 2005 (Vestreng and Klein,
2002). These are also used for the European Arctic, while EDGAR 3.2 is used for the Asian Arctic in the
absence of better information.

f Asian SO2 emissions are from the NASA INTEX-B inventory for 2006 (Zhang et al., 2009) with seasonality
based on monthly NOx emissions (Zhang et al., 2007b).

g East Asian annual NH3 emissions are from Streets et al. (2003) with superimposed relative seasonal variation
based on the length of the growing season for fertilizer use and on temperature and wind speed for everything
else (L. Bouwman, personal communication).

h Ship emissions of SO2 are based on EDGAR 2000 (Eyring et al., 2005a; Eyring et al., 2005b), overwritten
over Europe by the EMEP inventory.

i Aircraft emissions of SO2 are based on mean fuel consumption from the NASA Atmospheric Effects of
Aviation Project (Baughcum et al., 1996) as described by Chin et al. (2000).

j Excluding biofuel, which is included in the anthropogenic source.
k Biomass burning emissions are from the FLAMBE inventory (Reid et al., 2009) corrected by Fisher et al.

(2010), and are computed as described in the text.
l The source from DMS oxidation is as described by Park et al. (2004).
m Volcanic SO2 emissions are from the AEROCOM inventory (Diehl, 2009). Emissions from continuous (non-

eruptive) volcanic degassing are injected at the altitude of the volcanic crater. Eruptive emissions are emitted
evenly over the top third of the volcanic plume, as described by Chin et al. (2000).

n Natural NH3 emissions (ocean, soil, crop decomposition, and wild animals) are from Bouwman et al. (1997).

http://www.epa.gov/ttnchie1/net/1999inventory.html
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm
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Emitted SO2 is oxidized to sulfate by the hydroxyl radical (OH) in the gas phase

and by ozone (O3) and hydrogen peroxide (H2O2) in the aqueous phase at temperatures

above 258 K. Unlike in previous versions of the model (Park et al., 2004; Alexander et

al., 2009), cloud volume fraction (used to determine where aqueous SO2 chemistry oc-

curs) and cloud liquid water content (used to compute the aqueous SO2 chemistry reaction

rates) are now taken directly from the GEOS-5 assimilated meteorological fields for each

gridbox. Ammonia and nitric acid are partitioned between the gas and the sulfate-nitrate-

ammonium aerosol phases using the ISORROPIA II thermodynamic equilibrium model

(Fountoukis and Nenes, 2007). Nitrate was usually negligible compared to sulfate in ARC-

TAS/ARCPAC, both in the observations and the model, owing to the general acidic nature

of the aerosol. We discuss the nitrate data briefly in Section 3.6.

Aerosol is removed by dry and wet deposition. Dry deposition in GEOS-Chem fol-

lows a resistance-in-series scheme (Wesely, 1989) originally described by Y. Wang et al.

(1998). Over snow and ice surfaces, we impose an aerosol dry deposition velocity of 0.03

cm s−1 based on eddy-covariance flux measurements by Nilsson and Rannik (2001) and

consistent with earlier estimates (Ibrahim et al., 1983; Duan et al., 1988). Wet deposition

in the model is based on the scheme described by Liu et al. (2001) with improved rep-

resentation of scavenging by ice clouds and snow as described by Q. Wang et al. (2011).

We assume 100% sulfate and ammonium incorporation into liquid cloud droplets and rime

ice for warm and mixed-phase clouds (T>258 K) and no incorporation into ice crystals

for cold clouds (T<258 K). We also use a higher below-cloud scavenging efficiency for
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snow than for rain (Murakami et al., 1983). Gaseous NH3 in the model is efficiently scav-

enged by liquid precipitation but has a retention efficiency of only 0.05 upon riming (which

drives precipitation in mixed-phase clouds) and is not scavenged at all in cold clouds (J.

Wang et al., 2008a). A sensitivity study assuming complete scavenging of gaseous NH3 in

cold and mixed-phase clouds showed no significant difference in the Arctic relative to the

standard simulation because most of the total NHX (≡ NH3+ NH+
4 ) in the Arctic is present

as ammonium.

3.3 Testing emission inventories with wet deposition flux
data

SO2 and NH3 emissions in North America, Europe, and East Asia are potential ma-

jor sources of sulfate and ammonium aerosol to the Arctic. The corresponding emission

inventories used in the model can be tested by comparison with wet deposition flux data

over these source continents. Because most of what is emitted is deposited near the source,

wet deposition data provide a better constraint on emission than concentration data. While

there are large uncertainties associated with modeled precipitation (Dentener et al., 2006;

Stephens et al., 2010), we expect the effect of precipitation errors to be small since we

consider monthly mean flux data and continental-scale statistics. We used for this analy-

sis data from the ensemble of sites of the U.S. National Atmospheric Deposition Program

(NADP; National Atmospheric Deposition Program, 2010), the Cooperative Programme

for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Eu-
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rope (EMEP; EMEP/CCC, 2010), and the Acid Deposition Monitoring Network in East

Asia (EANET; http://www.eanet.cc/product/index.html). The EANET network includes a

large number of sites labeled as urban, and these were excluded from the comparison as

potentially non-representative.

Figure 3.2 compares distributions of observed and modeled sulfate and ammonium wet

deposition fluxes in April 2008, along with correlation coefficients (r) and normalized mean

biases (NMB = 100%×[∑i(Mi−Oi/∑i Oi], where Mi and Oi are the modeled and observed

values, respectively, and the summation is over all sites). The GEOS-Chem sulfate simu-

lation shows good agreement with deposition observations over the U.S. (r = 0.72, NMB

= +4.7%), consistent with prior model evaluations for this region (Park et al., 2004; Liao

et al., 2007; Pye et al., 2009; Drury et al., 2010). Ammonium deposition over the U.S.

shows good agreement with NADP observations at low values but a low bias for deposition

greater than 0.5 kg NH+
4 ha−1 (r = 0.73, NMB = -40%). As seen in Fig. 3.2b, this bias is

driven by the agricultural upper Midwest where spring emissions are apparently underesti-

mated. Because transport from North America to the Arctic in spring is mostly from warm

conveyor belts over the U.S. east coast (Stohl, 2006; Fisher et al., 2010), we expects errors

over the upper Midwest to have limited impact on our Arctic simulation. Over Europe,

the model-observation agreement is best at low sulfate values, with model underestimates

of high sulfate concentrations observed at a few sites (r = 0.69, NMB = -14%). Simu-

lated ammonium deposition over Europe agrees well with observations (r = 0.61, NMB

= +1.0%). Wet deposition over East Asia is on average too low in GEOS-Chem for both

http://www.eanet.cc/product/index.html
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sulfate (r = 0.85, NMB = -40%) and ammonium (r = 0.60, NMB = -20%). This bias is

driven by a few sites with extremely high deposition values (2-3 kg NH+
4 ha−1, 4-17 kg

SO2−
4 ha−1), highlighted in white trim in Fig. 3.2. When these sites are removed from the

comparisons the NMB improves to -0.98% (r = 0.71) for sulfate and -6.3% (r = 0.42) for

ammonium. Overall, our SO2 and NH3 emission inventories appear unbiased except for

the NH3 underestimate in the upper Midwest U.S.

In Table 3.2 we diagnose the acidity of emissions originating from each region as the

NH3/SO2 emission ratio and the NH+
4 /SO2−

4 wet deposition flux ratio. Some difference be-

tween these two measures of acidity is expected because of differences in dry deposition,

wet scavenging efficiencies, and source locations for SO2 and NH3. We do not include

NOx emissions and nitrate wet deposition in this analysis nitric acid (unlike sulfuric acid or

bisulfate) generally does not partition into the aerosol unless neutralized by a basic counte-

rion and therefore does not contribute significantly to aerosol acidity. The model emission

ratios in Table 3.2 indicate that emissions in the U.S. lead to highly acidic aerosol, whereas

they promote fully neutralized aerosol in Europe and East Asia, at least on the continental

scale. While SO2 emissions in our inventory are similar in Europe and the U.S., NH3 emis-

sions are much lower in the U.S. (Table 3.1), consistent with recent estimates (Reis et al.,

2009). This difference reflects higher emissions associated with livestock housing, storage,

and grazing in Europe (Beusen et al., 2008).

The differences in emission ratios are reflected in the simulated and observed molar

NH+
4 /SO2−

4 wet deposition ratios for Europe and the U.S. (Table 3.2). Over East Asia, wet
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Figure 3.2: (a) Sulfate and (b) ammonium wet deposition fluxes over North America, Europe, and
East Asia in April 2008. Model results (background) are compared to observations (circles) from the
NADP, EMEP, and EANET networks. Major outliers in the observations (sulfate deposition > 4 kg
ha−1, ammonium deposition > 1.5 kg ha−1) are highlighted in white trim. Correlation coefficients
(r) and normalized mean biases (NMB), computed after removing major outliers, are given inset.
Mean observed pH for each network (computed by averaging the mean precipitation-weighted [H+]
at each site) is also given inset.
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Table 3.2: Sulfate neutralization ratios by source region.a

Regionb Emissionsc Wet deposition (source region)d

ENH3/2ESO2 [NH+
4 ]/(2[SO2−

4 ])
(mol mol−1) (mol mol−1)

Observations Model
East Asia 1.2 0.76 0.87
Europe 1.3 1.4 1.7
North America 0.29 0.76 0.45
West Asia 0.23 – –
a Values are for April 2008.
b Region definitions are given in Fig. 3.3a.
c Ratio of regional emissions as given in Table 3.1, for April only.
d Ratios of mean precipitation-weighted concentrations at the NADP, EMEP, and non-urban EANET sites.

deposition at EANET sites appears moderately acidic in both the observations ([NH+
4 ]/

2[SO2−
4 ] = 0.76) and the model ([NH+

4 ]/2[SO2−
4 ] = 0.87), whereas the continental emis-

sions suggest full neutralization. The EANET sites are not, however, representative of

the East Asian region as a whole, in large part because there are no observational sites

over agricultural regions in India where the NH3/SO2 emission ratio is particularly high

(Figure 3.1). GEOS-Chem deposition fluxes averaged over the whole region show aerosol

deposition to be as neutralized as expected from the emissions. The NH+
4 /SO2−

4 ratios in-

dicate more acidic deposition over North America ([NH+
4 ]/2[SO2−

4 ] = 0.76) than over Eu-

rope ([NH+
4 ]/2[SO2−

4 ] = 1.4). Observed pH shows less regional variation, with average

deposition only marginally more acidic over the U.S. (pH = 4.93) than over Europe (pH

= 5.02). This is due to higher wet deposition fluxes of nitrate (from both aerosol nitrate

and gas-phase nitric acid) over Europe. The wet deposition data also indicate partial neu-

tralization by alkaline dust over all three continents. Aircraft observations from ARCPAC

indicate that dust particles in the Arctic are generally externally mixed with sulfate, with
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sulfate mostly in the fine mode (<0.7 µm) and dust mostly in the coarse mode (Brock et al.,

2010). Further, observations of Asian outflow from the INTEX-B aircraft campaign show

the dominant sulfate counterion to be ammonium, not dust (McNaughton et al., 2009; Fair-

lie et al., 2010). We thus expect that mid-latitude dust would not neutralize the acidity of

the submicron sulfate aerosol in the Arctic.

3.4 Simulation and source attribution of Arctic sulfate
3.4.1 Aircraft data

The NASA ARCTAS campaign (1-19 April 2008) is described in detail by Jacob et al.

(2010). We use here data collected onboard the DC-8 aircraft that was based in Fairbanks,

Alaska and covered a large swath of the North American Arctic over 74 flight hours. All

concentrations are used for STP conditions (1 atm, 273 K). Speciated aerosol composi-

tion data were obtained with an Aerosol Mass Spectrometer (AMS) (Dunlea et al., 2009)

measuring submicron aerosol mass and with the SAGA instrumentation package (Dibb et

al., 2003) measuring fine aerosol sulfate (<1 µm) using a mist chamber/ion chromatograph

(MC/IC) and bulk sulfate, ammonium, nitrate, calcium, and sodium using filters analyzed

by ion chromatography. Speciated aerosol data were also collected during the NOAA AR-

CPAC campaign (3-23 April 2008) using an AMS onboard the WP-3D aircraft also based

in Fairbanks, Alaska (Brock et al., 2010). Flight tracks for ARCTAS and ARCPAC are

shown in Fig. 3.3b. The ARCPAC flights covered much less area than ARCTAS, spent

more time in the boundary layer, and frequently sampled biomass burning and pollution
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Figure 3.3: (a) Regions used for source attribution of sulfate-ammonium aerosol in the Arctic.
Model sensitivity simulations were conducted with anthropogenic emissions from each of these
regions shut off individually. Additional sensitivity simulations were conducted shutting off global
ship, biomass burning and natural emissions. Also shown are the locations of surface stations used
for model evaluation: Alert (A), Barrow (B), Denali (D), and Zeppelin (Z). (b) Flight tracks for
ARCTAS (brown) and ARCPAC (dark blue).

plumes.

For comparison to the aircraft data, the GEOS-Chem simulation is sampled along the

flight track at the times and locations of the aircraft observations, averaging over either the

instrument sampling time or the three-dimensional model grid and time step (Section 3.2),

whichever is coarser. Observations outside the Arctic region (south of 60◦N) and those

from the stratosphere (diagnosed as [O3]/[CO] > 1.25 mol mol−1; Hudman et al., 2008)

are excluded. Data from the first two ARCTAS flights (1 and 4 April 2008) are also ex-

cluded due to apparent problems with the AMS instrument. Fine-structure plumes are not
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well simulated by Eulerian CTMs due to numerical diffusion and displacement (Rastigejev

et al., 2010). We thus exclude strong biomass burning plumes as diagnosed by observed

acetonitrile (CH3CN) in excess of 225 pptv (Heald et al., 2006; Hudman et al., 2007; Hud-

man et al., 2008), amounting to 3% of the ARCTAS data and 10% of the ARCPAC data.

We use a high CH3CN threshold for this purpose in order to avoid removing biomass burn-

ing contributions to background aerosol concentrations, which should be captured by the

CTM. We also exclude observations likely to be contaminated by local pollution in Alaska,

diagnosed as points below 4 km altitude and within 0.5◦ of Fairbanks or the Prudhoe Bay

oil field. This filter excludes 20% of the ARCPAC data and less than 2% of the ARCTAS

data. Finally, we remove one major outlier from each campaign with sulfate in excess of

60 nmol m−3 STP. These two outliers represent singularly large concentrations for which

we have no explanation.

Sulfate in the observations includes a contribution from primary sea salt sulfate (ssSO2−
4 )

that is not included in GEOS-Chem. We subtract this contribution from the SAGA filter ob-

servations by using a [ssSO2−
4 ]/[Na+] mass ratio of 0.252 (Calhoun et al., 1991). Primary

sea salt sulfate estimated in this way accounts for only a small fraction of total bulk sulfate

(1.5±2.9% on average) and peaks in the boundary layer (2.6±3.7% on average below 2

km). No sodium data are available from the AMS measurements, but we assume the sea

salt contribution to be negligible. This assumption is reasonable because sodium sulfate

does not volatilize rapidly at the temperatures used by the AMS instrument and because

these data are only for submicron aerosol while sea salt aerosol is mostly supermicron.
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We compared the three ARCTAS sulfate datasets using reduced major axis regression

(Hirsch and Gilroy, 1984). Submicron sulfate measured by the SAGA MC/IC and by the

AMS show good agreement (r = 0.88, slope = 1.0). SAGA bulk sulfate from the filters

generally agrees well with the submicron measurements (AMS: r = 0.80, slope = 1.1;

SAGA MC/IC: r = 0.77, slope = 1.1), except during flights on 5 and 8 April 2008 when

bulk sulfate concentrations from the SAGA filters were two to three times higher than

measured by the other instruments (AMS: slope = 2.1; SAGA MC/IC: slope = 2.8). A

large contribution from supermicron sulfate aerosol may arise from sulfate uptake on dust

particles (Dibb et al., 2003); however, the data from those two flights were not correlated

with dust tracers. We therefore exclude sulfate observations from these two flights from

comparisons with GEOS-Chem. For all subsequent ARCTAS analysis, we use the SAGA

filter observations due to the similar information content of the SAGA and AMS data.

Figure 3.4a shows scatterplots of modeled versus observed sulfate for ARCTAS and

ARCPAC. The model has some success in reproducing the variability in the ARCTAS data

(r = 0.60), with a mean model overestimate of +5.6% and model underestimates at high

sulfate concentrations. Model representation of variability is much poorer for ARCPAC

(r = 0.28), although the mean bias is again small (-5.4%). The small cluster of model

points with values in excess of 30 nmol m−3 STP reflects a misplaced volcanic plume;

without these points the correlation coefficient increases to r = 0.47. We conducted model

sensitivity simulations to try to understand the poor simulation of variability in ARCPAC

but could not relate it to a specific source or conditions, and could not find corrections that
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would not compromise the simulation of ARCTAS or surface data. The observations do not

appear biased as there was internal consistency between the physical, optical and chemical

measurements made during ARCPAC (Brock et al., 2010). Our best explanation is that the

small sampling domain and time spent in plumes during ARCPAC makes model simulation

of the observed variability difficult, especially at the 2◦x2.5◦ resolution used here. The

ARCTAS data cover a much larger domain and we view them as more representative.

Figure 3.5a shows the mean vertical distributions of observed and modeled sulfate con-

centrations along the aircraft flight tracks. Model values are decomposed into the contri-

butions from individual sources and regions, as diagnosed by a series of sensitivity sim-

ulations with individual sources shut off either globally (ships, biomass burning, natural

sources) or for each region shown in Fig. 3.3a (anthropogenic sources). There is some non-

linearity associated with titration of H2O2 in clouds (Chin and Jacob, 1996), the effects of

which are included in the relatively small “other” term.

We find that there is little mean vertical gradient of sulfate concentrations in either the

observations or the model, and that a diversity of sources contributes to sulfate burdens in

the North American Arctic at all altitudes. Individual source contributions in the model

show much more vertical structure than total sulfate. Below 2 km we find that East Asian,

European, and North American anthropogenic sources have comparable influences, each

contributing 10-20% of modeled sulfate. The North American influence is limited to the

lower troposphere, while European and East Asian contributions are substantial throughout

the column. Above 2 km, East Asian emissions are dominant, although still accounting for



Chapter 3 - Sources, distribution, and acidity of sulfate–ammonium aerosol in the Arctic
in winter–spring 79

0

2

4

6

8

10 km 

(a) Sulfate (b) Ammonium

r = 0.43
NMB = -19%

r = 0.64
NMB = -4.8%

r = 0.60
NMB = +5.6%

r = 0.28
NMB = -5.4%

ARCTAS

ARCPAC

0

20

40

0

20

40

60

0

20

40

0

20

40

60

0 20 40 60 0 20 40 60
Observed SO4

2- (nmol m-3 STP) Observed NH4
+ (nmol m-3 STP)

G
EO

S-
C

he
m

 S
O

42-
 (n

m
ol

 m
-3

 S
TP

)

G
EO

S-
C

he
m

 N
H

4+  (n
m

ol
 m

-3
 S

TP
)

ARCTAS

ARCPAC

1:1
Best fit

Figure 3.4: Comparison of modeled and observed (a) sulfate and (b) ammonium during ARCTAS
(top) and ARCPAC (bottom), colored by altitude. Biomass burning plumes, stratospheric air, local
pollution, observations south of 60◦N, and major outliers have been removed from the compar-
isons as described in the text. All concentrations are reported in nmol m−3 at standard temperature
and pressure (STP). Also shown are the 1:1 lines (dashed) and reduced-major-axis regression lines
(solid). Correlation coefficients (r) and normalized mean biases (NMB) are given inset. There are
many more comparison points for ARCPAC than ARCTAS, despite fewer flight hours and smaller
sampling domain, because of the long integration time (4-24 minutes) of the SAGA filters on the
ARCTAS aircraft.

less than half of the mean total sulfate burden.

Natural sources also make substantial contributions to total sulfate. Volcanic sources

account for 12-24% of the modeled sulfate at all altitudes, with peak contribution in the

mid-troposphere. The volcanic influence arises primarily from the Aleutian Islands and
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Kamchatka, where non-eruptive volcanism is active throughout our simulation period. The

volcanic source is discharged directly in the free troposphere and is thus less affected by

deposition than surface sources (Chin and Jacob, 1996). Dimethyl sulfide (DMS) oxidation

is a major source in the lower troposphere, responsible for up to 25% of sulfate below 2

km in the aircraft flight domain during ARCTAS and ARCPAC. We find little contribution

(≤2%) from open burning to sulfate along the aircraft flight tracks. Recent analyses show

sulfate enhancements of up to 30% in biomass burning plumes encountered during both

ARCPAC (Warneke et al., 2010) and ARCTAS (Kondo et al., 2011), suggesting that SO2

emissions from fires in Russia may be larger than assumed in current inventories. Even

with increased fire emissions, however, the global SO2 source would still be dominated

by anthropogenic emissions, and the impact of burning on Arctic sulfate would be small.

Furthermore, because Asian anthropogenic emissions and Russian fire emissions follow

similar pathways of uplift and transport (Fisher et al., 2010), mixing of anthropogenic

sulfate with biomass burning plumes en route to the Arctic is likely and may explain the

high observed sulfate concentrations in these plumes.

Roughly 10% of the model sulfate along the flight tracks originates from emissions in

West Asia and Southern Siberia (hereafter abbreviated as “West Asia” as most of the emis-

sions are in that part of the region, see Fig. 3.1). The region includes major industrial areas

and oil fields in southwestern Russia and Kazakhstan and represents a sizable source of

SO2 that has likely been growing in recent years based on energy and economic indicators

(Grammelis et al., 2006; IEA Statistics, 2009). Emissions from this source are subject to
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Figure 3.5: Mean vertical distributions of (a) sulfate and (b) ammonium during ARCTAS (top)
and ARCPAC (bottom). Dark gray bars show mean observed concentrations, and colored bars
show mean model results. Modeled concentrations are decomposed into contributions from various
sources as indicated in the legend. Biomass burning refers to open biomass burning; biofuel is in-
cluded in the anthropogenic source. The “other” anthropogenic term also includes minor non-linear
effects in source attribution (see text). Biomass burning plumes, stratospheric air, local pollution,
observations south of 60◦N, and major outliers have been removed from the data as described in the
text.

rapid and direct transport to the Arctic around the Siberian high pressure system (Raatz

and Shaw, 1984), still active in April during the ARCTAS/ARCPAC period (Fuelberg et

al., 2010).

Recent studies have suggested a large influence on Arctic sulfate from smelters at No-
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rilsk and the Kola Peninsula (Yamagata et al., 2009; Hirdman et al., 2010a; Hirdman et

al., 2010b) on the basis of backward trajectories and Lagrangian particle dispersion simu-

lations. In our simulation, these sources (included in our European Arctic region) provide

negligible contributions at all altitudes to observed sulfate over the North American Arc-

tic. Indeed, they contribute less than 10% to mean concentrations over the High Arctic

(>75◦N), even in surface air in winter. This result is not inherently inconsistent with the

back trajectory calculations − the sampled air masses may have encountered emissions

from West Asia prior to the 5-day period covered by the back trajectories. Nor does it

reflect a major discrepancy with the Lagrangian simulations − examination of the statisti-

cal source maps developed by Hirdman et al. (2010a) reveals a hot-spot of sensitivity in

West Asia that is larger than the sensitivity at Norilsk in winter and spring. Further, our

finding of limited influence from Norilsk agrees with analyses from the 1980s showing on

the basis of trace element signatures that the Norilsk source had no discernible impact on

sulfate at Barrow (Rahn et al., 1983). Since that time, emissions from Norilsk have shown

only modest growth, and those from the Kola peninsula have decreased (Boyd et al., 2009;

Prank et al., 2010). More recent evidence of limited impact from northern Russian sources

comes from a statistical analysis of Arctic snow samples by Hegg et al. (2010) showing

that a pollution source associated with high metal loadings characteristic of smelters was
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responsible for less than 20% of observed sulfur.

3.4.2 Surface data

Surface aerosol data provide a seasonal context for the ARCTAS and ARCPAC results.

Figure 3.6a shows monthly mean January-May sulfate concentrations at four surface sites:

Alert, Zeppelin, Barrow, and Denali (locations shown in Fig. 3.3a). Observations for both

2008 (thin line) and the 2004-2008 five-year mean (thick line) are shown; the 2008 data are

generally representative of the five-year record. Other Alaskan sites from the IMPROVE

network (Malm et al., 1994) are not shown as they are located near Denali and have simi-

lar concentrations. Sampling frequency varies by site. At Alert and Zeppelin, sampling is

continuous with filters changed daily (Zeppelin) or weekly (Alert). At Denali, 24-hr filter

samples are collected every three days. Sampling times at Barrow vary by time of year, with

24-hr samples in winter when aerosol concentrations are highest. The Barrow data are sub-

ject to large data gaps due to both occasional equipment malfunction and sector-controlled

sampling that prevents collection of aerosol contaminated by sources in the town of Barrow.

These data gaps, often of a week or more, may introduce biases in the monthly means. In

2008, 24-hr filter samples were collected for 6 days in January, 7 in February, 15 in March,

5 in April, and 18 in May. Also shown in Fig. 3.6a are modeled sulfate concentrations

at each site, decomposed into contributions from various sources. For comparison to the

surface data, GEOS-Chem is sampled in the lowest model level of the grid box containing

the site. Modeled monthly means are calculated based on averages over all days in each

month (not just days with valid samples).
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Figure 3.6: January-May monthly mean (a) sulfate and (b) ammonium concentrations observed and
modeled at Arctic surface sites. No ammonium data are available at Denali or other IMPROVE
sites. The thick black lines show the observed 2004-2008 monthly means and interannual standard
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NOAA Pacific Marine Environmental Laboratory (http://saga.pmel.noaa.gov/data/); Denali - the
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http://ebas.nilu.no
http://saga.pmel.noaa.gov/data/
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We find that the surface data in April 2008 are consistent across sites (except for Bar-

row) and with the aircraft data, with mean concentrations of 10-14 nmol m−3 STP. Relative

to the 2004-2008 mean, Barrow was lower than average in April 2008 (in contrast to the

other sites), which could reflect either a sampling bias or the influence of sector-controlled

sample collection. GEOS-Chem has moderate but non-systematic biases relative to April

2008 observations at all sites and is close to or within the interannual variability of the

April means. Model source attribution in April is similar to that in the low-altitude aircraft

data, with large contributions from East Asia, DMS oxidation, and volcanism. Local Arctic

sources such as Prudhoe Bay, Norilsk, and the Kola Peninsula are important at Barrow and

Zeppelin, but their influence does not extend to other sites or to the aircraft flight domain.

Observations at the High Arctic sites (Alert, Zeppelin, Barrow) show only weak sea-

sonal variation from winter to spring, whereas Denali is distinctly lower in winter. We find

in the model that the West Asian source is a major contributor to winter sulfate burdens at

the High Arctic sites (30-45%), in agreement with back trajectories for black carbon at Alert

and Barrow (Sharma et al., 2006). This source is much less important at Denali, which is

generally south of the Arctic front (Barrie and Hoff, 1984). Over Eurasia, the Arctic front

in winter often extends as far south as 40N (Barrie and Hoff, 1984; Stohl, 2006), thus en-

compassing the sources in the West Asian region. Isentropic transport from these sources

to other regions within the Arctic front is enhanced by blocking anticyclones associated

with the climatological Siberian high pressure system (Raatz and Shaw, 1984; Iversen and

Joranger, 1985) and by limited precipitation (Barrie, 1986), while mixing across the Arc-
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tic front to areas further south is limited. Southward transport toward Denali is further

inhibited by the Brooks Range (Quinn et al., 2002).

We find that West Asian sources are far more important than Arctic sources in con-

tributing to sulfate concentrations at the Arctic sites in winter. This is because the lower

latitudes of the West Asian emissions enables the SO2 emitted there to be oxidized to sul-

fate even in winter. By contrast, oxidation of SO2 emitted from Arctic sources (such as

Norilsk and Prudhoe Bay) is restricted by darkness and cold clouds, and we find that most

of that SO2 is deposited rather than oxidized within the Arctic. Heterogeneous SO2 oxida-

tion mechanisms not included in our model could possibly cause a greater influence from

Arctic sources (Alexander et al., 2009), although wintertime sulfate would then be overesti-

mated at Zeppelin and Barrow (not at Alert). The other component of our source attribution

reflects in part the nonlinearity of the SO2-sulfate system under oxidant-limited conditions,

as discussed above, and is largest in winter when oxidant limitation is most severe. This

could also cause some underestimate of our Arctic source contribution.

All four sites in the model indicate a sharp seasonal transition in source influence from

winter to spring, even though changes in total sulfate concentrations are relatively small. In

April, the impact of West Asian emissions decreases dramatically at the High Arctic sites

while the contributions from East Asia, North America, local Arctic sources, volcanism,

and DMS oxidation grow. This transition reflects several processes associated with the

end of polar night, including the dissipation of the Siberian High (Raatz and Shaw, 1984),

the increase in local oxidant levels, the increase in biogenic DMS emissions (Quinn et al.,
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2007), and the increasing frequency of warm conveyor belt transport of pollution from East

Asia to the Arctic (Liu et al., 2003). Without the West Asian source of SO2, we find in the

model that sulfate concentrations in the High Arctic would be much lower in winter than

in spring.

3.4.3 Budget for the High Arctic

We used GEOS-Chem to construct a circumpolar budget of sulfate in the High Arctic (75-

90◦N), as shown in Fig. 3.7. Mean concentrations in April are up to 40% lower than

along the aircraft flight tracks, reflecting both the greater remoteness and the targeting of

plumes by the aircraft. Relative contributions from different sources are similar, although

the European contribution is somewhat larger in the High Arctic while the North American

contribution is smaller. The contribution from sources in the European Arctic (mainly

Norilsk and the Kola Peninsula) is also somewhat larger although still very small, especially

in the free troposphere.

In winter, sulfate sources in the High Arctic are more stratified than in spring (Fig. 3.7),

reflecting the lack of vertical mixing. Consistent with our simulation of the surface sites, the

low-altitude winter sulfate budget is dominated by West Asian emissions (32%) followed

by European emissions (17%). No other source contributes more than 10%. Concentrations

in the free troposphere are much lower than in the boundary layer due to limited poleward

transport from sources south of the Arctic front in winter. In particular, prevailing transport

from East Asia in winter is to the south (winter monsoon) rather than to the north (Liu et
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al., 2003). Above 5 km, the only substantive contributions to Arctic sulfate are from East

Asia (31%), volcanism (20%), and DMS oxidation (15%).

Our sulfate source attribution in spring disagrees with the multi-model ensemble anal-

ysis of Shindell et al. (2008), which examined the relative sensitivity of Arctic sulfate

to sources from North America, Europe, East Asia, and Southeast Asia (but did not con-

sider West Asia). Rather than quantify the absolute burdens associated with each source

as we have done here, the authors calculated the decrease in Arctic sulfate associated with

a 20% decrease in emissions from each source region. While both approaches are valid,

the difference in methodology means that our results can be compared qualitatively but not

quantitatively. In contrast to our finding of similar contributions to Arctic surface sulfate
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from Europe and East Asia, their mean contribution from Europe was more than three times

that from East Asia (although with a large spread between models; Shindell et al., 2008).

This is because our European SO2 emissions (7 Tg S a−1 for 2005) are much lower than

those used in the Shindell et al. (2008) models (8-25 Tg S a−1 for 2001, with a multi-model

mean of 18 Tg S a−1). Smith et al. (2010) show a reduction of only 15-20% in European

SO2 emissions from 2000 to 2005, so that cannot explain the difference. Substantially

higher European SO2 emissions in our simulation would cause an overestimate of sulfate

wet deposition in Europe (Section 3.3) larger than the ∼30% attributable to differences in

wet removal mechanisms between models (Dentener et al., 2006).

3.5 Simulation and source attribution of Arctic ammonium
3.5.1 Aircraft data

Ammonium was measured during ARCTAS by both the AMS and the SAGA filters.

Comparison of these two datasets shows a persistent bias. The two are well correlated (r

= 0.91), but the AMS ammonium is consistently lower than the SAGA ammonium, with a

normalized mean difference of -31%. Conversion of gas-phase NH3 by acidic aerosols on

the filters (especially between sampling and analysis) may explain some of the AMS/SAGA

discrepancy. We use the SAGA observations in what follows as they agree better with the

concentrations observed during ARCPAC, although some difference might be expected due

to location differences between the two aircraft. Using the AMS observations instead of

SAGA would decrease observed ARCTAS ammonium concentrations by 30% relative to
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the values reported here but would not otherwise affect our conclusions. As for sulfate

(Section 3.4.1), the data have been filtered to exclude stratospheric observations, biomass

burning plumes, local pollution, and major outliers. For ammonium, outliers (defined by

[NH+
4 ] > 60 nmol m−3 STP) include three data points during ARCTAS and six during

ARCPAC. We attribute model ammonium to individual sources by conducting sensitivity

simulations where we shut off NH3 emissions from each source while leaving SO2 emis-

sions unchanged to prevent nonlinearities associated with sulfate availability.

Figures 3.4b and 3.5b show that GEOS-Chem reproduces both the mean vertical struc-

ture and much of the variability of ammonium in the ARCTAS observations (r = 0.64,

NMB = -4.8%). Simulation of ammonium during ARCPAC indicates substantial model

underestimates, especially below 5 km, as previously found for sulfate (Section 3.4.1),

with r = 0.43 and NMB = -19%. As for sulfate, we cannot resolve the discrepancy between

GEOS-Chem and ARCPAC in a manner consistent with the other data sets, and we view

the ARCTAS data as more representative of the North American Arctic.

Vertical distributions shown in Fig. 3.5b indicate peak ammonium concentrations in the

mid-troposphere and depletion in the boundary layer, with a larger vertical gradient than

for sulfate. Because the aerosol was in general acidic (Section 3.6), ammonium can be

regarded as representing total ammonia; gaseous ammonia was not measured on the air-

craft but should be negligible based on thermodynamics (Seinfeld and Pandis, 2006). The

source influences for ammonium are less complex than for sulfate, with more than 80% of

Arctic ammonium originating from three sources: East Asian anthropogenic, European an-
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thropogenic, and open biomass burning. The anthropogenic source is mainly from agricul-

ture. East Asia is the largest source, accounting for 35-45% of modeled ammonium. Open

biomass burning is responsible for 20-25%, which reflects the unusually intense Russian

fire activity in April 2008 (Warneke et al., 2009; Fisher et al., 2010; Warneke et al., 2010).

Below 2 km, the North American anthropogenic and the natural contribution become com-

parable to the East Asian and European influences, similarly to sulfate. The larger gradient

between the boundary layer and the free troposphere for ammonium reflects the greater

relative contributions of East Asian and biomass burning sources, which are mainly trans-

ported to the Arctic in the free troposphere following lifting by warm conveyor belts (Stohl,

2006; Fisher et al., 2010).

3.5.2 Surface data

Ammonium data from surface sites (Fig. 3.6b) provide seasonal context for the aircraft

data. There is a tendency for higher values in spring than winter but interannual variability

is large. The model tends to overestimate observations in winter and this appears driven

by the natural source. The GEIA natural NH3 source used in GEOS-Chem, originally

described by Bouwman et al. (1997), includes both oceanic and continental (soil and crop

decomposition) emissions. The continental source is dominant at mid-latitudes but there

is a non-negligible ocean source in the Arctic including in particular wintertime emission

from some areas normally covered by sea ice. It appears likely that the GEIA inventory

overestimates oceanic NH3 emissions in the Arctic in winter and that this is the cause for

the model ammonium overestimates at Barrow and Zeppelin.
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We find in the model that anthropogenic sources in Europe and West Asia each con-

tribute 20-30% of winter ammonium at Arctic surface sites, even though Europe is a much

larger source of NH3 than West Asia (Fig. 3.1b, Table 3.1). This is because West Asian air

masses are more readily transported to the Arctic around the Siberian High, as discussed

previously for sulfate. In addition, a greater fraction of NH3 emitted from Europe remains

as gaseous NH3 because of the high NH3/SO2 emission ratio (Table 3.2) and is therefore

effectively dry deposited (unlike the aerosol ammonium component) during transport to the

Arctic.

The winter-spring transition in ammonium source contributions in the model is similar

to that for sulfate. Dissipation of the polar front increases the influence from East Asia and

suppresses the influence from West Asia. For ammonium, the transition is amplified by

increased springtime agricultural emissions and biomass burning, whereas in the case of

sulfate it was amplified by increased oxidant availability and oceanic biological activity.

3.5.3 Budget for the High Arctic

Our model budget for ammonium in the High Arctic in April 2008 (Fig. 3.7b) shows source

contributions consistent with those derived from the aircraft campaigns. East Asian and Eu-

ropean anthropogenic emissions contribute similarly at all altitudes, with additional con-

tributions from biomass burning and natural sources. The European influence peaks in the

Eurasian sector of the Arctic beyond the flight domain of the ARCTAS and ARCPAC air-

craft, explaining the larger contribution from European emissions to ammonium in the High
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Arctic (25-35%) than during the aircraft campaigns (15-20%). The spatial heterogeneity of

the European influence in spring was also seen in simulation of the surface sites (Fig. 3.6),

which showed more European ammonium at Zeppelin (25%) than Barrow (10%). There is

less variation in the East Asian influence, which peaks in the free troposphere for both the

aircraft campaigns and the High Arctic domain.

As for sulfate, ammonium is more stratified in winter than spring, with concentrations

more than two times higher below 2 km than above. Consistent with simulation of the

surface sites, the low-altitude winter ammonium budget reflects dominant contributions

from European, West Asian, and natural sources, although the ocean component of the

natural source is probably too high as previously discussed. At 2-5 km the ammonium

concentrations represent a diverse mix of sources, while above 5 km East Asia is the single

most important source.

3.6 Acidity of the Arctic aerosol
3.6.1 Aircraft data

The aerosol observed during the April 2008 aircraft campaigns ranged from highly

acidic to fully neutralized. Figure 3.8a shows the observed aerosol acidity as defined by

the relationship of 2[SO2−
4 ]+[NO−3 ] versus [NH+

4 ] (Zhang et al., 2007a). We define the

mean neutralized fraction as f = [NH+
4 ]/(2[SO2−

4 ]+[NO−3 ]) with all concentrations in mo-

lar units. We include nitrate for anion closure, but observed nitrate concentrations were

generally very small relative to sulfate, with median (interquartile) values of 2.0 (1.2-3.3)
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nmol m−3 STP during ARCTAS and 0.9 (0.2-2.7) nmol m−3 STP during ARCPAC. Even

when sulfate was neutralized (f > 0.9), nitrate contributed on average only 15% of the total

anion concentration. Thus f = 1 implies a (NH4)2SO4 sulfate aerosol (solid or aqueous),

while f = 0.5 implies a NH4HSO4 sulfate aerosol in the bulk. Observations with f > 1

(excess aerosol ammonium) cannot be reconciled with sulfate-nitrate-ammonium aerosol

thermodynamics, but are possible due to the neutralization of organic acids with ammonia

(e.g., Dinar et al., 2008; Mensah et al., 2011). These data are also within the precision

of the ARCPAC AMS measurement (±35%). These values were mainly associated with

biomass burning plumes (identified on the basis of acetonitrile concentrations), where sul-

fate should be fully neutralized because of the large NH3 source and where large organic

aerosol concentrations and organic acid aerosol markers could result in some additional

uptake of ammonium.

We see from Figure 3.8a that the aerosol was most acidic below 2 km, with median neu-

tralized fraction in the observations of f = 0.53 for ARCTAS and f = 0.50 for ARCPAC. We

find no mean vertical gradient in aerosol acidity above 2 km and thus lump those points to-

gether in Figure 3.8. The aerosol above 2 km was still predominantly acidic, with median

observed neutralized fractions of f = 0.69 for ARCTAS and f = 0.65 for ARCPAC. The

vertical gradient in acidity is due to large free tropospheric sources of NH3 from East Asia

and biomass burning, as discussed in Section 3.5. Figure 3.8b shows that GEOS-Chem

provides a good simulation of the aerosol acidity along the flight tracks, although it slightly

underestimates the median neutralized fractions both below 2 km (ARCTAS: f = 0.45, AR-
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Figure 3.8: Scatterplots of (a) observed and (b) modeled acid aerosol neutralization during ARCTAS
and ARCPAC, as given by the 2[SO2−

4 ]+[NO−3 ] vs. [NH+
4 ] relationship. Dashed lines indicate the

degree of aerosol neutralization, with fully neutralized aerosols falling along the f = 1 line.

CPAC: f = 0.40) and above (ARCTAS: f = 0.60, ARCPAC: f = 0.66). The underestimates

are largest near the surface, where GEOS-Chem does not simulate the neutralized popula-

tion observed during ARCPAC, consistent with the low-altitude sulfate overestimates and

ammonium underestimates seen in April in the aircraft and surface data (Figs. 3.5, 3.6).

Observations with f > 1 cannot be predicted by the model.

We used the GEOS-Chem sensitivity simulations with suppressed SO2 and NH3 emis-

sions from individual source regions to interpret the aerosol acidity observed during ARC-

TAS and ARCPAC. The simulated aerosol neutralization signatures from the four major an-

thropogenic source regions (East Asia, Europe, West Asia, and North America) are shown

in Fig. 3.9 as scatter plots of the reductions in sulfate and ammonium along the aircraft
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trajectories that arise from suppressing each source in the model. Aerosol from North

America and West Asia is more acidic than aerosol from East Asia and Europe due to

lower NH3/SO2 emission ratios (Table 3.2). Averaged over both campaigns, neutralized

fractions in the model are f = 0.99, 0.75, 0.51, and 0.41 for the aerosol originating from

East Asia, Europe, West Asia, and North America, respectively. The aerosol acidity source

attribution in the model helps to explain the observed vertical gradient in aerosol acidity in

Fig. 3.8. The East Asian influence peaks above 2 km, supplying neutralized aerosol to the

free troposphere, while the highly acidic North American aerosol is largely confined below

2 km (Fig. 3.5).

3.6.2 Surface data

The high acidity of the low-altitude aerosol during the aircraft campaigns is consistent with

observations at surface sites. In April 2008, the observed surface-level aerosol neutralized

fractions were f = 0.36 at Alert, f = 0.39 at Zeppelin, and f = 0.40 at Barrow. Modeled

neutralized fractions were f = 0.41 at Alert, f = 0.36 at Zeppelin, and f = 0.43 at Barrow.

Figure 3.10 indicates little seasonal variation over winter-spring in aerosol neutralization at

any of the sites in the five-year mean. Averaged over January-May for 2004-2008, observed

aerosol is most acidic at Alert (mean f = 0.26) and most neutralized at Barrow (mean

f = 0.49); however, this spatial gradient was not evident in 2008 when both model and

observations indicate similar neutralization at both sites.

Long-term observations at Barrow and Alert show conflicting trends in aerosol acidity.

At Barrow, January-April ammonium decreased more rapidly than sulfate between 1998
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Figure 3.9: Scatterplot of the aerosol neutralization fraction for aerosol originating from the four
major anthropogenic source regions in the GEOS-Chem simulation of the ARCTAS and ARCPAC
aircraft data in April 2008. Colored lines show the reduced-major-axis linear regressions. Dashed
lines indicate the f = 0.5 and f = 1 lines, as in Fig. 3.8.

and 2008, leading to a decrease in the ammonium-to-sulfate ratio of 6% a−1 (significance

of 0.01) and implying an increasingly acidic aerosol (Quinn et al., 2009). In contrast, at

Alert there was no significant trend in ammonium, sulfate, or the ammonium-to-sulfate

ratio over this 10-year period, implying no change in aerosol neutralization there. Acidic

West Asian emissions provide a major source of sulfate to Barrow but are less important at
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Figure 3.10: 2004-2008 monthly means and interannual standard deviations of aerosol neutralized
fraction (f = [NH+

4 ]/(2[SO2−
4 ]+[NO−3 ])) observed at Zeppelin (blue), Barrow (purple), and Alert

(red).

Alert, in part because deposition is higher en route to Alert due to the more direct, surface-

level transport (Sharma et al., 2004; Sharma et al., 2006). In both Kazakhstan and Russia,

coal production grew by 20-40% and petroleum by 50-80% between 2000 and 2007 (IEA

Statistics, 2009; United Nations Statistics Division, http://unstats.un.org/unsd/industry/).

This growth may mask decreases in SO2 from Europe and North America, accounting for

the slower decrease in sulfate relative to ammonium observed at Barrow.

3.6.3 Pan-Arctic perspective

Figure 3.11 shows the mean model distributions of aerosol neutralized fraction in surface

air and the free troposphere (5 km) for winter (Jan-Feb) and spring (April). Patterns of

aerosol acidity in April are consistent between the aircraft flight tracks and the High Arctic

http://unstats.un.org/unsd/industry/
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in general, with more acidic aerosol at the surface than above. The most acidic aerosol is

found in surface air over northern Eurasia where both West Asian sources and Norilsk have

a major influence. Over Russia and Scandinavia, there is a strong meridional gradient in

aerosol neutralization. This marks the edge of the polar front, which during April 2008

typically extended to at least 60◦N and often further south over Eurasia (Fuelberg et al.,

2010). Small areas of high acidity are also evident near local sulfate sources at Prudhoe

Bay in Alaska and Norilsk in Russia. In the free troposphere, the aerosol is weakly acidic

(f ≈ 0.6) across the High Arctic. More neutralized air is found over eastern Siberia and the

Bering Sea, where the contributions from biomass burning and East Asian emissions are

largest.

We find that the free troposphere is much more acidic in winter (f ≈ 0.3) than spring,

and that the vertical gradient in aerosol acidity is reversed. Free tropospheric aerosol con-

centrations in winter are low, and high acidity arises from the contributions of volcanism

and DMS (Fig. 3.7), with low Arctic emissions of the latter compensated by higher wind

speeds and transport from further south. Modeled neutralization in High Arctic surface air

in winter is promoted by high oceanic NH3 emissions in the Arctic basin. This seasonal

trend of increasing surface acidity from winter to spring is not seen in the observations

(Fig. 3.10), again suggesting that these oceanic NH3 emissions are too high in the model as

previously discussed. The acidity maxima over the northern Atlantic and Pacific in winter

reflect high surface wind speeds that drive NH3 dry deposition over the oceans. Arctic sul-

fur emissions from Norilsk and Prudhoe Bay, which produced hotspots of aerosol acidity in
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Figure 3.11: Maps of mean aerosol neutralized fraction (f = [NH+
4 ]/(2[SO2−

4 ]+[NO−3 ])) simulated
by GEOS-Chem in surface air and at 5 km altitude for April and January-February 2008. The black
dashed line marks the limit of the High Arctic at 75◦N.
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April, are less manifest in winter because of the slower SO2 oxidation. The influence from

West Asia, on the other hand, is evident in the widespread region of acidity over Eurasia

that extends to lower latitudes within the polar front.

According to the Intergovernmental Panel on Climate Change (IPCC), global SO2 emis-

sions are expected to decrease over the coming decades while NH3 emissions are expected

to increase (RCP Database, http://www.iiasa.ac.at/web-apps/tnt/RcpDb/). Thus the Arctic

aerosol should become increasingly neutralized. However, growth in West Asian energy

production is projected for at least the next five years (Klotsvog et al., 2009) and could in-

crease the acidity of the surface aerosol over the short-term horizon as observed by Quinn

et al. (2009).

The extent of sulfate neutralization has implications for the properties of Arctic clouds

in winter and spring. The formation and stability of mixed-phase Arctic clouds are highly

sensitive to ice nuclei concentration (Harrington et al., 1999; Jiang et al., 2000; Harrington

and Olsson, 2001). Arctic air masses with elevated sulfate concentrations have been shown

to be depleted in ice nuclei relative to clean air in spring (Borys, 1989), which Girard et al.

(2005) found to result in larger ice crystal sizes and enhanced ice precipitation followed by

tropospheric dehydration. The dehydration reduces absorption of longwave radiation and

cools the atmosphere (Blanchet and Girard, 1995; Curry, 1995), further increasing the de-

hydration rate (Girard et al., 2005). This relationship results in a positive feedback known

as the dehydration-greenhouse feedback (DGF) that can cool the Arctic surface by as much

as -3◦C (Girard and Stefanof, 2007). Neutralization of sulfate by ammonium may decrease

http://www.iiasa.ac.at/web-apps/tnt/RcpDb/
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the efficacy of this feedback cycle by providing an increased source of ice nuclei. At the

temperatures and relative humidities characteristic of the Arctic free troposphere, ammo-

nium sulfate particles are expected to be predominantly in the solid phase, even accounting

for metastability hysteresis (J. Wang et al., 2008a). Ammonium sulfate can therefore serve

as heterogenous ice nuclei under conditions unfavorable to homogeneous nucleation on

sulfate particles (Abbatt et al., 2006; Wise et al., 2009; Baustian et al., 2010). An increased

population of ammonium sulfate particles in the Arctic in the future may lead to increased

ice nuclei formation, reduced dehydration, and enhanced Arctic warming.

3.7 Conclusions

We used observations from the ARCTAS and ARCPAC aircraft campaigns in April 2008

together with longer-term records from Arctic surface sites to better understand the sources

of sulfate-ammonium aerosol in the Arctic in winter-spring and the implications for Arctic

aerosol acidity. Aerosol concentrations in the Arctic are particularly high in winter-spring.

Sulfate is a dominant component of this aerosol, and its neutralization by ammonium has

important implications for climate forcing. Our analysis was based on simulations of obser-

vations with the GEOS-Chem chemical transport model, including sensitivity simulations

to diagnose the contributions from different source regions and source types to aerosol

concentrations and acidity.

Observed wet deposition fluxes of sulfate and ammonium in the U.S., Europe, and East

Asia in April 2008 were used to test the emissions of SO2 and NH3 from these continental
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source regions in GEOS-Chem. Results showed good agreement except for ammonium

over the Midwest U.S., where spring agricultural emissions are apparently underestimated.

Using the SO2/NH3 emission ratio and the SO2−
4 /NH+

4 wet deposition flux ratio, we found

that spring emissions are conducive to full neutralization by large NH3 inputs from agricul-

tural activity in both Europe (ENH3/2ESO2 = 1.3 mol mol−1) and East Asia (ENH3/2ESO2

= 1.2 mol mol−1), whereas emissions in the U.S. should lead to much more acidic aerosol

(ENH3/2ESO2 = 0.3 mol mol−1).

Sulfate concentrations in the aircraft observations were relatively uniform through the

depth of the troposphere, and this is well simulated with the model. The model shows that

a diversity of sources contribute to sulfate burdens in spring, with major contributions at

all altitudes from East Asian and European anthropogenic sources, oxidation of DMS, and

volcanic emission. North American anthropogenic emissions are also important below 2

km. Surface sites north of the Arctic front (Barrow, Alert, Zeppelin) show little variation of

total sulfate from winter to spring, consistent with the model, but the model indicates an im-

portant seasonal shift in source attribution with non-Arctic West Asian sources (southwest

Russia and Kazakhstan) dominating in winter. This strong West Asian influence dissipates

in the spring with the northward contraction of the polar front, to be replaced by increasing

sulfate contributions from East Asia and DMS emissions. We find that industrial sources

of SO2 in the Arctic (Norilsk, Kola Peninsula, Prudhoe Bay) make little contribution to the

Arctic sulfate budget.

Our finding of non-Arctic West Asia (southwest Russia and Kazakhstan) as a major
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source region for Arctic sulfate in winter, distinct from the well-known sources in northwest

Russia and Siberia, does not seem to have been recognized before. Sharma et al. (2006)

show back-trajectories for black carbon at Alert that also point to a significant source from

that region. Oil fields and industrial centers in that region are a large and growing source

of SO2. These emissions are released at low enough latitudes to enable oxidation of SO2 in

winter but are still within the boundary of the Arctic front (which over Eurasia can extend as

far south as 40◦N in winter; Barrie and Hoff, 1984), facilitating rapid low-altitude transport

to the Arctic. By contrast, oxidation of SO2 emitted from Arctic industrial sources is limited

in winter by darkness and cold clouds. West Asian emissions are highly uncertain and more

work is needed to quantify them in view of their apparent importance as a source of Arctic

sulfate.

Ammonium concentrations observed during ARCTAS and ARCPAC were higher in

the free troposphere than in the boundary layer. The source influences in spring are less

complex than for sulfate, with 80% of free tropospheric ammonium originating from a

mix of biomass burning and East Asian and European anthropogenic emissions. Biomass

burning and East Asian influences are stronger in the free troposphere due to lifting in

warm conveyor belts over the Pacific. Surface sites show a general tendency for higher

ammonium concentrations in spring than winter due to increased NH3 emission associated

with the onset of agricultural fires and fertilizer application. The model overestimates

observed winter ammonium and therefore aerosol neutralization at the surface sites, likely

because of poor representation of sea ice suppression of oceanic NH3 emission in the GEIA
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inventory of Bouwman et al. (1997). Work is needed to better quantify oceanic NH3

emissions and their seasonal variation.

The aircraft data indicate predominantly acidic aerosol throughout the depth of the Arc-

tic troposphere in spring, with higher acidity below 2 km (median neutralized fraction f =

[NH+
4 ]/(2[SO2−

4 ]+[NO−3 ]) = 0.5) than above (median f = 0.7). Observed acidity at surface

sites is even higher (f = 0.4). This gradient reflects the preferential transport of neutralized

biomass burning and East Asian aerosol in the free troposphere. Simulation with GEOS-

Chem indicates that the free troposphere is more acidic in winter than in spring, and natural

emissions play a major role in driving this seasonality. DMS oxidation and volcanic emis-

sion provide a source of sulfate throughout the troposphere that is not matched by natural

NH3 emission. At the surface, observations show no seasonal variation in aerosol neutral-

ization from winter to spring.

Source neutralization signatures computed from GEOS-Chem and consistent with ob-

servations indicate that East Asia and Europe provide neutralized aerosol to the Arctic,

while West Asia is the dominant source of acidic aerosol. Our results help explain ob-

served long-term trends in aerosol acidity at surface sites. Observations from Barrow show

increasing acidity over the last decade due to more rapid decreases in ammonium than

sulfate (Quinn et al., 2008), while there has been no change in aerosol acidity at Alert.

Because Barrow is more heavily influenced by acidic West Asian sources than Alert, the

impacts at Barrow of recent decreases in SO2 emissions from North America and Europe

may have been masked by concurrent increases in emissions from coal and petroleum pro-
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duction in Russia and Kazakhstan. While further growth in this region is expected over the

next few years (Klotsvog et al., 2009), longer-term projections suggest global decreases

in SO2 emissions over the next decades together with increases in NH3 emissions (RCP

Database, http://www.iiasa.ac.at/web-apps/tnt/RcpDb/). The resultant increase in the con-

centration of ammonium sulfate aerosols may lead to enhanced ice nuclei formation, initi-

ating a dehydration-greenhouse feedback that could accelerate warming in the Arctic.
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Chapter 4

Large mercury evasion from the Arctic
Ocean in summer: a source from
circumpolar rivers?

Abstract

Elevated mercury in Arctic ecosystems is a major environmental and human health concern.
Observations of elemental mercury (Hg0) concentrations in Arctic surface air show a large
seasonal amplitude with a spring minimum and summer maximum. The spring minimum
is known to be driven by bromine chemistry over polar sea ice causing rapid oxidation of
Hg0 to HgII followed by deposition, but the summer maximum is not understood. Here we
use the GEOS-Chem atmosphere-ocean model of mercury to explore its origin. We argue
that it cannot be explained by re-emission of HgII deposited to snowpacks, atmospheric
transport from mid-latitudes, or ocean kinetics. We propose instead that Russian Arctic
rivers may provide a large mercury source to the Arctic Ocean in spring-summer, driving
Hg0 evasion and from there the atmospheric summer maximum. We find that when large
riverine fluxes are considered, the Arctic Ocean acts as a net source of to the atmosphere,
with rivers representing the dominant source of mercury to the Arctic environment.
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4.1 Introduction

Mercury is a potent neurotoxin that bioaccumulates and biomagnifies in aquatic ecosystems

(Mergler et al., 2007; Munthe et al., 2007). Anthropogenic emissions from coal combus-

tion, waste incineration, and mining have enhanced atmospheric transport and deposition

to remote ecosystems (Mason and Sheu, 2002; Selin et al., 2008; Smith-Downey et al.,

2010; Fitzgerald et al., 2005; Schuster et al., 2002). Environmental mercury accumulation

is a particular concern in the Arctic where indigenous populations rely heavily on diets of

fish and marine mammals (Butler Walker et al., 2006; Dewailly et al., 2001; Van Oostdam

et al., 1999). Deposition of atmospheric mercury has been implicated as a major source

of mercury to the Arctic Ocean (Ariya et al., 2004; Lindberg et al., 2002; Lu et al., 2001;

Skov et al., 2004), but estimates of the contribution from the atmosphere vary by more than

an order of magnitude (Ariya et al., 2004; Dastoor et al., 2008; Outridge et al., 2008; Skov

et al., 2004). Here we interpret the observed seasonal variation of atmospheric mercury in

the Arctic using a global biogeochemical model (GEOS-Chem). We argue that a large non-

atmospheric summertime source of mercury to the Arctic Ocean is necessary to explain the

observations and suggest that circumpolar rivers might provide such a source. This would

have important implications for the factors controlling mercury in the Arctic environment

and the effects of climate change.

Mercury is emitted from anthropogenic and natural sources primarily as elemental mer-

cury (Hg0). The Hg0 atmospheric lifetime of 6-12 months allows efficient transport from
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sources at mid-latitudes (Durnford et al., 2010; Hirdman et al., 2009). Eventual oxidation

to highly soluble HgII drives deposition in remote regions. Hg0 has been measured contin-

uously at sites across the Arctic since the mid-1990s (Berg et al., 2008; Cole and Steffen,

2010; Steffen et al., 2005). As seen in Fig. 4.1, Hg0 concentrations in Arctic surface air

display a strong seasonality with a minimum in spring and a maximum in summer. This

contrasts with northern mid-latitudes where observations of both Hg0 and total gaseous

mercury (TGM ≡ Hg0 + HgII) typically show a weak minimum in late summer due to the

photochemical sink (Kellerhals et al., 2003; Selin et al., 2007). The spring decrease in the

Arctic reflects Atmospheric Mercury Depletion Events (AMDEs) driven by atmospheric

oxidation by bromine atoms (Br), as manifested in concurrent observation of depleted mer-

cury and elevated bromine monoxide (BrO; Bottenheim and Chan, 2006; Lindberg et al.,

2002; Lu et al., 2001). AMDEs are initiated by the photochemical release of bromine

from sea salt deposited to sea ice (see e.g., Steffen et al., 2008, and references therein).

This drives rapid oxidation of Hg0 to HgII (Ariya et al., 2004; Brooks et al., 2006; Calvert

and Lindberg, 2003; Skov et al., 2004) and subsequent deposition of HgII to snow and ice

surfaces.

The summer maximum of Hg0 in the Arctic is less understood. This summer peak was

initially attributed to re-emission of the mercury deposited to snow and ice during the pre-

vious spring (Steffen et al., 2005). Recent work has called this assumption into question,

invoking instead an oceanic source (Cole and Steffen, 2010; Hirdman et al., 2009). Sum-

mertime cruise data in the Arctic Ocean show elevated concentrations of both atmospheric
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Figure 4.1: Mean observed seasonal variation of elemental mercury (Hg0) in surface air in the Arctic
(thick black line) and at northern mid-latitudes (thick green line). Values in the Arctic are an average
over three sites: Alert, Canada (83◦N, 62◦W; 2005-2009; Steffen et al., 2005); Zeppelin, Norway
(79◦N, 12◦E; 2000-2009; Berg et al., 2008); and Amderma, Russia (70◦N, 62◦E; 2001-2003; Steffen
et al., 2005). Data for the individual sites are shown as thin lines. Values at northern mid-latitudes
are an average over four contiguous US sites: Cheeka Peek, Washington (48◦N, 125◦W; 2001-
2002; Weiss-Penzias et al., 2003); Pac Monadnock, New Hampshire (43◦N, 72◦W; 2007; Sigler et
al., 2009); Athens, Ohio (39◦N, 82◦W; 2004-2005; Yatavelli et al., 2006); and Pensacola, Florida
(31◦N, 87◦W; 2005-2008; Holmes et al., 2010). The light green shading indicates the standard
deviation among mid-latitude sites. Concentrations are in ng m−3 for standard temperature and
pressure (STP) conditions.

mercury in the boundary layer above partial sea ice (Aspmo et al., 2006; Sommar et al.,

2010) and dissolved gaseous mercury in the ocean below sea ice (Andersson et al., 2008).

These studies suggest the atmospheric summer maximum is driven by large fluxes of Hg0

to the atmosphere from supersaturated ocean surface waters (Andersson et al., 2008; Mason
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and Sullivan, 1999). However, the mechanisms supplying the oceanic pool of Hg0 subject

to evasion have not been explained.

Sea ice cover and large freshwater inputs to the Arctic Ocean differentiate this system

from other major ocean basins and are important for mercury dynamics (Stein and Mac-

donald, 2004). Freshwater inputs from Arctic rivers account for 10% of global oceanic

freshwater inputs (Lammers et al., 2001) and thus are an important source of dissolved and

particulate phase mercury inputs to the Arctic Ocean. Sea-ice cover and seasonal dynamics

greatly affect light availability and algal growth, important drivers of air-sea exchange of

Hg0. In addition, seasonal patterns in mercury inputs are driven by sea-ice formation and

melting. We therefore hypothesize that oceanic dynamics exert an important influence on

the seasonality of atmospheric concentrations observed in the Arctic. To further explore

these phenomena, we apply the GEOS-Chem coupled atmosphere-ocean mercury model to

the Arctic and use the model to interpret the atmospheric data and explore the origin of the

observed atmospheric summer peak.

4.2 GEOS-Chem model description

We use the GEOS-Chem v9-01-01 mercury simulation (http://geos-chem.org). The sim-

ulation is driven by MERRA assimilated meteorological data from the Global Modeling

and Assimilation Office (GMAO) Goddard Earth Observing System (GEOS), produced at

0.5◦x0.667◦ horizontal resolution but downgraded here to 4◦x5◦ for input to GEOS-Chem.

The MERRA data have 3-hour temporal resolution for atmospheric variables and 1-hour

http://geos-chem.org
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resolution for surface variables (including boundary layer height, surface temperature, and

sea ice coverage). The GEOS-Chem atmospheric mercury simulation is described in detail

by Holmes et al. (2010). We use Br as the global oxidant, with background BrO concentra-

tions based on the p-TOMCAT model and Br concentrations derived from photochemical

steady-state with BrO. Gas-particle partitioning of reactive mercury and mercury deposi-

tion schemes are from Amos et al. (in prep.). Dynamic coupling to the ocean mixed layer is

described by Soerensen et al. (2010). The ocean mixed layer model includes atmospheric

input (deposition) of HgII/HgP, exchange of Hg0 with the atmosphere, and photochemical,

biological, and dark redox Hg0/HgII chemistry. Mercury exchanges with subsurface waters

below the ocean mixed layer depth (MLD) through settling of mercury sorbed to biologi-

cal material and through seasonal entrainment/detrainment, but the model does not include

lateral transport.

Here we define the Arctic as 70-90◦N. Mercury concentrations in subsurface Arctic wa-

ters are 1.6 pM, specified based on observations (Kirk et al., 2008). MLD in the central Arc-

tic (80-90◦N in the Norwegian/Greenland/Barents Seas; 70-90◦N elsewhere) is based on

five years of profile data from Toole et al. (2010). Elsewhere, including in the Norwegian,

Greenland, and Barents Seas, an interpolated MLD climatology is used (de Boyer Montégut

et al., 2004). Seasonal variation is small in the central Arctic (Toole et al., 2010) but large in

the region of North Atlantic Deep Water formation (de Boyer Montégut et al., 2004), driv-

ing detrainment in spring-summer and entrainment in fall-winter in our broadly defined

Arctic region.
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Relative to previous versions of GEOS-Chem, our simulation includes an improved

representation of polar sea ice and its implications for bromine chemistry and air-sea ex-

change. Sea ice fractional coverage is from the MERRA assimilated meteorological data

archive and is based on the climatology of Reynolds et al. (2002). We assume that each

4◦x5◦ grid square in GEOS-Chem has sufficient sea ice coverage for bromine emission if

at least 50% of native resolution grid squares have more than 10% sea ice. Br/BrO radical

formation and cycling is photochemically driven (Simpson et al., 2007), and we require

here incident shortwave radiation at the surface to be greater than 100 W m−2 as obser-

vations show little BrO below this threshold (Pöhler et al., 2010). Based on the ship and

aircraft observations by Pöhler et al. (2010) and Prados-Roman et al. (2011) in the Arctic

in March-April, we specify BrO concentrations in the Arctic boundary layer as a function

of 2-m air temperature T : [BrO] = 20 pptv for T ≤ 248 K, 10 pptv for 248 < T ≤ 253

K, and 5 pptv for 253 < T ≤ 268 K, and background for T > 268 K. Finally, we restrict

enhanced BrO formation to polar spring, which we define based on BrO column data from

the GOME2 satellite (http://bro.aeronomie.be/level3 monthly.php) as February-June in the

northern hemisphere and August-December in the southern hemisphere.

Our simulation also includes an improved treatment of HgII deposited to snow. Photo-

reduction of deposited HgII followed by Hg0 re-emission is known to take place (e.g.,

Dommergue et al., 2007; Lalonde et al., 2002; Poulain et al., 2004). However, laboratory

and field experiments suggest that not all deposited HgII is easily reduced. Halide ions in

the snowpack can stabilize oxidized mercury, especially for sea ice (Durnford and Dastoor,

http://bro.aeronomie.be/level3_monthly.php
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2011; Lalonde et al., 2003; St. Louis et al., 2007), and mercury deposited in particulate

form is not readily reduced (Durnford and Dastoor, 2011; Witherow and Lyons, 2008).

Observational estimates of the reducible component of HgII range from less than 10%

(Dommergue et al., 2003; Faı̈n et al., 2008) to more than 90% (Poulain et al., 2004). Here,

we assume that 60% of deposited HgII is reducible as in Holmes et al. (2010) but test

the sensitivity to this assumption. HgII photo-reduction for the reducible component is

assumed to be a first-order process with rate constant kS = 2.5×10−9R s−1, where R is the

incident solar radiation at the surface in W m−2. The coefficient was chosen to optimize

the simulation of Hg0 in spring. For R = 100 W m−2 it implies kS = 1× 10−3 h−1, in

the mid-range of the large spread of observed estimates ranging from 7×10−6 to 0.6 h−1

(Durnford and Dastoor, 2011). At snowmelt, the entire accumulated non-reducible pool

as well as the remaining reducible pool are eluted with the meltwater (Dommergue et al.,

2003, 2010) and transferred to the underlying ocean or land.

4.3 Interpreting the seasonal variation of mercury in the
Arctic

Figure 4.1 shows the observed climatological seasonal cycle of Hg0 at three long-term

Arctic monitoring sites: Alert, Amderma, and Zeppelin. Absolute concentrations vary

across sites but all show similar seasonal variation, with an Hg0 minimum in April-May

and a maximum in July. GEOS-Chem cannot reproduce the differences between sites due

to lack of data to constrain the spatial variability of Arctic mixed layer depths and below-ice
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primary productivity. We focus therefore on simulating the mean seasonal behavior across

the three sites (thick black lines in Figs. 4.1 and 4.2).

Figure 4.2 compares the multi-year mean observed seasonal variation (black) with that

simulated by the standard GEOS-Chem model for 2008 (red). GEOS-Chem accurately

reproduces the spring decrease, which is driven by AMDE chemistry. Model simulation

of the spring depletion is sensitive to the assumed dependences of BrO on temperature and

of snow-pack re-emission on solar radiation. Using only a temperature-based threshold for

re-emission, as in Holmes et al. (2010), resulted in spring depletion that was too weak and

too early.

In summer, the standard simulation shows a weak peak in June driven by re-emission

from snow and ice. It fails to capture the July timing of the peak or the sustained elevated

Hg0 concentrations from July through September that characterize the observed summer

peak. This summer underestimate cannot be explained in terms of atmospheric sources.

As seen in Fig. 4.1, observed mercury concentrations in summer are much higher in the

Arctic than at mid-latitudes. As a result, we expect the Arctic to be a net exporter rather

than an importer of atmospheric mercury in summer. This is consistent with a Lagrangian

sensitivity analysis showing observed high concentrations at Zeppelin to be associated with

transport from mid-latitudes in winter and spring but not in summer (Hirdman et al., 2009).

Atmospheric redox chemistry is also unable to explain the model underestimate as HgII

accounts for less than 2% of total gas-phase mercury in the Arctic in summer both in the

model and in the observations (Cobbett et al., 2007; Sommar et al., 2010; Steen et al.,
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Figure 4.2: Observed mean seasonal cycle of Hg0 concentrations in Arctic surface air. Observations
(black) are averages across the three Arctic sites of Fig. 4.1. Model results are sampled at those sites
in 2008. The standard simulation (red) uses the GEOS-Chem model as described in Section 4.2.
Other lines show the results of sensitivity simulations: (1) reducible percentage of mercury in snow
increased from 60% to 90% (purple dashed); (2) in-snow reduction rate constant increased by a
factor of 100 (purple dotted); (3) rate of photo-reduction increased by a factor of five and rate of
photo-oxidation decreased by a factor of five in the Arctic Ocean (orange dashed); (4) oceanic biotic
reduction rate constant increased to its maximum value constrained by observations (orange dotted);
and (5) 160 Mg a−1 of riverine HgII added to the surface ocean with peak inputs in May-June (blue).
The standard deviation among sites is indicated by the gray shading for the observations and by the
vertical bars for the standard simulation and the sensitivity simulation with riverine inputs.

2011).

We next investigate whether the summer peak could be driven by re-emission of mer-

cury deposited to the Arctic cryosphere in spring, a tempting hypothesis since the magni-

tude of the peak roughly matches the magnitude of the spring depletion. To understand

the potential role of cryospheric emission, we test the influence of our assumptions about

snowpack cycling on the model’s ability to reproduce the observed seasonal cycle. We per-

form sensitivity simulations with (1) the reducible percentage of mercury in snow increased
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from 60% to 90% and (2) the net reduction rate in snow (kS) increased by a factor of 100.

Results from these sensitivity simulations, shown in Fig. 4.2 (purple), indicate that our

assumptions about in-snow reduction and re-emission have a negligible impact on the sim-

ulation of either the timing or the magnitude of the summer peak. This result reflects the

seasonality of the balance between snowpack deposition, re-emission, and meltwater re-

moval. In early spring (March-April), re-emission and meltwater formation are minimal

due to limited radiation and cold temperatures, resulting in net deposition to snowpacks.

By late spring (May-June), available radiation and temperature have both increased dra-

matically, leading to both re-emission and snowmelt combining to deplete mercury from

the snowpack. Changes to modeled in-snow reduction change the balance between re-

emission and meltwater removal but cannot sustain an increase from June to July due to

depletion of the snowpack mercury. When the snowpack reduction rate is increased (sen-

sitivity simulation 2), re-emission happens almost immediately after deposition and the

snowpack becomes depleted earlier. This means that atmospheric concentrations in June

are lower than in the standard simulation. When the snowpack reduction rate is decreased,

the snow mercury reservoir is removed with the meltwater before re-emission can occur.

Even if all deposited mercury were reducible in snow, it would have to be re-emitted to the

atmosphere by June to prevent removal with the meltwater, too early to explain the summer

peak.

The model shows that half of the mercury released by meltwater is transferred to land

and the other half to the ocean. This suggests that even if all mercury transferred to land
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during snowmelt was re-emitted over the summer, it would not be enough to replenish the

atmospheric mercury lost in spring. A substantial fraction of the mercury transferred to

land will enter longer-lived soil pools (Smith-Downey et al., 2010), while empirical studies

show that less than half is rapidly re-emitted from soils (Hintelmann et al., 2002). The

remainder may be transferred to the ocean through river outflow, a fate we discuss in more

detail below.

Mercury delivered to the ocean with meltwater may also eventually be re-emitted to

the atmosphere along with mercury deposited directly to the open ocean. The evasion flux

is controlled by the available Hg0 in the ocean mixed layer, which is determined by the

total pool of mercury in the surface ocean and Hg0/HgII redox kinetics. Observations show

strongly supersaturated dissolved gaseous mercury (DGM ≡ Hg0 plus a negligible contri-

bution from dimethyl mercury in surface waters) in the Arctic Ocean in summer (Ander-

sson et al., 2008), similar to other major ocean basins (Gårdfeldt et al., 2003; Mason and

Sullivan, 1999). Globally, photo-reduction dominates oceanic DGM production in most

environments (Rolfhus and Fitzgerald, 2004; Soerensen et al., 2010) and may be particu-

larly important in the Arctic in summer due to enhanced light penetration (Soerensen et al.,

2010). The balance between photo-oxidation and photo-reduction limits DGM production,

and in our standard simulation is insufficient to drive elevated DGM in the Arctic Ocean

in summer. We perform a third sensitivity simulation to test whether increasing net photo-

reduction to an extreme upper limit could produce sufficient DGM in the Arctic. In this test,

the rate of Arctic photo-reduction is increased and the rate of photo-oxidation decreased,
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both by a factor of five. While this represents unlikely conditions (Qureshi et al., 2010),

testing the sensitivity of the model to such a dramatic increase in HgII reduction allows us

to determine whether photo-reduction alone is sufficient to explain the observed summer

enhancements in DGM and atmospheric Hg0.

We also examine the sensitivity to biotic reduction. In coastal Arctic environments,

biologically-mediated reduction by mercury-resistant microbes has been shown to be a

dominant source of DGM (Poulain et al., 2007). Because this reduction pathway is in-

dependent of light availability, it can operate in winter and below sea ice where photo-

reduction is minimized and has therefore been suggested as a major driver of DGM forma-

tion across the Arctic (Aspmo et al., 2006; Poulain et al., 2007). We test this hypothesis

using a fourth sensitivity study with enhanced biotic reduction in the Arctic. For this, the

biotic reduction rate constant (kbio) is increased in the Arctic from its standard global value

in our model of kbio = 4.5×10−7NPP (where NPP is the net primary productivity in units

of gC m−2 d−1 and kbio is in units of s−1; Soerensen et al., 2010), to its maximum ob-

served value of kbio = 2.8×10−5 s−1 (Amyot et al., 1997), about 100 times larger than the

modeled global mean. As for photo-reduction, use of such an extreme value provides an

upper limit on the possible importance of biotic reduction for determining oceanic DGM

and atmospheric Hg0.

Figure 4.2 shows the results of these sensitivity simulations (orange) compared to the

standard simulation (red). The overestimate in winter in the case of maximized biotic

reduction is expected given that in this sensitivity test kbio is not tied to NPP, which would
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be at a minimum in winter. In both cases, the model underestimate of the summer peak

persists despite the increased ocean reduction. This result indicates that the total pool of

oceanic mercury is too small in summer in the standard model, despite increased inputs

to the surface ocean from AMDEs in spring and meltwater in summer. Figure 4.3a shows

that removal from the surface ocean to the subsurface waters also peaks during spring and

summer as stratification drives shoaling of the mixed layer (de Boyer Montégut et al., 2004;

Toole et al., 2010) and increased biological activity enhances losses through settling of

particulate mercury sorbed to organic carbon (Sunderland and Mason, 2007). These losses

from the surface ocean result in a July-September minimum in oceanic mercury in our

simulation that is inconsistent with observations of elevated summer DGM concentrations

(Andersson et al., 2008).

We conclude that the Arctic Ocean in the model is missing a large seasonal source of

mercury necessary to enable sustained evasion in summer. As we have seen, this source

cannot be explained by meltwater delivery or atmospheric deposition. Nor is it likely to be

transport from the North Atlantic. Because Atlantic water in the Arctic is found at interme-

diate depths below the base of the polar mixed layer (Carmack, 1990; Stein and Macdonald,

2004), high mercury concentrations from the North Atlantic would be expected primarily

in subsurface waters. In our model, subsurface mercury concentrations are defined based

on observations and therefore already include any North Atlantic influence. Additional

limited North Atlantic inflow does occur at the surface (Carmack, 1990). However, this

surface inflow is characterized by minimal seasonal variation with a weak minimum in
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Figure 4.3: Modeled seasonal variation of total mercury (THg≡Hg0 + HgII + HgP) mass and fluxes
into and out of the Arctic Ocean (70-90◦N) in (a) the standard simulation and (b) the optimized
simulation including riverine inputs. The thick black lines show the seasonal variation of THg
mass in the surface ocean. Inputs (red and green bars) include the sources from rivers, meltwater,
subsurface waters via entrainment, and the atmosphere via HgII/HgP deposition. Outputs include
removal to the atmosphere through net Hg0 evasion and to the subsurface ocean through detrainment
and settling particles.
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summer (Hansen and Østerhus, 2000; Ingvaldsen et al., 2004; Orvik et al., 2001; Østerhus

et al., 2001) and therefore cannot provide the spring-summer mercury source needed to

sustain high summer DGM concentrations in the Arctic Ocean.

We propose that the missing source may come from large rivers discharging mercury

into the Arctic Ocean. Rivers have been found to be regionally important sources of mer-

cury to other basins, including the Mediterranean Sea and the northern mid-latitude Atlantic

mixed layer (Sunderland and Mason, 2007). Three of the ten largest river systems in the

world are located in the Eurasian Arctic, passing through large drainage basins into the

relatively small and shallow Arctic Ocean (Peterson et al., 2002). They provide a major

source of organic carbon to the Arctic Ocean (Dittmar and Kattner, 2003; Gordeev et al.,

1996) and may also be an important source of mercury: boreal soils and peatlands in Arctic

and sub-Arctic catchment basins are known to be highly enriched in stored mercury. To-

tal terrestrial mercury stocks have been estimated to be as high as 15,000-44,000 tons in

boreal forests (Friedli et al., 2007) and are expected to be even larger in peatlands (Grigal,

2003). In Arctic Russia, gold, silver, and mercury mines (USGS, 2011) may also provide

a large local source of mercury emissions, potentially leading to enhanced HgII deposition

in nearby river outflow basins.

Previous estimates of the annual riverine mercury flux to the Arctic Ocean range from

5-39 Mg a−1 but are based on extremely limited data (Coquery et al., 1995; Outridge et al.,

2008). In each of the three largest Arctic rivers, all in Russia (Yenisei, Lena, and Ob), mer-

cury has been measured only once, all in the early 1990s and all in September (Coquery
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et al., 1995). The Mackenzie River in North America is only somewhat better character-

ized, with samples from spring-summer 2003-2005 (Graydon et al., 2009; Leitch et al.,

2007). In all cases, the limited sampling leads to very large uncertainties in the estimated

mercury fluxes. The episodic nature of river transport means instantaneous concentration

measurements are generally not representative of mean concentrations, even for periods of

a week or less (Walling and Webb, 1985). Extrapolation of these instantaneous concentra-

tions to annual timescales therefore leads to large errors, with the resultant flux estimates

generally significantly underestimated (Quémerais et al., 1999; Walling and Webb, 1985).

In addition to short-term variations in river fluxes, there are very large seasonal varia-

tions, especially in the Arctic. As shown in Fig. 4.4, the seasonal cycle of Arctic freshwater

discharge from rivers is strongly peaked in early summer following ice break-up. Riverine

mercury concentrations show similar seasonality: sampling from the Mackenzie River in-

dicates that concentrations during peak flow are up to 7 times larger than those measured

later in the year (Leitch et al., 2007). As a result, mercury fluxes (the product of mercury

concentration and river discharge) could be an order of magnitude larger in early summer

than during the rest of the year. This suggests that previous estimates of the annual mercury

flux from Russian rivers based solely on measurements from September (Coquery et al.,

1995; Outridge et al., 2008) are likely grossly underestimated.

To test the importance of a riverine source, we conducted a sensitivity simulation that

included an additional source of HgII to the Arctic Ocean. We find that the observed sum-

mer atmospheric and oceanic mercury concentrations are consistent with a total annual
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Figure 4.4: Mean seasonal variation in the monthly water discharge into the Arctic Ocean of the
eight largest circumpolar rivers (solid line): Yenisei (Russia), Lena (Russia), Ob (Russia), Macken-
zie (Canada), Yukon (Canada/Alaska), Pechora (Russia), Dvina (Russia), Kolyma(Russia). The
dashed line shows the contribution from Russian rivers. Discharge data are from the Univer-
sity of New Hampshire Global Runoff Data Centre (UNH-GRDC) Composite Runoff Fields V1.0
(http://www.grdc.sr.unh.edu/index.html), compiled based on long-term monitoring at river gauging
stations (Fekete et al., 2000).

riverine flux of 160 Mg a−1. This is distributed monthly as shown in Fig. 4.3b by assuming

open water conditions from May-October with riverine mercury concentrations three times

higher in spring (May-June) than later in summer and with water discharge seasonality

as in Fig. 4.4. While considerably larger than previous annual estimates (Coquery et al.,

1995; Outridge et al., 2008), we consider our estimate of 160 Mg a−1 within the very large

uncertainty described above.

Figure 4.2 (blue) shows that the simulation including a large seasonal flux of river-

http://www.grdc.sr.unh.edu/index.html
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ine HgII to the Arctic Ocean successfully reproduces the observed summer peak in at-

mospheric mercury. We therefore suggest a major role for Russian rivers in explaining

the atmospheric summer maximum. This hypothesis is consistent with the statistical La-

grangian model analyses by Hirdman et al. (2009) for Zeppelin showing that the highest

atmospheric concentrations were associated with an Arctic Ocean source. Closer examina-

tion of their source attribution maps shows hotspots along the Russian coast in the outflow

basins of the Ob, Yenisei, and Kolyma rivers. In situ observations also indicate elevated

concentrations of both oceanic and atmospheric mercury in the Mackenzie River discharge

area (Andersson et al., 2008; Sommar et al., 2010).

4.4 Budget of mercury for the Arctic Ocean

Figure 4.5 shows a proposed annual budget of mercury in the Arctic ocean-atmosphere sys-

tem (70-90◦N), constructed using the GEOS-Chem simulation including a source of 160

Mg a−1 from Arctic rivers. Non-riverine inputs to the surface ocean are primarily from at-

mospheric deposition, either directly to the open ocean (25 Mg a−1) or via meltwater runoff

following deposition to snow and sea ice (20 Mg a−1). On an annual basis, entrainment

and detrainment fluxes for the oceanic mixed layer are roughly balanced, and net transport

to the subsurface ocean is mainly by particle settling. There are however large seasonal net

fluxes driven by entrainment/detrainment as seen in Fig. 4.3.

Our modeled mean total mercury (THg ≡ Hg0 + HgII + HgP) in the Arctic Ocean is

[THg] = 3.4 pM, within the range of observations from surface waters of the Canadian
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Figure 4.5: Annual budget of mercury for the Arctic (70-90◦N) as simulated by GEOS-Chem.
Red arrows show net inputs to the surface ocean, blue arrows show net removal from the surface
ocean, gray arrows show fluxes between the atmosphere and the cryosphere, black arrows show
partitioning between species, and the green arrow shows atmospheric transport to mid-latitudes.
Observed concentrations are from Kirk et al. (2008) (*), including only observations north of 70◦N,
and from Andersson et al. (2008) (**).

Arctic with [THg] = 2.9 ± 2.8 pM (Kirk et al., 2008). Mean simulated [Hg0] = 0.17 pM

compares well to observations from the Arctic Ocean with mean [DGM] = 0.22 ± 0.11

pM (Andersson et al., 2008) but is somewhat larger than expected from measurements in

surface waters of the Canadian Arctic Archipelago with [Hg0] = 0.13 ± 0.06 pM (Kirk

et al., 2008).



Chapter 4 - Large mercury evasion from the Arctic Ocean in summer: a source from
circumpolar rivers? 139

An outcome of our hypothesized large riverine input is that the Arctic Ocean provides

a net source of mercury to the atmosphere. Without this input, net evasion of Hg0 from

the ocean is approximately balanced by atmospheric deposition. When we include the

riverine source, net evasion from the ocean (100 Mg a−1) is more than twice the combined

fluxes from atmospheric deposition (25 Mg a−1) and meltwater delivery (20 Mg a−1). This

implies that on an annual basis, the ocean is a net source of atmospheric mercury, not a net

sink as has been suggested previously (Ariya et al., 2004).

The current cycling of mercury between the atmosphere, ocean, and cryosphere rep-

resented in Fig. 4.5 will likely be altered by rapid climate change presently taking place

in the Arctic. In spring, warmer temperatures and earlier break-up of sea ice may explain

recent shifts in AMDE occurrence to earlier in spring as well as reductions in their fre-

quency (Cole and Steffen, 2010), suggesting reduced atmospheric deposition in the future.

However, warming may simultaneously increase the areal coverage of salty first-year sea

ice and associated bromine production, driving an increase in AMDE deposition (Macdon-

ald et al., 2005). In summer, projected reductions in seasonal sea ice cover (Perovich and

Richter-Menge, 2009) will increase the ocean surface area and therefore the oceanic mer-

cury pool available for evasion to the atmosphere. Changes in ocean redox kinetics are also

likely given projected changes in ocean microbial community structure and algal produc-

tivity (Lovejoy et al., 2006; Michelutti et al., 2007; Smol et al., 2005) as well as increased

light penetration.

The magnitude of the riverine mercury source to the Arctic Ocean will be impacted by
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climate through changes in watershed dynamics. Mercury stored in boreal soils is becom-

ing increasingly mobilized due to thawing permafrost (Rydberg et al., 2010) and increased

incidence of boreal wildfires (Turetsky et al., 2006). Simultaneously, river discharge rates

are increasing, and further intensification is probable (Peterson et al., 2002; Rawlins et al.,

2010). Combined, these changes in Arctic watersheds are expected to drive future large

enhancements in mercury fluxes to the ocean. Our work shows that circumpolar rivers may

already be the dominant source of mercury to the Arctic Ocean. There is therefore an ur-

gent need to better understand the current drivers of riverine mercury inputs as well as the

impacts of climate change on Arctic watershed dynamics.
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