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Abstract

Long-range transport of continental pollution emissions has been found to affect air

quality in the downwind regions. The Pico Mountain Observatory (PMO), which

was established in 2001 in the Azores Islands, has been a perfect site to study long-

range transport from North America to the central North Atlantic. The dissertation

uses the observations and modeling products created since 2001 to provide insights

on ozone production tendency during transport, trace gases observations for varying

transport patterns, and aerosol ages in the free troposphere over the central North

Atlantic.

The first phase of this dissertation research focused on determining the causes for the

high d[O3]/d[CO] values (∼ 1 ppbv/ppbv) observed in the summers of 2009 and 2010

at PMO. The folded retroplume technique, developed by Owen and Honrath (2009),

was applied to combine upwind FLEXPART transport pathways with GEOS-Chem

chemical fields. This technique was used to simulate ozone chemistry during the

two selected transport events from North America. Ozone production was found at

2 km a.s.l. above the Azores area in the first event plume, apparently driven by PAN

decomposition during subsidence of the air mass in the Azores-Bermuda High. In

the second event, net ozone loss occurred during transport in the lower free tropo-

sphere, yet observed d[O3]/d[CO] was high. In both events, CO loss through oxidation

xxiii



contributed significantly to d[O3]/d[CO] enhancement.

The second phase looked into chemical signatures in several transport pathways. The

observations associated with different transport patterns were viewed as chemical

signatures, which exhibit the consequences of photochemical reactions and physical

processes during long-range transport. Enhancement of trace gases at PMO is driven

by transport of pollution emissions. Ozone and nitrogen oxides enhancements were

also found associated with subsidence of air masses from the upper troposphere and

stratosphere The d[O3]/d[CO] slope and non-methane hydrocarbon concentrations

were also studied for the main transport patterns, which indicated that differently

aged and polluted plumes intersect PMO as a result of a combination of photochemical

oxidation and mixing with North Atlantic free tropospheric background air.

The third phase of this dissertation used radionuclide tracers associated with aerosol

samples during summer 2013 at PMO to estimate age of aerosols collected over the

central North Atlantic. Due to different rates of decay, the activity ratio of the

atmospheric radionuclide tracers, 210Po to 210Pb, can be used to estimate age of

the carrier aerosols. Analysis of 18 unbiased samples showed an estimated aerosol

atmospheric residence time of 20.7 days at PMO. The long age of the aerosols was

attributed to less efficient removal processes in the free troposphere compared to the

boundary layer.

xxiv



Chapter 1

Introduction

1.1 Background

Air pollution not only affects regional air quality, but it can also be transported over

thousands or tens of thousand kilometers from a source region, possibly causing air

quality issues in remote marine regions and downwind continents. Intercontinental

transport of air occurs within days to weeks (Stohl et al., 2002), and it has been

found to carry considerable amounts of important air pollutants having atmospheric

lifetime of days to downwind continents (Guerova et al., 2006). During transport,

gaseous pollutants and aerosol particles undergo complicated chemical and physical

processes that change the properties of air pollutants in numerous ways.

1



1.1.1 Tropospheric ozone

Ozone is a secondary air pollutant generated during photochemical reactions involving

hydrocarbons and nitrogen oxides in the troposphere. It is the primary source of

hydroxyl radicals (OH, shown in reactions 1.1 and 1.2):

O3 + hν → O(1D) + O2 (1.1)

O(1D) + H2O → 2OH. (1.2)

OH is the primary atmospheric oxidant and aerosol producer in the troposphere.

Increased tropospheric ozone has also drawn particular concern due to the harm it

causes to lives and its greenhouse effect. Tropospheric ozone is produced primar-

ily through a chain of photochemical reactions involving airborne hydrocarbons and

nitrogen oxides. Ozone is produced via reactions 1.3 and 1.4:

NO2 + hν → NO + O(3P) (1.3)

O(3P) + O2
M→ O3, (1.4)

2



where M is an air molecule (N2 and O2). Once produced, ozone oxidizes NO back to

NO2 via reaction 1.5:

O3 + NO → O2 + NO2. (1.5)

No additional ozone is produced after these reactions (Eq. 1.3 to 1.5 ). The set of

reactions is recognized as the NOx cycle. However, once emissions of carbon monoxide

(CO), methane (CH4) and hydrocarbons (RH) are provided, peroxy radicals (PO2 =

CH3O2+RO2+HO2) are generated through reactions:

OH + CO
O2→ CO2 + HO2 (1.6)

OH + CH4
O2→ CH2O2 + H2O (1.7)

OH + RH
O2→ RH + H2O. (1.8)

In the NOx cycle, peroxy radicals act as substitute oxidants of ozone and oxidize NO

to NO2 (reaction 1.9). When the NO2 gets photolyzed, results in the production of

new ozone (reactions 1.3 and 1.4).

3



NO + PO2 → NO2 + PO. (1.9)

Reaction 1.8 is usually faster than 1.6 and 1.7, so volatile organic hydrocarbons (VOC)

are usually considered as the primary precursors of ozone. Thus ozone production re-

quires NOx (NO+NO2) and VOC, all of which can limit ozone production in different

scenarios. Ozone can be lost in the reactions:

O3 + HO2 → OH + 2O2 (1.10)

O3 + OH → HO2 + 2O2 (1.11)

Long-range transport is able to carry ozone and ozone precursors and lead to violations

of regional air quality at downwind continents. Ozone has an atmospheric lifetime of

a few days to weeks in the troposphere, which makes long-range transport of ozone

possible. Production of ozone in remote regions of the troposphere is thought to be

limited by available NOx (NO+NO2) in the atmosphere (Chameides et al., 1992).

NOx has a relatively short lifetime, less than 24 h (Liu et al., 1987), and can be

quickly oxidized to nitric acid (HNO3) and peroxyacetylnitrate (PAN). Removal of
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NOx and total reactive nitrogen (NOy) is very sensitive to ambient conditions such

as temperature and relative humidity (RH).

Ozone production tendency in North American outflows further downwind is not

completely characterized, and variations in ozone and ozone precursors should be

studied more carefully in different transport scenarios, such as differences in pollution

sources and transport pathways in the atmosphere. For example, ozone production at

remote sites was suggested by studies focusing on the North Atlantic regions (Honrath

et al., 2004; Li et al., 2002b). During long-range transport, PAN is an important

NOx reservoir in the troposphere and has a life time of up to several months in

the upper troposphere (Kleindienst, 1994), though it can quickly decompose in the

marine boundary layer (Parrish et al., 1992). PAN decomposition has been found to

be a potential NOx source, that can lead to ozone production during the transport

of pollution plumes (Kotchenruther et al., 2001; Zhang et al., 2008; Fischer et al.,

2011). Meteorological conditions during pollution export and transport can also affect

deposition of ozone precursors and ozone production tendency. The meteorological

conditions at various altitudes vary, with the troposphere composed of the warm

and humid air near the ground and cold and dry at higher altitudes. Thus, detailed

meteorological conditions and transport pathways should be considered during studies

of ozone production tendency.
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1.1.2 Tropospheric aerosol age

Particulate species and aerosols are complex solid and liquid particles suspended in

the atmosphere, originating from desert dust, volcanic aerosols, sea sprays and plant

emissions. Atmospheric aerosol behaves differently from gaseous species. They af-

fect the global radiation budget and climate directly or indirectly. By direct impact,

aerosol particles absorb and scatter sunlight, and absorb infra-red radiation as well.

Aerosol particles can also interact with cloud and atmospheric gas species, affecting

climate indirectly. Compared to long-lived greenhouse gases in the atmosphere, the

relatively shorter lifetime (days) of aerosol particles causes highly non-uniform distri-

butions spatially and temporally. Aerosol particles also have immediate impacts on

cloud condensation and increase the concentration of cloud droplets, which enhances

short-wave albedo and the lifetime of clouds (Baker and Charlson, 1990). Thus,

transport and transformation of aerosol particles are essential factors in determin-

ing regional air quality and climate. However, the radiative effects of aerosols have

the largest uncertainties in global predictions to quantify present and future climate

change (IPCC, 2014).

Aerosols participate in physical processes (e.g. coagulation, cloud nucleation and

etc.) and atmospheric oxidation reactions. They are eventually removed from the

atmosphere by dry deposition, wet deposition and gravitational settling. One of the
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most widely applied dry deposition mechanisms in current atmospheric models was

developed by Wesely (1989), in which the deposition resistance is parametrized based

on various types of surfaces. Wet deposition is divided into wet scavenging in the

cloud and washout in precipitation (Balkanski et al., 1998; Giorgi and Chameides,

1986; Hertel et al., 1995).

The determination of aerosol age in the atmosphere is critical to understand its role

in air pollution transformation as well as climate change. Lifetimes of aerosols are

estimated to range from a few days to a couple of weeks in the atmosphere (Cape

et al., 2012; Ramanathan and Carmichael, 2008). Similarly wide ranges of aerosol

lifetimes were found in global estimates in modeling studies (Stier et al., 2005). The

source and age of aerosols need to be more carefully characterized to improve the

theories that apply in weather forecasting and air quality prediction models.

Natural radionuclides have been used as tracers in studying aerosol sources and age

(e.g., Gaffney et al., 2004; Hammer et al., 2007). 222Rn (t1/2 = 3.8 days) is an inert

gas species produced throughout the Earth�s crust and emitted into the atmosphere

(Kraemer, 1986). The first generation daughter product of 222Rn, 218Po attaches to

fine aerosol particles within seconds. Due to different rates of decay, the activity

ratio of the daughter radionuclides produced on the aerosols can be used to estimate

atmospheric residence times of the carrier aerosols.
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1.1.3 Modeling tools

Two types of atmospheric models were used to simulate the transport and chemistry

of air pollutants and to understand trace gas observations.

Lagrangain particle dispersion models (LPDMs) are useful tools for estimating trans-

port of air pollution in the atmosphere. LPDMs calculate advection and dispersion

of air parcels in meteorological fields, such as wind, humidity and temperature. For-

ward simulations of LPDMs predict transport of emissions forward in time and the

influence of the emissions in the downwind regions. For example, one of the popular

LPDMs, FLEXPART, has been applied to evaluate the time scale of intercontinental

transport and to predict impacts of air pollution at a downwind continent due to

intercontinental transport (Stohl et al., 2002). In backward simulations, the trans-

port of air parcels backward in time is calculated and estimates of the sources and

transport pathways of air plumes observed at a downwind receptor are provided. The

advantage of LPDMs over trajectory models is that the upwind residence time of air

plumes can be used to calculate the contributions of air masses from different loca-

tions and sources by combining with emission inventories (Seibert and Frank, 2004).

Because LPDMs usually have simplified chemical processes only, they are fast and

efficient tools to assess sources and transport pathways.
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Chemical transport models (CTMs) are usually Eulerian models that simulate reac-

tions and transport of chemicals in the atmosphere. They are also driven by predicted

meteorological fields, but with more features in simulating chemical and physical pro-

cesses in the atmosphere. One CTM, GEOS-Chem, has fully coupled ozone-NOx-

VOC-aerosol chemistry, and can resolve more than 120 species with a Sparse Matrix

Vector Gear code chemical solver (Jacobson and Turco, 1994). The GEOS-Chem

model has been extensively evaluated and applied to a wide range of research topics

related to atmospheric chemistry and air quality (e.g., Martin et al., 2002; Evans and

Jacob, 2005; Duncan et al., 2007; Hudman et al., 2007; Wu et al., 2007; Huang et al.,

2013). The performance of the model in simulating CO and ozone has been compre-

hensively evaluated (e.g., Bey et al., 2001; Wang et al., 2009; Kumar et al., 2013).

GEOS-Chem has also been applied to simulate outflow events from North America

(Liang et al., 1998; Li et al., 2004; Auvray and Bey, 2005; Hudman et al., 2009).

The two types of models can be combined together to study chemical transformation

during long-range transport. FLEXPART backward simulation can be converted to

a source-receptor relationship factor and folded with forward simulation (Owen and

Honrath, 2009). For an upwind time of a backward simulation, a so-called folded

retroplume is calculated by multiplying the factor with a quantity matrix (e.g., ozone

field at upwind time t simulated by GEOS-Chem). The product represents the contri-

bution of the selected quantity in the grid cell to the entire plume, and the summation

of the product over the model domain (all grid cells) measures the total quantity in
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the plume at the upwind time. In this way, we can calculate properties in the widely

dispersed plume such as chemical mixing ratios, humidity, temperature, etc. Addi-

tional details on this method are provided in Chapter 2.

1.1.4 Previous research at PMO

In order to study long-range transport of air pollution in the free troposphere, the

Pico Mountain Observatory (PMO) was established in 2001 on top of Pico Moun-

tain (38.47�N, 28.40�W, 2,225 m a.s.l.) in the Azores Islands (Fig. 1.1). Although

transport from all neighboring continents is possible, air quality at PMO is mostly

impacted by air pollution emitted from North America due to predominantly westerly

winds in mid-latitude regions of the Northern Hemisphere (Owen, 2003). Research

has been conducted at PMO since 2001 (except 2007), and many important findings

were published including elevation of ozone and ozone precursors (Honrath et al.,

2004), transport schemes (Owen et al., 2006), anthropogenic and boreal fire impacts

(Val Mart́ın et al., 2006), seasonal cycles of hydrocarbons (Helmig et al., 2008), as

well as aerosol properties (China et al., 2015). The collection of measurements at

PMO and modeling studies are basis for the presented work.

Since PMO was established, trajectory models and transport simulations have been

used to study pollution sources and transport characteristics, which has helped to
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Figure 1.1: Long-range transport to the central North Atlantic with
schematics of transport routes, potential sources and physical and chemi-
cal processes happening during transport.

understand observations of air pollutants at PMO. Transport to PMO was found to

be dominated by westerly flows based on more than 40 years of backward trajectory

analysis (Owen, 2003). About 33% of the trajectories originated from the North

American continent compared to 35% from the North Atlantic and 31% from the

Pacific. Although seasonal variation of these numbers was found, North America was

found to be the dominant continental emission source transported to PMO.

The impacts of North American outflows on concentration of air pollutants have been

confirmed and investigated in previous works. Elevated ozone and CO mixing ratios
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have been found for periods affected by transport from North America (Honrath

et al., 2004; Owen et al., 2006), including significant contribution from boreal forest

fires (Val Mart́ın et al., 2006; Lapina et al., 2006). Seasonal variations of CO and

ozone were studied for specific years. During an intensive measurement campaign

of nitrogen oxides from July 2002 to Aug 2005, a consistent correlation between

long-range transport events and enhancement of nitrogen oxides was discovered, and

higher mixing ratios of NOy were observed during summertime (Val Mart́ın et al.,

2008b). Seasonal cycles of non-methane hydrocarbons (NMHC) transported to PMO

and the aging rate of transported plumes were studied by Helmig et al. (2008). Lower

concentrations of NMHC were found during summer, which was attributed to more

efficient photochemical oxidation. In a sister study, NMHC ratios, also referred to as

photochemical clocks, were used to understand ozone observations (Honrath et al.,

2008). In spite of the number of studies, ozone production mechanisms and long-term

observations of chemical species are not fully understood and require further study.

1.2 Research objectives

The objective of this research are to:

A. Determine ozone production tendency and transformation of ozone pre-

cursors in pollution plumes in North American outflows.
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In order to understand ozone production tendency and transformation of ozone pre-

cursors in plumes exported from North America, measurements of CO, ozone, NOxy,

and NMHC data measured in summers 2009–10 were used to identify pollution plumes

exported from North America and to examine ozone enhancement at Pico. In addition

to anthropogenic and wildfire emissions, other sources of ozone including stratospheric

intrusion and lightning were considered. Impacts of weather conditions on transport

were investigated.

B. Determine characteristics of transport to PMO and relationships be-

tween transport patterns and observations of air pollutants at PMO.

In order to understand observations of air pollutants conducted at PMO during the

past twelve years, the trace gas mixing ratios were determined for several different

transport patterns. Due to the distinct geographic locations of source regions and

associated atmospheric circulation, transport periods and patterns vary for different

sources, seasons, and climate. For spring, summer and fall seasons 2001–10, long–term

variability in air composition at PMO were studied. Potential impact factors such as

types of sources, transport heights, and meteorology conditions were investigated.

C. Estimate aerosol atmospheric residence time using observations of at-

mospheric radionuclides.

In order to estimate aerosol atmospheric residence time at PMO, the 210Po activity

collected on filter samples was measured using Alpha spectrometry. The results were
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analysed together with aerosol concentrations, FLEXPART transport simulations,

and black carbon absorption. Potential sources of 210Po were studied. Based on

uncertainty analysis, use of atmospheric radionuclides to estimate aerosol residence

time was validated. The estimated residence time range was also compared to the

other studies that employed the same radionuclide approach.

1.3 Dissertation overview

This dissertation consisted of three projects. In Chapter 2, a Lagrangian particle

dispersion model (FLEXPART) and an Eulerian chemical transport model (GEOS-

Chem) are combined to provide a semi-Lagrangian view of chemical transformation

in long-range transport plumes. This study focused on observations of trace gas con-

centration collected at PMO in 2009-10. In Chapter 3, based on more than ten years

of observation and an archive of backward transport simulations applied to PMO, a

chemical climatology is presented that provides a comprehensive understanding of the

diverse observations of trace gaseous species concentrations at PMO. Environmental

factors that could potentially affect chemical transformation were considered to cat-

egorize the most common transport patterns having specific chemical signatures. In

Chapter 4, radionuclide activities of aerosol samples collected at PMO were reported

and used to estimate aerosol atmospheric residence time in the free troposphere. The

residence time of aerosols at PMO was discussed and compared with other studies.
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Chapter 2

A Semi-Lagrangian view of ozone

production tendency in North

American outflow1

1This chapter is based on Zhang et al., A semi-Lagrangian view of ozone production tendency in
North American outflow in the summers of 2009 and 2010. Atmospheric Chemistry and Physics,
14(5), (2014): 2267-2287. Copyright permission details given in Appendix C.
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2.1 Introduction

Ozone plays key roles in tropospheric chemistry and air quality. Photolysis of ozone is

a primary source of hydroxyl radical, the primary oxidant in the atmosphere (Logan

et al., 1981a; Thompson, 1992). Anthropogenic activities such as fossil-fuel combus-

tion produce large amounts of ozone precursors (CO, hydrocarbons, and nitrogen ox-

ides) (Mahlman et al., 1980). The photochemical lifetime of ozone in the troposphere

ranges from days to weeks (Wang et al., 1998a), while intercontinental transport of

air pollution can occur in 4–10 days (Stohl et al., 2002). Intercontinental transport

has been found to carry considerable amounts of ozone to downwind continents (e.g.,

Guerova et al., 2006). Ozone production tendency during transport is controlled by

the availability of ozone precursors, with net ozone production having been observed

in pollution originating in East Asia (Kotchenruther et al., 2001) and North America

(e.g., Reeves et al., 2002; Auvray et al., 2007; Hudman et al., 2009).

Production of ozone in remote regions of the troposphere is thought to be limited

by available NOx (NO+NO2) in the atmosphere (Chameides et al., 1992). NOx has

a relatively short lifetime, less than 24 h (Liu et al., 1987), and can be quickly oxidized

to nitric acid (HNO3) and peroxyacetylnitrate (PAN). Removal of NOx and total

reactive nitrogen (NOy) is very sensitive to ambient conditions such as temperature

and relative humidity (RH). PAN is an important NOx reservoir in the troposphere
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and has a life time of up to several months in the upper troposphere (Kleindienst,

1994), though it can quickly decompose in the marine boundary layer (MBL; lifetime

< 2.5 days (Parrish et al., 1992)). PAN decomposition has been found to be a potential

NOx source, which can lead to ozone production during the transport of pollution

plumes (Kotchenruther et al., 2001; Zhang et al., 2008; Fischer et al., 2011)

Meteorological conditions during pollution export and transport are thought to be

critical to the deposition of ozone precursors and ozone production tendency. Air

masses can be exported from the continental boundary layer (CBL) by lifting into

the free troposphere (FT, 3–4 km a.s.l.), where air masses are transported by strong

geostrophic winds. Export of air pollution from populated areas can also occur close

to the boundary layer (< 2–3 km a.s.l.; e.g., Neuman et al., 2006). The meteorological

conditions at various altitudes vary, with the troposphere composed of the warm

and humid air near the ground and cold and dry at higher altitudes. Thus, detailed

meteorological conditions and transport pathways should be considered during studies

of ozone production tendency.

Ozone and ozone precursors exported from the North American boundary layer, es-

pecially from the populated Eastern coastal region, are known to impact air quality

over the North Atlantic (Parrish et al., 1993) and even over Europe (Auvray and Bey,

2005). Findings from the North Atlantic Regional Experiment (NARE), a multi-year
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campaign that began in 1993, suggested anthropogenic emissions contribute signif-

icant amounts to the ozone budget in the North Atlantic region (Fehsenfeld et al.,

1996). More recently, the International Consortium for Atmospheric Research on

Transport and Transformation (ICARTT, Fehsenfeld et al., 2006) study, conducted

during July–August 2004, revealed observations indicating high ozone levels (up to

100 ppbv) in North American outflows (Mao et al., 2006). In other measurement peri-

ods, only slightly elevated ozone (> 55 ppbv) was observed in the free troposphere near

the US East Coast by using retrievals from the Tropospheric Emission Spectrometer

(TES; Hegarty et al., 2009). Despite this body of research, ozone production tendency

in North American outflow further downwind is incompletely characterized.

In order to study the photochemical evolution of pollutants in the continental out-

flows from North America, an observatory was established in July 2001 on top of Pico

Mountain in the Azores Islands (38.47� N, 28.40� W, 2225 m a.s.l.) which enabled fre-

quent sampling of North American outflows following the prevailing westerly winds

at mid-latitudes. Measurements of ozone and CO at the Pico Mountain Observa-

tory (PMO) demonstrated an influence of long-range transported pollution (Honrath

et al., 2004). Periods of elevated ozone were linked to anthropogenic emissions (Owen

et al., 2006) and boreal forest fires (Lapina et al., 2006), both of which contribute

to enhancement in nitrogen oxides in the central North Atlantic (Val Mart́ın et al.,

2008b). In this study, we conduct a semi-Lagrangian analysis (Owen and Honrath,
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2009) to investigate transformations of chemical species and the associated meteo-

rological conditions during transport. As the first application of this method, we

focus on anthropogenic pollution events with relatively simple transport patterns.

We present detailed analysis of the chemical evolution of two pollution plumes trans-

ported from North America to PMO in summers 2009 and 2010. The analysis enables

us to evaluate the validity of the assumption that d[O3]/d[CO] indicates net ozone

production/loss during transport.

2.2 Methods

2.2.1 Pico Mountain Observatory and measurements

Summertime measurements of CO, O3, NOx, NOy, non-methane hydrocarbons

(NMHC), RH, and black carbon were collected in 2009 and 2010 at Pico Mountain

Observatory. The Observatory locates at an altitude of 2225 m a.s.l., which prevents

it from being influenced by local upslope flow for over 80 % of the time in summer

(Kleissl et al., 2007), providing a unique land-based location for the observation of free

tropospheric air in the North Atlantic. CO levels were measured using a modified

commercial instrument (Thermo Environmental, Inc., Model 48C-TL). Its sensitivity

was calibrated daily with a standard gas that was referenced against the calibration
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Figure 2.1: Time series of 30 min average of measurements and mete-
orological conditions, 6 h average contributions from North American an-
thropogenic emission (NA CO) and biomass burning emissions (FIRE CO)
calculated by FLEXPART, and 4 h average GEOS-Chem CO (GC CO) and
O3 (GC O3) at Pico Mountain Observatory station during summer 2009.
Data points are colored with corresponding y-axes. Vertical dashed lines
show time windows of each event, which are labeled with red numbers close
at the top.

scale of the Global Monitoring Division, NOAA, Boulder, CO. Ozone was measured

with two commercial ultraviolet absorption instruments (Thermo Environmental In-

struments Inc., Model 49C). Honrath et al. (2004) presented details on these methods

for CO and ozone measurement. NO, NO2 and NOy were measured using an auto-

mated system that was custom-developed at Michigan Technological University. NO
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Figure 2.2: Same as Fig. 2.1 but for summer 2010.

was detected by O3 chemiluminescence, NO2 by conversion to NO via ultraviolet

photo dissociation, and NOy by Au-catalyzed reduction to NO in the presence of CO

(Val Mart́ın et al., 2006). In this work, we present 30 min averaged measurement data

of summers 2009 and 2010 for all species in Figs. 2.1 and 2.2.
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2.2.2 Application of FLEXPART

The Lagrangian particle dispersion model (LPDM) FLEXPART (version 8.2; Stohl

et al., 1998) was used to simulate transport of North American outflows. Both for-

ward and backward modes were implemented to simulate North American outflows

and transport trajectories. CO from the Emissions Database for Global Atmospheric

Research (EDGAR version 3.2; (Olivier and Berdowski, 2001)) annually averaged an-

thropogenic emissions and the Global Fire Emissions Database (GFED v3.1, daily

averaged fire emissions; Mu et al., 2011) were used in FLEXPART runs. A combi-

nation of 6 h meteorological Final Analysis (FNL) data at 00:00, 06:00, 12:00, and

18:00 UTC, and 6 h Global Forecast System (GFS) data at 03:00, 09:00, 15:00, and

21:00 UTC, was used to drive FLEXPART. The dataset had a 3-hourly temporal

resolution, with 1 horizontal resolution and 26 vertical levels.

When simulations were conducted in the backward mode, a passive tracer was released

from the receptor and advected and dispersed backwards in time, resulting in spatial

distribution of the air mass at an upwind time, referred to as a “retroplume”. The

retroplumes can be used to calculate a time series of tracer concentrations at the

receptor contributed by a certain emission source (e.g., anthropogenic or biomass

burning) by multiplying the residence time in the lowest 300 m with the emission

inventory (Seibert and Frank, 2004). In this study, backward simulations were set in
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two different spatial resolutions. For the purpose of identification of North American

transport events, retroplumes were released every 3 h, with 4000 particles released

over a one-hour time interval from a 1� × 1� horizontal grid box of altitude from

2000 m a.s.l. to 2500 m a.s.l. centered at PMO. The retroplume output was saved in

a grid having a 1� × 1� horizontal resolution in eleven vertical levels from 300 m to

15 000 m a.s.l. A high-resolution retroplume simulation, in which 10 000 particles were

released every 3 h, was conducted for higher accuracy in the folded GEOS-Chem and

FLEXPART technique (see below). FLEXPART output in this high resolution run

was saved in a grid having a 2� (latitude)× 2.5� (longitude) horizontal resolution in

130 vertical levels from 0 m to 8 km a.s.l.

Forward simulations injected anthropogenic CO emissions into the lowest 300 m over

North America. Two forward simulations were conducted, one with EDGAR an-

thropogenic CO emissions in an output grid matching the retroplume grid used as

a component of folded FLEXPART retroplume analysis (see Sect. 2.2.4), and one

with emissions from the same inventory used in GEOS-Chem simulations and with

the same grid, used to evaluate discrepancies in transport between FLEXPART and

GEOS-Chem (see Sect. 2.3.3).
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2.2.3 Application of GEOS-Chem

GEOS-Chem is a global three-dimensional model of tropospheric chemistry driven

by assimilated meteorological observation fields from the Goddard Earth Observing

System (GEOS) of the NASA Global Modeling Assimilation Office (Bey et al., 2001).

The model has fully coupled ozone-NOx-VOC-aerosol chemistry, and can resolve more

than 120 species with a Sparse Matrix Vector Gear code chemical solver (Jacobson

and Turco, 1994). Anthropogenic emissions in GEOS-Chem follow the EDGAR global

inventory (Olivier and Berdowski, 2001) and are updated with regional inventories

including the US Environmental Protection Agency National Emissions Inventory

(EPA/NEI05 and EPA/NEI99), the Canada Criteria Air Contaminants Inventory,

the European Monitoring and Evaluation Program inventory, and the STREETS

Emission Inventory in Asia (Streets et al., 2003). The GEOS-Chem model has been

extensively evaluated and applied to a wide range of research topics related to atmo-

spheric chemistry and air quality (e.g., Martin et al., 2002; Evans and Jacob, 2005;

Duncan et al., 2007; Hudman et al., 2007; Wu et al., 2007; Huang et al., 2013).

The performance of the model in simulating CO and ozone has been comprehensively

evaluated (e.g., Bey et al., 2001; Wang et al., 2009; Kumar et al., 2013). Simulation

of CO was found to be significantly affected by emission inventories used, but model

results generally show reasonable agreement with data from various observational
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sites or networks around the world (Duncan et al., 2007). GEOS-Chem has also been

applied to simulate outflow events from North America (Liang et al., 1998; Li et al.,

2004; Auvray and Bey, 2005; Hudman et al., 2009). Li et al. (2005) used GEOS-

Chem to characterize the major outflow pathways from North America to the North

Atlantic and the model successfully captured ozone chemistry during convective lifting

of pollution plumes. In the work by Millet et al. (2006), GEOS-Chem was used to

estimate CO in outflows from the US to Chebogue Point.

This study used GEOS-Chem v9-01-02 driven by GEOS-5 meteorology with a hori-

zontal resolution of 2�× 2.5� and 47 vertical layers. Model simulations for the period

of January–July for both 2009 and 2010 are conducted and the results for June 2009

and July 2010 are used in the final analysis. The time steps used for emissions

(30 min), chemistry (30 min), transport (15 min) and convection (15 min) are typi-

cal of a 2� × 2.5� simulation. A domain extending from 100� to 20� W (longitude)

and 24� to 56� N (latitude) was selected, which includes part of North America and

the PMO. Instantaneous mixing ratios of relevant tracers (e.g., CO, O3, nitrogen-

containing species such as NOx and PAN, and NMHC such as ethane, propane and

propene) with 2 h resolution and diagnostics for meteorology including RH, tempera-

ture, and boundary layer height were archived for this domain. In addition, the daily

average production/loss rates of O3 for June 2009 and July 2010 were saved. These

GEOS-Chem simulations are a subset of those used in Kumar et al. (2013), in which

the observed CO and ozone trends at PMO were compared with both GEOS-Chem
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simulations and satellite data from the Atmospheric Infrared Sounder (AIRS) and

TES. They found that GEOS-Chem underestimated CO over the North Atlantic, but

successfully captured the seasonal cycles and decreasing trends of CO and ozone at

PMO.

A tagged CO simulation in GEOS-Chem was also employed in order to study the

transport of CO from the US to PMO. A description of this simulation can be found

in Duncan et al. (2007). Two-hourly instantaneous tracer mixing ratios for June 2009

and July 2010 were archived for the above domain.

2.2.4 Folded GEOS-Chem and FLEXPART technique

A LPDM retroplume simulates the displacement and deformation of an air mass in

the atmosphere. However, LPDMs typically use an Eulerian grid for saving results,

and are thus unable to fully describe source-to-receptor transport. To address this

issue, Owen and Honrath (2009) derived a method to track pollution plumes by com-

puting the entry-wise product (also known as Hadamard product R.Johnson (1989))

of the output from the forward and backward simulation, a process that has been

described as “folding” the two data fields. The output of this method, which we call

a folded retroplume, highlights a transport pathway by overlapping forward simula-

tion, initialized at the source, with backward simulation released from the receptor.
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As a result, a folded retroplume exhibits a 4-D (spatial and temporal) field that con-

tains the polluted air plume and in which most of the physical and chemical processing

occurs.

To meet differing objectives, retroplumes can be folded with FLEXPART or GEOS-

Chem simulations. FLEXPART retroplumes represent a sensitivity, S(j,t,(j′,t′)), of the

air mass in an upwind cell (j) at an earlier time (t) to that of the entire plume

released at the receptor (j′) at time t′. A collection of these sensitivities S(t,(j′,t′))

is a 3-D matrix that can be used to estimate the sensitivity of emissions and me-

teorological conditions from the upwind distribution of the air mass. For time t,

the folded retroplume is obtained by multiplying the sensitivity matrix S(t,(j′,t′)) with

a quantity matrix χt. In this study, FLEXPART retroplumes were folded with mix-

ing ratios (χt) from FLEXPART forward simulations to produce FLEXPART folded

retroplumes (hereafter called “folded retroplumes”). FLEXPART retroplumes were

also folded with mixing ratios, ozone reaction rates and meteorological fields from

GEOS-Chem results (hereafter called “folded results”). The former simulate trans-

port pathways while the latter, as described below, simulate chemical transformation

during transport.

The formulation of the folded results can be summarized as follows by using a tracer

mixing ratio as an example of the quantity matrix χt. The retroplume is folded with

the GEOS-Chem mixing ratio matrix field χ(j,t) of a given species at a specified upwind
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time. The product, called the partial folded quantity (PFQ(j,t,(j′,t′))) and calculated in

Eq. (2.1), represents the contribution from the grid cell (j) to the mixing ratio of the

species in the plume, whereas the distribution of the PFQ(j,t,(j′,t′)) at time t represents

the spatial distribution of contributions from all grid cells in the model domain.

PFQj, t, (j′, t′)=Sj, t, (j′ t′)·χj, t, (j′, t′) (2.1)

A summation of the PFQs over the model domain (j) at an upwind time (t) measures

the mixing ratio of target tracer substance in the entire dispersed plume (Eq. 2.2),

called the upwind folded quantity (UFQ):

UFQt, (j′, t′)=
∑

j

PFQj, t, (j′, t′) (2.2)

Variation in UFQ in the target plume changes according to chemical and physical pro-

cesses simulated by GEOS-Chem. Therefore, chemical transformation in the plume

can be simulated by a time series of UFQs and provides a semi-Lagrangian view

of plume aging during the transport. This semi-Lagrangian approach uses backward

FLEXPART simulation results to sample air masses in an Eulerian GEOS-Chem field.

There are three features of this method that prevent it from providing a perfect La-

grangian view. The fundamental aspect is the difference in meteorology fields driving

the two models. GEOS-Chem uses the GEOS meteorology fields while FLEXPART is
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driven by GFS fields. Although both GEOS and GFS are considered to be valid sim-

ulations of meteorology, some degree of discrepancy is expected between them. The

second feature is the result of random components in the models, including turbulence

and convection mechanics, which were noted when the method was first published

(Owen and Honrath, 2009). Finally, inherent numerical diffusion in GEOS-Chem can

lead to extra dilution of pollution plumes. This last issue can be reduced by using

higher resolution simulations but cannot be entirely avoided. Given the large scale of

the particular events that met our criteria (10� lat x 10� lon), the folded results are still

able to adequately reflect a Lagrangain view of chemical processing. However, some

chemical species in the plume may deviate from mass conservation and the magnitude

of deviation may vary for differing conditions, e.g., transport types or properties of

species. In regards to the affected results, specific issues are discussed as they arise.

In this study, UFQs of mixing ratios such as those of ozone and ozone precursors are

of primary interest. UFQs of meteorological conditions such as temperature and RH

are also calculated for better characterization of simulated processes.
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2.3 Characteristics of North American transport

events during summers 2009 and 2010

In this section we describe several criteria that were used to identify the transport

events from North America to PMO during the summers of 2009 and 2010. The ob-

jective is to identify transport events predominantly affected by emission sources over

the North American continent that exhibit direct and rapid transport from source to

PMO with no interference from local sources due to mechanically forced upslope flow.

We present measurement and modeling results for the time periods in which transport

events occurred, and select events that met the criteria. Table 2.1 summarizes a list

of qualified events that are impacted by biomass burning emission, anthropogenic

emission or both.

2.3.1 Criteria applied for transport event identification

2.3.1.1 Elevated CO

CO is a pollutant that is emitted during incomplete combustion from both anthro-

pogenic and biomass burning sources. Due to its low reactivity in the troposphere

30



(lifetime from weeks to months), CO has been used widely as a tracer of pollution

(Fishman and Seiler, 1983). Periods with an observed CO mixing ratio above 88 ppbv

for 2009 and 95 ppbv for 2010 (horizontal dashed lines in CO panels in Figs. 2.1 and

2.2), respectively, were considered to be potential transport events. These cutoff val-

ues were defined to be 20 ppbv over the summertime background in each respective

year, based on the approach used by Honrath et al. (2004). There were periods of

several days (e.g., from 11 to 17 June 2009) as well as short time windows of several

hours (e.g., on 9 June 2009) during which measured CO exceeded the cutoff value. All

periods identified by this criterion were evaluated against additional criteria that are

discussed in detail in Sect. 2.3.2. While CO levels exceeding the cutoff are the primary

indicator of the start and end of each event, neighboring time periods having lower

CO levels are combined into events based on the assumption that the edge of event

plumes contained lower concentration of pollutants due to dilution by background

air.
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2.3.1.2 d[O3]/d[CO]

The change in O3 relative to CO, or d[O3]/d[CO], has been widely used as a mea-

sure of ozone enhancement (e.g., Parrish et al., 1993). The d[O3]/d[CO] values cited

from other studies and reported in our work are calculated by two-sided regression,

which accounts for error in both variables in the regression (Ayers, 2001). Signifi-

cant correlation between CO and ozone was found over eastern North America. A

d[O3]/d[CO] of 0.3 was speculated to represent a uniform characteristic of boundary

layer air over eastern North America in summertime (Chin et al., 1994; Cooper et al.,

2001a). Various values of this ratio from satellite observation and aircraft campaigns

have been reported downwind of North American emission regions. At Nova Scotia,

Berkowitz et al. (1996) observed transported pollution plumes that originated from

urban areas of North America and d[O3]/d[CO] ranged from 0.19 – 0.30 (R2 > 0.5).

During the 1993 summer NARE intensive, a range in d[O3]/d[CO] from 0.25 to 0.28

was observed over eastern North America and the North Atlantic (Parrish et al., 1993;

Daum et al., 1996; Fehsenfeld et al., 1996). In a spring study, Prados et al. (1999)

reported a d[O3]/d[CO] of 0.21 (R2 = 0.19) during intensive aircraft measurements

between the US and Bermuda. Zhang et al. (2006) provided a global distribution of

the O3-CO correlation in the middle troposphere (618 hPa) for July 2005 from both

TES detection and GEOS-Chem simulation. They found a d[O3]/d[CO] value of 0.81

mol/mol (R2 = 0.28) over the Eastern US. The value was shown to be consistent
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with an observation of d[O3]/d[CO] = 0.90 mol/mol , R2 = 0.12, at 600–650 hPa from

the ICARTT aircraft campaign. Hegarty et al. (2009), also using TES data, reported

a much smaller springtime d[O3]/d[CO] of 0.13 (R2 = 0.048) extending from North

America out over the Atlantic Ocean for 2005 and 2006. Values of d[O3]/d[CO] that

have been reported in literature vary from 0.1 to 1, and in most cases, R2-values

are less than 0.5. The cause of the variation in slope and low correlation may be

mixing of differently aged air masses from different sources. Different ozone produc-

tion tendency during transport can lead to differing values of d[O3]/d[CO] observed

at differing times in the same location. Events that qualify for the study presented

here were selected based on the condition to have statistically significant correlation

between simultaneously observed CO and ozone at the 95 % confidence level. Val-

ues of d[O3]/d[CO] and R2 for time periods that met the first criterion (CO mixing

ratio> cutoff) and this criterion are included in Table 2.1.

2.3.1.3 Transport pathway

Simulated transport pathways of pollution plumes were obtained from FLEXPART

folded retroplumes, computed as summarized in Sect. 2.2.4 in which CO was used as

a tracer for anthropogenic pollution. For a given event, PFQs of CO were calculated

by folding 3-D CO fields from forward simulation with the 3-D residence time matrix

from backward simulation such that the folded retroplume (distribution of PFQs)
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highlighted the transport pathway. We selected transport events characterized by an

anthropogenic emission originating in the eastern US and direct transport pathway to

the PMO by examining the FLEXPART folded retroplumes. Transport events with

complex pathways are difficult to assess due to complicated chemistry and increased

dilution. Therefore, we did not include events with transport pathways exhibiting

multiple branches or long looping times (i.e., more than a week) over the North

Atlantic Ocean to further evaluation in this study.

2.3.1.4 Anthropogenic versus fire emission impacts

In order to focus on anthropogenic events, we distinguished events according to source

type. Contributions from anthropogenic and wildfire emissions were calculated by

folding FLEXPART retroplumes with separate emission inventory categories as de-

scribed in Sect. 2.2.2. Three-hour averages of CO contributions from each source are

presented in Figs. 2.1 and 2.2. Events that received more than 10 % of the observed

CO mixing ratio at PMO from North American anthropogenic or biomass burning

emissions were identified as impacted by the respective emission source and displayed

with a “yes” flag in Table 2.1.
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2.3.1.5 Upslope flow

Local boundary layer air masses can be carried by upslope flow to PMO and lead

to mixing of free tropospheric air with MBL air. Upslope flow occurs through

mechanically-forced lifting, in which strong synoptic winds are reflected by the moun-

tain slope, or through buoyant forcing, in which the surface air mass is lifted as a result

of solar heating. Kleissl et al. (2007) determined the occurrence of upslope flow to

be less than 39 % of the days during summers 2004 and 2005. During the days when

upslope flow occurred, there was no evidence of significant impacts of uplift on mea-

surement of chemicals interested in this study. For summers of 2009 and 2010, we

examined the possibility of upslope flow due to mechanical lifting.

When mechanically-forced lifting occurs, air masses above the dividing streamline

(DSL) can be lifted to the top of the mountain, while air masses below the DSL travel

around the mountain. The altitude of the DSL (in the bottom panel in Figs. 2.1 and

2.2) is calculated by using the method described by Sheppard (1956) from the wind

speed profiles in the meteorological dataset driving FLEXPART (GFS and FNL).

During time periods when the height of the DSL was less than the MBL height

simulated in GEOS-Chem, PMO may have received MBL air. As shown in Figs. 2.1

and 2.2, there were a few time periods when the calculated DSL was below the MBL.

These time periods were excluded from event selection.
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2.3.1.6 Capture of events in GEOS-Chem

A requirement for valid folding results from the two models is that the events are

predicted to occur in both FLEXPART and GEOS-Chem as indicated by enhanced

CO levels at PMO in both simulations. CO and ozone data, shown in Figs. 2.1 and

2.2, were obtained from a 4�×5� GEOS-Chem simulation in the work of Weise (2011).

Four-hour averaged mixing ratios were extracted from the grid cell that was centered

at PMO. For all events identified using the other criteria summarized in Table 2.1,

GEOS-Chem indicated elevated CO mixing ratio, demonstrating that events identified

through measurements at PMO were also captured in GEOS-Chem.

2.3.2 Characteristics of transport plumes and quantified

events

The transport conditions that qualified as events as summarized in Table 2.1 exhibit

a wide variety of characteristics. A range in d[O3]/d[CO] values (from 0.85 to 2.28)

was found for the eight events. Our criteria selected events with significant impacts

from anthropogenic or biomass burning emissions. In this study, we looked for events

in which d[O3]/d[CO] was close to or greater than 1, a value found previously at

PMO in North American outflows (Honrath et al., 2004). The correlation coefficients
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reported in Table 2.1 are greater than those reported in the previous studies discussed

in Sect. 2.3.1.2, and similar to the values for events in the previous study by Honrath

et al. (2004). Higher correlation coefficient values are observed at PMO because the

measurement data used in the regressions were extracted for an individual transport

event as identified based on the above criteria.

Figures 2.1 and 2.2 show time series measurement data at PMO and model results of

CO contributions from North American anthropogenic and biomass burning emissions

in summers 2009 and 2010, respectively. We found several events linked to anthro-

pogenic and biomass burning emissions. For instance, plumes for Events 2 and 6

were dominated by North American anthropogenic emissions, as indicated by FLEX-

PART North American CO (NA-CO) contributions of 35 and 42 ppbv (Figs. 2.1 and

2.2), respectively. Conversely, Event 1 was characterized by fire emission influence,

as indicated by the FLEXPART biomass burning CO (FIRE-CO) contribution up to

15 ppbv (Fig. 2.1). There were also periods when both types of emissions contributed

significant amounts of CO (e.g., Events 4 and 7). Overall, the frequency and magni-

tude of contribution from North American anthropogenic emissions was estimated to

be greater than those of biomass burning emissions during the summers of 2009 and

2010. In this study, we examined Events 2 and 6 in detail as they meet the criteria

described in Sect. 2.3.1.
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2.3.3 Simulation of transport for selected events

Prior to detailed analysis of chemical and physical processes for Events 2 and 6,

we discuss transport pathways and evaluate the similarity of transport simulation

in FLEXPART and GEOS-Chem. The transport characteristics of the two events

are discussed in Sect. 2.3.3.1. As a prerequisite for folding calculation, transport

similarity in the two models is evaluated in two approaches. Tagged CO simulations

are presented in Sect. 2.3.3.2 for evaluation of transport similarity in two models from

a forward simulation perspective. The coherence of the transport is also examined by

analyzing the NMHC photochemical clock in folded results in Sect. 2.3.3.3.

2.3.3.1 FLEXPART folded retroplumes

Transport pathways of Events 2 and 6 are shown in Fig. 2.3. The plume associated

with Event 2 arrived at PMO on 15 June 2009, at 06:00 UTC. At five to four days

upwind, the plume was lifted from the planetary boundary layer (PBL) of the north-

eastern US into the free troposphere (3–4 km a.s.l.) by a warm conveyor belt (WCB)

that was identified on NCAR weather maps over the northeastern US (NCAR, 2009).

The plume was then transported from the northeastern US to the central North

Atlantic free troposphere, and during this time it was isolated from the MBL air.
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When approaching PMO, the plume experienced a subsidence from about 4 km to

2 km a.s.l. The plume for Event 6 originated over the southern US and arrived at

PMO on 21 July 2010, at 06:00 UTC. The plume was transported in the lower FT

(1.5–2.5 km a.s.l.) to the east-northeast to the North Atlantic without much change

in transport altitude (2–3 km a.s.l.).

Event 2 on 15 June 2009
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Event 6 on 21 July 2010
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Figure 2.3: FLEXPART folded retroplumes of Event 2 and 6 discussed in
text: Panels (a) and (c) are plan views of FLEXPART folded retroplumes
with locations at each upwind time labeled by red digital numbers in days;
Panels (b) and (d) are vertical distributions of FLEXPART folded retro-
plumes with dual x-axis labels, showing both date (in UTC) and upwind
time. Folded retroplume concentration is shown using a scale normalized to
the highest concentration at each upwind time to provide a clearer view of
transport pathways.
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2.3.3.2 Tagged CO simulations

One potential source of error in the folding process could be the result of differing

transport in FLEXPART and GEOS-Chem simulation. In order to evaluate discrep-

ancies in transport between the two models, forward FLEXPART and GEOS-Chem

simulations were conducted for the time periods of Events 2 (9–15 June 2009) and 6

(15–21 July 2010) using a tagged CO tracer. The two largest anthropogenic CO emis-

sion sources of North America, road transportation and oil production, which com-

prised approximately 80 % of total CO emissions, were extracted from GEOS-Chem

and integrated into a FLEXPART forward simulation. GEOS-Chem seasonal and di-

urnal variations for these emissions were also taken into account in the FLEXPART

simulation. Figure 2.4 compares results from the forward FLEXPART simulation

with a GEOS-Chem tagged CO simulation for Event 2.

Tagged CO simulations demonstrated close agreement between FLEXPART and

GEOS-Chem simulation results. Latitudinal averages of North American CO con-

centrations in FLEXPART (a, b and c) and GEOS-Chem (d, e and f) are shown in

three rows in Fig. 2.4 for three upwind times in which the plume was in the PBL, dur-

ing lifting, and during transport in the free troposphere, respectively. Similar plumes

can be identified in FLEXPART and GEOS-Chem results at all three time steps. De-

tailed views of CO vertical profiles at the three upwind times (Fig. 2.4g, h and i) show
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Figure 2.4: Tagged North American CO simulation results for FLEXPART
and GEOS-Chem at three upwind times for Event 2: 9 June 2009, 18:00UTC
(upper panel), 11 June 2009, 18:00UTC (middle panel) and 13 June 2009,
18:00UTC (lower panel). Concentrations of CO in panels (a–c) for FLEX-
PART and (d–f) for GEOS-Chem are averaged along the latitudinal region
defined by the model domain (see text). Panels (g–i) present tagged CO
profiles from FLEXPART (solid black line) and GEOS-Chem (dashed red
line) at the three upwind times with locations determined by maximum CO
in folded results (UFQs). The plume locations are also marked with two
dashed vertical lines in panels (a–f).

that the vertical profiles of CO in FLEXPART and GEOS-Chem agree well at the

locations where the plume was predicted. On 9 June, FLEXPART and GEOS-Chem

simulations (Fig. 2.4g) indicate that CO was abundant in the lowest 2 km over the US

continental region. On 11 and 13 June, similarity is conserved as the pollution plume

was lifted and transported over the North Atlantic (Fig. 2.4h and i). It is important

to note that the concentration of CO simulated in GEOS-Chem was higher than that
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simulated in FLEXPART, which is caused by discrepancies in emission inventories

in the two models and accumulation of long-lived CO during the spin-up period of

the GEOS-Chem simulation. The same tagged CO simulations were conducted for

Event 6, and also exhibit good agreement of transport between the two models (re-

sults not shown). The agreement in the two model simulations indicates that the

folding technique (Owen and Honrath, 2009) may be used for the analysis.

2.3.3.3 NMHC aging in the folded GEOS-Chem and FLEXPART results

We also evaluated the coherence of the folded results by comparing NMHC aging

folded results to theoretical values. Ratios of simultaneously-observed NMHC have

been used to study photochemical aging of air masses (McKeen and Liu, 1993; Helmig

et al., 2008; Honrath et al., 2008). Correlation analysis of natural logarithms of [n-

butane]/[ethane] versus [propane]/[ethane] can be used to determine plume age (Par-

rish et al., 1992). If aging of NMHC in the folded results agrees with the theoretical

chemical aging rate predicted by GEOS-Chem, we can conclude that the folded re-

sults represent a consistent result with the modeled chemical transformation during

the transport.

We examined the NMHC aging rate in the folded results and compared it to aging

rate predicted based on theoretical decay, as defined by reaction rates in GEOS-Chem
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for Events 2 and 6 (Fig. 2.5). GEOS-Chem combines mixing ratios of all alkanes hav-

ing carbon number ≥ 4 (ALK4), so ALK4 was used in this analysis of plume aging

instead of n-butane. A theoretical decay slope (solid blue line in Fig. 2.5) indicates

the decay rate of NMHC against the hydroxyl radical, while a mixing line (dotted

black line) indicates the trend if the plume mixes with clean background air. Regres-

sions of NMHC UFQs for both events are significant (R2 > 0.9), which suggests that

the folded results simulated transport and aging well. If plumes of different ages had

been extracted from GEOS-Chem fields by FLEXPART (indicating discrepancies in

transport), folded results of NMHC would deviate from the regression line. Given

the similarity in transport observed as discussed in Sect. 2.3.2, the similarity between

the theoretical aging slope and folded results of NMHC in both plumes provides ad-

ditional evidence that the folding technique performed well in extracting Lagrangian

information of the transported plumes from the Eulerian model.

The regression slope for the folded results in Event 2 was very close to the theoretical

value calculated for reaction with hydroxyl radical only. This may be the result of

the transport of a highly compacted plume, as apparent in Fig. 2.3a. The regression

line for Event 6 lies between the theoretical decay line and the line for mixing with

zero background air, suggesting that the Event 6 plume experienced a higher degree

of mixing than that of Event 2. In each panel shown in Fig. 2.5, a measure of decay

rate for each day is labeled on the theoretical line (blue labels). Theoretical decay

rate was computed by substituting the average folded OH level in each plume into the
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Figure 2.5: Relationship between the natural logarithms of
[ALK4]/[ethane] versus [propane]/[ethane] in folded results during
transport of Event 2 (a) and Event 6 (b). Folded results (UFQs) are shown
in red dots with labels indicate the upwind time at which the simulated data
were obtained. Red solid lines indicate the two-sided regressions for folded
results, and the slope and R2-values of the regressions are given in the
top-left corner of each plot. The two lines initiating from the youngest data
point represent, respectively, mixing of background air containing negligible
concentrations of ALK4 and propane (dotted black line), and theoretical
oxidation by OH (solid blue line). Marks on the theoretical decay line
provide estimates of decay rate at an average ambient temperature in folded
results.

second-order reaction rate equation of the (lumped) alkanes. The decay rates of the

folded NMHC results (red labels) and theoretical results (blue labels) are comparable.

Distances between the blue labels are greater for the results in Event 6 than for those

in Event 2 because OH levels were higher during transport in Event 6 (as it will

be shown in Sect. 2.4), which resulted in relatively faster loss of NMHC. The cause
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of the higher OH levels estimated for Event 6 was likely the higher exported ozone

concentration in the associated plume.

2.4 Ozone production tendency in North Ameri-

can outflows

In this section we present detailed descriptions of the transport and chemistry that

occurred for the two selected events. First, we use the folded GEOS-Chem and FLEX-

PART retroplume analyses to provide information regarding chemical transformation

in the plume during transport (Fig. 2.6). Second, we use GEOS-Chem profiles to focus

on vertical distribution of chemical species at several upwind time frames (Figs. 2.7

and 2.8).

2.4.1 Event 2 (9–15 June 2009)

Figure 2.6a–d shows the time series of folded GEOS-Chem and FLEXPART retro-

plume results (UFQs) for Event 2. These time series include chemistry information

during the lifting from the boundary layer, transport in the FT, and start and end of

the subsidence phase. The FLEXPART retroplume is also shown within the chemical

profiles in order to provide reference as to plume shape and altitude at each time
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shown (Fig. 2.6d). In addition, Fig. 2.7 shows profiles of CO, ozone, NOx, NOy,

OH, specific humidity, as well as production and loss rate of ozone (POx/LOx) from

GEOS-Chem simulation results at 4.8, 2.8, 1.8 and 0.8 days upwind. The profiles

are shown at the location of the plume, determined to be the horizontal latitude and

longitude of the column with the largest UFQs of CO mixing ratios at the selected

upwind times.

Figure 2.6: Folded results (UFQs) of pollution plumes at each model time
step during Event 2 (left column) and 6 (right column). Data color cor-
responds to the respective y-axes. Six-hour averaged UFQs of tracer gases
are shown in Panels (a), (b), (e) and (f). Folded daily averaged UFQs of
ozone production (POx) and loss (LOx) rates and lightning NOx (L-NOx)
are shown in Panels (c) and (g). FLEXPART retroplume, temperature and
RH in the folded results are shown in Panels (d) and (h), with dual x-axes
for date in UTC and upwind time in days.

The vertical distribution of the FLEXPART retroplume (Fig. 2.6d) indicates that
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more than half of the retroplume was distributed in the PBL below 1 km at six days

upwind. The retroplume contained high levels of primary pollution species such as

CO (> 100 ppbv) and NOx (> 0.2 ppbv), and was in a state of net ozone production

(2 ppbv/day; POx = 7.5 and LOx = 5.5 ppbv/day). This net ozone production

value is somewhat lower than typical values reported for mid-latitude polluted areas

(approx. 5 ppbv/day; Wang et al., 1998b). However, the lower net production rate is

likely due to a lower ozone production rate at higher altitude given that part of the

plume extended into the FT.

NOx from lightning can be an important contributor to O3 production (DeCaria et al.,

2005), however, this is not predicted to be the case in this event. NOx from lightning

(L-NOx) was estimated to account for a maximum value of 9 pptv of NOx at this

time (Fig. 2.6c), a small fraction (3–5 %) in comparison to the total NOx mixing

ratio in the plume (0.18–0.24 ppbv). Thus, lightning NOx was unlikely to contribute

significantly to ozone production during this event.

From five to four days upwind, slightly less than 50 % of the retroplume was lifted

from the PBL into the FT, and ozone production tendency switched from a state of

net production to net destruction (Fig. 2.6c), because of more efficient loss of NOx

than ozone in the pollution plume. In addition, CO mixing ratios dropped slowly

as a result of photochemical loss and mixing with background air; levels of oxidized

nitrogen species decreased quicker due to relatively shorter photochemical lifetime as
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compared to CO in the FT. In Fig. 2.7a, profiles of simulated CO, O3, NOx, and

PAN, as well as production and loss rate of ozone, show maximum values at about

2 km a.s.l. at 4.8 days upwind. This correlation in species concentrations indicates

that the pollution plume was concentrated at 2 km a.s.l. at this stage.

Over 80 % of the simulated plume was lifted up into the FT by three days upwind.

During the lifting, temperature dropped from 280 K over the continent to 265 K,

while RH increased from ∼ 50 % to 75 % (Fig. 2.6d). Oxidized nitrogen species and

ozone decreased slightly, which was due to further dilution and destruction, and

ozone production tendency remained in a net destruction status at −2.2 ppbv/day

(Fig. 2.6c). At the same time, PAN levels in the plume increased from 0.12 ppbv to

0.18 ppbv (Fig. 2.6b). This accumulation of PAN was likely caused by continuous

oxidation of NOx to PAN combined with the longer lifetime of PAN in the middle

of the FT; the lifetime of PAN is 10–100 times longer in the FT than in the PBL

(Kleindienst, 1994). The increase in PAN was found to be much higher than the

decrease in NOx during this lifting, which may appear inconsistent if it is assumed

PAN is formed primarily from NOx destruction. When PAN reached its highest

mixing ratio at 12:00 on 12 June, due to a slight discrepancy in convection in the

two models, the FLEXPART retroplume profile did not entirely match the GEOS-

Chem plume profile and only sampled in the upper part of the plume (see Fig. 2.7,

Column 1, Panel b). During lifting, the GEOS-Chem plume encountered a potential

cloud layer (see RH in Fig. 2.6, Panel d). As a consequence, the FLEXPART
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retroplume, which was concentrated above the potential cloud layer, sampled the

upper part of the plume where NOx had already been transformed to PAN or washed

out during lifting. The lower part of the plume, where significant NOx change could

be expected, was not sampled by the retroplume because of the disagreement in

convective transport in the models. Thus, the change in NOx in the folded results

may have been underestimated. CO and ozone, which are more stable than NOx, were

unaffected by the potential cloud layer on the short timescale, and the retroplume

corresponded well to the layers in which CO and ozone were elevated, so the effects

on the folded results of CO and ozone were small. After being lifted from the PBL,

the plume layer reached an altitude of 3 to 5 km a.s.l., as indicated by the simulated

CO profile (Fig. 2.7b). NOx was almost diluted to the background level, and net loss

of ozone was predicted for the entire altitude range of the simulated plume.

Starting from three days upwind, the plume began to decrease in altitude (Fig. 2.6d).

The CO mixing ratio in the folded results continued to decrease while ozone mixing

ratio increased slightly, with the UFQ of ozone reaching a value of 59 ppbv upon ar-

rival at PMO (Fig. 2.6a). The dilution observed for CO suggests that the increase

in ozone is due to production during subsidence. The decrease in PAN mixing ratio

suggests that thermal decomposition of PAN occurred in this stage, which resulted

in a 50 % increase in NOx and consequent ozone production (Fig. 2.6b), a hypoth-

esis that is confirmed by UFQs of ozone production/loss rate. From three to one
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Figure 2.7: GEOS-Chem profiles of tracer gases (CO, O3, PAN, etc.), ozone
production/loss rates (POx, LOx), OH concentration and specific humidity
(SPHU) at four upwind times along the transport pathway for Event 2. The
four times were selected to show different stages during the transport. Up-
wind times are indicated to the left of each row. Plume location and altitude
are determined by folded retroplume analysis at the indicated upwind time
(Fig. 2.3). Simultaneous retroplumes (in blue) are shown in units of resi-
dence time (second), which can be viewed as vertical dispersions of plume air
masses over altitude in the column containing the highest folded retroplume
concentration such that the retroplume profiles in each row are identical.
Each plot shows two GEOS-Chem profiles, the colors of which correspond
to the colors of the upper and lower x-axes.

days upwind, due to a slight increase in ozone production rate in the plume and con-

tinued decrease of ozone destruction rate, the net ozone destruction decreased from

−2.2 ppbv/day to −1 ppbv/day (Fig. 2.6c), and by a half day upwind, the loss rate
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Figure 2.8: Same format as in Fig. 2.7, but for Event 6 in 2010.

of ozone was nearly balanced by the production rate. GEOS-Chem profiles for the

arrival dates (Fig. 2.7c and d) indicate that a net ozone production layer (rate of

approx. 1 ppbv/day with enhanced NOx was present at an altitude of ca. 2 km a.s.l.

at 1.8 and 0.8 days upwind, which suggests that a net ozone production layer may

have covered a broad upwind area over the central North Atlantic. The concentrated

CO layer was actually predicted to be higher in altitude than the layers in which

NOx and ozone production rates were elevated, which suggests that net ozone pro-

duction occurred more efficiently in the lower portion of the pollution plume where
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PAN decomposed as a result of higher temperature.
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Figure 2.9: GEOS-Chem-simulated ozone mixing ratio averaged from 0.8
to 2.5 km altitude (a) and surface pressure (b) at the arrival time of Event 2
(15 June 2009, 06:00UTC). The location of Pico Mountain Observatory is
indicated with a blue circle.

To demonstrate the link between plume subsidence and the Azores-Bermuda High

(ABH), we show a plan view of averaged O3 in the lower FT (0.8–2.5 km) and sur-

face pressure over the North Atlantic at the time when the plume arrived at PMO
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(Fig. 2.9). This GEOS-Chem simulation result indicates that ozone was abundant

over the US and southern Canada due to large anthropogenic emissions, and in the

region impacted by direct transport from the continent, extending several hundred

kilometers to the North Atlantic. An ozone-rich region was also present over the

Azores region, isolated from the other regions of enhanced ozone, similar to findings

presented by Creilson et al. (2003). We conclude that the region of elevated ozone was

a result of subsidence, discussed above. Indeed, the position and shape of the ABH

correlates well with the ozone-rich region over the Azores, providing an explanation

for air mass subsidence (ABH System) and associated PAN decomposition.

2.4.2 Event 6 (16–21 July 2010)

A similar analysis was carried out for Event 6. The UFQs for Event 6 are shown in

Fig. 2.6e–h, and profiles at four upwind times are presented in Fig. 2.8. The plume

associated with Event 6 was characterized by low-altitude transport, as described in

Sect. 2.3.2. Six to five days upwind, the plume was located in the PBL over the mid-

eastern US (Fig. 2.3c). The plume contained high levels of CO and ozone (98 ppbv and

70 ppbv, respectively), and an O3 production rate of 3–6 ppbv/day (POx = 13–17 and

LOx = 10–11 ppbv/day prior to export. This O3 production rate is larger than that

observed for Event 2 (2.5 ppbv/day. In contrast to Event 2, stable weather conditions

were observed at this time over the eastern US. Air masses with fresh pollution
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emissions were well mixed, and stagnant atmospheric conditions were favorable for

ozone production (Jacob et al., 1993). Simulated NOx from lightning also showed

a maximum prior to plume export. The predicted amount of NOx produced was less

than 10 % of the total NOx UFQs in the simulated plume. This amount was not

significant enough to contribute to the simulated ozone production.

From five to four days upwind, the plume was exported to the North Atlantic and

travelled mainly at 1–3 km (Fig. 2.6h), presumably above the MBL, which was pre-

dicted to be confined to a layer less than 500 m thick by GEOS-Chem (Fig. 2.2).

UFQs of temperature in the plume were fairly stable and ranged from 280 to 286 K.

RH was higher in Event 6 (60-80 %) than in Event 2 (4060 %), which indicates a

greater part of the Event 6 plume may have interacted with a cloud layer during

transport and thus was not lifted above the boundary layer. Compared to Event 2,

these meteorological conditions in the boundary layer may have enhanced destruction

of ozone and removal of ozone precursors. Both CO and ozone exhibited a smooth

and quick decrease after the simulated plume was exported to the North Atlantic

(Fig. 2.6e). The rate of loss in simulated CO and ozone decreased after three days of

transport in the North Atlantic, when concentrations approached background levels.

UFQs of nitrogen species in the plume for Event 6 also showed similar decreasing

trends. In contrast to the PAN accumulation observed in Event 2, PAN mixing ratios

in this plume decreased following export from the PBL, which implies that the plume

lost most of its potential for ozone production. The plume switched from a net ozone
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production to a net ozone destruction state at four days upwind, and stayed in a net

destruction state during the rest of the transport period (Fig. 2.6g). Net production

of ozone decreased during the entire transport and it decreased much quicker than

net ozone loss rate. When the plume arrived at PMO, the plume was in a net ozone

destruction state of −2 ppbv/day. Similar transport in the lower FT was found in

a Trans-Pacific transport study (Kotchenruther et al., 2001), and in another North

American outflow study simulated using WRF-Chem (Lee et al., 2011).

2.5 Potential causes for enhancement in

d[O3]/d[CO] at PMO

In this section, we analyze observations of d[O3]/d[CO] enhancement at PMO and

investigate chemical transformation in plumes based on the above findings. We es-

timate d[O3]/d[CO] in the plumes at upwind times for Events 2 and 6 by applying

estimates of photochemical loss and gain of CO and ozone during transport. We lack

in-situ measurements of trace gases in the plumes when they were exported from

North America. In order to evaluate the values of upwind d[O3]/d[CO], we compare

the values to upwind slopes simulated by GEOS-Chem and observational data from

the Measurements of OZone, water vapour, carbon monoxide and nitrogen oxides by

in-service AIrbus aircraft (MOZAIC) Program. The objective of this analysis is to
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elucidate factors driving variation in d[O3]/d[CO] during transport.

2.5.1 d[O3]/d[CO] evolution during transport of Event 2

For the purpose of this analysis, we assume that the d[O3]/d[CO] value obtained

by regression of the measurement data is the result of mixing between a so-called

“pollution plume point” and background air in the central North Atlantic. Therefore,

for Event 2, a substitute slope is derived by connecting higher CO and O3 values in

the plume and lower background O3 and CO values. The plume point for Event 2 (red

triangle in Fig. 2.10a) at PMO is determined by averaging the top 10 % of O3 and

CO mixing ratios from measurements associated with this event. The background

point is estimated from observed O3 and CO mixing ratios at PMO during specific

periods determined to be representative of the North Atlantic regional background.

This determination is made by selecting periods with FLEXPART retroplumes having

more than 50 % of their residence time over the North Atlantic region (defined by

latitude from 30� to 48�, longitude from −60� to −15�) and more than 80 % of their

residence time under a vertical height of 5 km at ten days upwind from PMO. Given

a typical transport time from North America to PMO is approximately 6-7 days

(Honrath et al., 2004), this choice of upwind time insures that the CO and ozone

mixing ratios selected were aged mid-latitude North Atlantic air. The average CO

and O3 mixing ratios for qualified periods were used as the background point (green
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circle in Fig. 2.10a). By connecting the plume point (104 ppbv of CO and 60 ppbv of

ozone) and the background point (78 ppbv of CO and 30 ppbv of ozone), a substitute

slope (value of 1.15, L1 in Fig. 2.10a) for the regression line of observations (value of

1.37, L0 in Fig. 2.10a) is obtained. The associated substitute slope can be viewed as

a generic d[O3]/d[CO] value for Event 2 at the central North Atlantic. According to

FLEXPART simulation reuslts, transport from tropic regions occured immediatedly

after this event, so a few observations of clean air (Fig. 2.10a) were included in the

event period.

Figure 2.10: Calculations of d[O3]/d[CO] for the two selected events (a)
Event 2; (b) Event 6. Background levels for the central North Atlantic
(green circles), and simulated upwind pollution plume data points (red sym-
bols) are defined in the text. Solid black lines (L0) indicate two–sided re-
gression results of observation data (black dots) at PMO. The brown shaded
area indicates the dO3/dCO range in upwind derived using MOZAIC flight
measurements. Line G has an upwind slope that is derived from the GEOS-
Chem captured plume. Adjusted lines (L1–L3) for each event demonstrate
the variation in dO3/dCO according to chemical transformation pathways
(R1–R2) during transport.

To derive the upwind slope values of the plume for Event 2, we estimate CO and

O3 mixing ratios in the plume at five days upwind (near the coast) based on folded
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results from Sect. 2.4. As previously discussed, transport of Event 2 is characterized

by initial lifting from PBL into the free troposphere and subsequent subsidence near

PMO. Since CO transformation is less affected by transport height and temperature,

we begin by estimating the upwind CO mixing ratio in the plume by calculating CO

production and CO loss over the transport time. By knowing the production/loss

rate of CO in the folded results, we calculate the percent production/loss relative

to CO mixing ratio in the folded results for each day. For example, if the CO net

destruction rate were −1.16 ppbv/day (PCO = 1.25 and LCO = 2.41 ppbv/day), we

compute a 1.4 % loss relative to an average CO mixing ratio of 85 ppbv during the

last day of transport. By doing this computation iteratively for each day, we obtain

a total loss of 10 % of CO during five days of transport. To compare this net CO

loss with values found by Honrath et al. (2004), we can compute the CO loss based

on reaction with OH, and CO production based on oxidation of hydrocarbons. By

applying an average OH concentration of 2.8 × 106 molecules/cm3, Honrath et al.

(2004) estimated a 23–27 % CO loss due to reaction with OH during 5–6 days of

transport from the US East Coast to PMO. The average OH concentration estimated

in our folded results was 3.0 × 106 molecules/cm3, which gives a 25 % loss of CO by

reaction with OH in the five days of transport. Considering that in the folded results,

the predicted CO production rate from the oxidation of hydrocarbons is about half

of the CO destruction rate, a net loss of CO of 13 % is expected, consistent with the

estimation of CO loss calculated iteratively of 10 %. According to an estimated 10 %
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loss of CO, we expect the plume point (red triangle in Fig. 2.10a) to move to the right

to a CO level of 116 ppbv at five days upwind following process R1. By using the

same iterative calculation of relative ozone production/loss for each day, we compute

an 11 % loss in ozone for the transport period, moving the plume point (following R2

in Fig. 2.10a) up to an ozone level of 66 ppbv (red diamond in Fig. 2.10a). The slope

of the line (L2 in Fig. 2.10a) connecting this upwind plume point and the background

point, which is presumably unchanged, is 0.97. Comparing L1 and L2, we conclude

that both CO and ozone transformation can affect the slope. Net ozone loss has

negative contribution to the slope while net CO loss has positive contribution to the

slope. It is also important to note that although the averaged net ozone production

rate during the 5 day transport period was negative, the slope increases from L2 to

L1 as a result of significant CO loss. This finding contradicts the intention of use of

d[O3]/d[CO] as an indicator of net ozone production. To our knowledge, prior to this

study, CO loss has been pointed out as a potential explanation for enhancement in

d[O3]/d[CO] only in the study by Real et al. (2008).

In order to evaluate the upwind slope L2, we compare it with other estimations of

slope values derived from near-coast pollution plumes inferred from our GEOS-Chem

simulations. At the time of export from North America (9 June), GEOS-Chem profiles

(not shown) indicated that the plume associated with Event 2 contained 160 ppbv of

CO and 72 ppbv of ozone. If this plume (orange circle in Fig. 2.10a) were mixed with

the background (green circle) the derived upwind slope would be 0.52 (Line G). .
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We also investigated upwind pollution plumes by using flight measurements obtained

from the MOZAIC Airborne Program. To estimate the composition of the Event

2 plume when it was exported from eastern North America, we chose the CO and

ozone profiles from Philadelphia, the closest MOZAIC airport to the location of the

event origin (see Fig. 2.3) from 2008–2010. The 2008 data were included because

there were only a few profiles collected in summertime 2010. CO and ozone mixing

ratios measured from altitude 2 km to 3 km were considered to represent lower

free troposphere air. The top 10 % of CO mixing ratios at this level were treated as

highly polluted air and were used to determine the potential range of the initial plume

conditions for Event 2. By connecting these CO and ozone mixing ratios in the plume

with the North Atlantic background, we obtained a range in upwind d[O3]/d[CO] from

0.48 to 0.79 (H–range in Fig. 2.10a). This range is a little larger than those of recent

satellite observations downwind of eastern North America (0.4-0.6; Voulgarakis et al.

(2011)), but consistent with values measured near coastal areas observed during the

ICARTT Campaign (0.81 and 0.72; Zhang et al. (2006)).

Compared to the slope range of the G- and H-lines, the upwind slope for Event 2

based on the folded results (1.15 for L2) is greater than the upper end of the slope

range of G- and H-lines and is probably overestimated. We speculate that our calcu-

lation of ozone transformation during transport in Event 2 underestimated net ozone

production during plume subsidence, which is likely caused by numerical diffusion

in GEOS-Chem. Due to retention of NOx in the PAN chemical reservoir during
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rapid lifting from the PBL and subsequent transport at high altitude (> 3 km), the

plume had a potential for ozone production during subsidence in the last two days

of transport as PAN decomposed to NOx. This sequence of events, including net

ozone production during plume subsidence, occurred in a limited space. However,

the NOx generated was immediately diluted in GEOS-Chem grid cells as a result of

numerical diffusion, and as a result, net ozone production within the plume would

be underestimated in GEOS-Chem simulations and associated folding calculations.

As discussed in Sect. 2.3, the pollution plume for Event 2 was compact during trans-

port, as such was vulnerable to numerical diffusion, which may have amplified the

underestimation of NOx and net ozone production in the plume. This artifact can

be minimized by using higher resolution chemical models, which reduces the magni-

tude of artificial mixing with the ambient air. If we assume a hypothetical, averaged,

net ozone production rate of 2.1 ppbv/day (7.2 % net ozone production) during the

last two days of transport instead of the simulated, averaged, net ozone destruction

rate of −0.6 ppbv/day (3.7 % net ozone loss averaged from the folded result values on

upwind days 2 and 1; Fig. 2.6c), there would be no accumulated ozone change (0 %

net ozone production) for the 5 day transport period because the net ozone loss in

the first three days would be compensated for by this hypothetical higher net ozone

production rate. In this case, the upwind plume point for Event 2 would remain at an

ozone level of 60 ppbv (red square in Fig. 2.10a), producing an upwind slope of 0.80

as show in Fig. 2.10a for L3, instead of ozone being increased at five days upwind to
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account for ozone destruction predicted in the folded result (R2; slope of L2 = 0.97).

Compared with L2, the slope of L3 shows better agreement with the upwind slopes

of Lines G and H, which means that the net ozone production was likely closer to the

assumed value (2.1 ppbv/day) in the final two days of transport. In the remote North

Atlantic, this ozone production rate is possible because of the considerably higher

ozone production efficiency resulting from fresh NOx production. Based on aircraft

measurement of NOx in the FT, Reeves et al. (2002) calculated a pollution plume

having a net ozone production rate of 9.6 ppbv/day with a simultaneously measured

NO > 60 pptv. When the plume was lifted, GEOS-Chem and the folded results could

similarly underestimate PAN accumulation due to numerical diffusion, which would

also result in underestimation of net ozone production during subsequent subsidence.

Correction for this underestimation could move the slope of L3 even lower and closer

to the G- and H-lines.

If the explanation that GEOS-Chem underestimates instantaneous ozone production

is correct, enhancement of d[O3]/d[CO] in Event 2 (from L3 to L1 in Fig. 2.10a)

was the result of a combination of ozone production and CO loss during transport.

Compared to upwind CO and ozone mixing ratios in the upwind plume simulated in

GEOS-Chem (orange circle), the upwind CO and ozone mixing ratios calculated above

(red square on L3) are much lower. This discrepancy is a result of our calculation

based on diluted pollution plumes observed at PMO. However, the dilution effect, i.e.

mixing, does not change the slope values because mixing of the pollution plume with
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background air would only move the plume point along the derived slope line (L3) in

a direction opposite to the background point.

2.5.2 d[O3]/d[CO] evolution during transport of Event 6

The evolution of d[O3]/d[CO] in Event 6 can be studied using a similar approach

(Fig. 2.10b). Averaging the top 10 % of CO and ozone mixing ratios for the data

observed for Event 6 produces a computed plume point of 119 ppbv CO and 54 ppbv

ozone at the arrival time (red triangle in Fig. 2.10b). Similarly, the North At-

lantic background CO and ozone for summertime 2010 were found to be 88 ppbv

and 26 ppbv, respectively (green circle in Fig. 2.10b). The derived line connecting

these two points exhibits a slope of 0.90 (L1 in Fig. 2.10b) as a substitute for the

regression slope for Event 6 (0.99; L0).

According to the folded results, both CO and ozone concentration decreased during

transport, and no net ozone production was found, so we expect the plume point

for Event 6 to move to the upper right in Fig. 2.10b when tracing back five days

upwind. By using the same approach for Event 2, we estimate 12 % CO loss during

transport for Event 6, more loss than in Event 2 due to higher OH levels in the

plume (4.5 × 106 molecules/cm3 daily average value from GEOS-Chem), which may

be a result of more efficient ozone production and export at lower altitude. This
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CO loss moves the plume point horizontally to the right in Fig. 2.10b (following

R1). Similarly, we estimate 20 % ozone loss during the entire five days transport. By

adjusting for loss of CO (R1 in Fig. 2.10b) and of ozone (R2), the plume point is moved

to 136 ppbv CO and 68 ppbv ozone for five days earlier (red diamond in Fig. 2.10b),

which, when connected to the background point, produces an upwind slope of 0.88

(L2). Similarly, we estimate upwind slopes by using GEOS-Chem simulation and

plumes observed during previous aircraft campaigns. An upwind plume associated

with Event 6, having 155 ppbv of CO and 72 ppbv of O3, was captured by GEOS-

Chem five days upwind. Thus, a value of 0.69 is computed as the upwind slope

based on the GEOS-Chem simulation (Line G).We also estimated the CO and ozone

composition for Event 6 plume when it was exported from North America by using

the same approach as done for Event 2. Profiles from Atlanta were used because it

was the closest MOZAIC airport to the location of export in Event 6. By connecting

the estimated CO and ozone composition and the background point, we obtained a

range of upwind d[O3]/d[CO] from 0.51 to 0.92 (H–range in Fig. 2.10b).

The derived upwind slope of Line L2 (0.88) is very close to the slope of L1 (0.90).

Far away from continental pollution sources, the plume for Event 6 lost most NOx

and PAN for net ozone production after export. As a result, significant ozone loss oc-

curred in transport to PMO, which resulted in a negative contribution to d[O3]/d[CO].

However, this negative contribution was partially compensated by significant CO loss

during transport. Therefore, the downwind slope (of L1) has a similar value to the
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slope of L2. Both L1 and L2 slopes fall in the range of the estimated upwind slopes

(slopes of G- and H-lines ranging from 0.51–0.92), which suggests a low variation

in d[O3]/d[CO] during transport for Event 6. Different from Event 2, for Event 6,

numerical diffusion in GEOS-Chem had a minor effect on estimated CO, ozone pro-

duction/loss because chemical transformation was more continuous, and intensive

and abrupt chemical processes, such as net ozone production during subsidence, were

absent. The over-dilution caused by numerical diffusion has less significant effect in

Event 6 than in Event 2 because the plume for Event 6 experienced more efficient

mixing during transport. This type of mixing is better approximated as numerical

diffusion in GEOS-Chem as compared to the mixing during transport associated with

Event 2 discussed above. As a result, better agreement between the estimated up-

wind event plume point (red diamond, Fig. 2.10b) and the adjusted simulated and

previously-observed plume points (upper end of G- and H-lines) is observed.

Usually, net ozone production is believed to be the reason for d[O3]/d[CO] enhance-

ment in remote regions (Parrish et al., 1993). Here we observed that variation in

d[O3]/d[CO] is not sufficiently explained by net ozone production/loss alone, as pre-

viously suggested by Voulgarakis et al. (2011). Instead, significant CO loss during the

two transport events was found to contribute to increases in d[O3]/d[CO]. As a result

of sufficient ozone export in the two event plumes, high OH concentrations were found

in our simulation results (3.0×106 molecules/cm3 for Event 2; 4.5×106 molecules/cm3
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for Event 6 as diurnal average during the transport period) in comparison with typ-

ical background OH levels of approximately 1.0 × 106 molecules/cm3. Elevation in

OH level, caused by high ozone concentration in the plumes, in turn accelerates CO

oxidation, which suggests that use of CO as an inert gas tracer of pollution events

in the analysis of d[O3]/d[CO] in pollution plumes is biased by a contribution from

significant loss of CO.

2.6 Conclusions

We used measurements of atmospheric tracer gases at PMO, the transport model

FLEXPART, and the chemical transport model GEOS-Chem to identify transport

events that were mainly impacted by North American anthropogenic emissions in

summers of 2009 and 2010. Both FLEXPART and GEOS-Chem were able to simulate

the transport processes of the two selected events, and the agreement between the two

model simulations of plume transport dynamics allowed us to examine the aging and

chemical transformations occurring in the plume with a semi-Lagrangian framework.

CO enhancement observed at PMO was used as a primary indicator of the impact

of pollution plumes. Correlation coefficients of d[O3]/d[CO] for selected events show

significant enhancement in pollution-impacted measurements, and regression analyses
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of d[O3]/d[CO] in selected plumes exhibit high correlation (R2 > 0.5). We success-

fully identified two North American anthropogenic pollution plumes by examining CO

sources, trajectory analyses, and excluding influence of mechanically forced upslope

flow to the Observatory. The folded GEOS-Chem and FLEXPART technique was ap-

plied to study chemical evolution in the two selected events. Lagrangian information

including plume dispersion and transport in FLEXPART were used to extract chem-

ical transformation information in GEOS-Chem Eulerian fields. Although the accu-

racy of the folded results is likely limited by numerical diffusion in GEOS-Chem and

transport discrepancy between the models, these results indicate that meteorological

conditions and transport pathways largely determined the chemical transformation

in the pollution plumes. Based on these analyses, two parameters, transport height

and concentration of hydroxyl radical, are important determinants of production and

loss of air pollutants during transport over the North Atlantic. For example, our

results lead us to conclude that NOx was converted into PAN during quick lifting into

the middle free troposphere in the beginning of Event 2, while most of the reactive

nitrogen species were lost to deposition at low altitude in Event 6. Exported plumes

are usually transported directly from the northeastern US, followed by looping south

to intercept PMO. During Event 2 in 2009, the plume experienced pronounced subsi-

dence caused by the ABH when approaching the Observatory. NOx released through

thermal decomposition of PAN created a net ozone production layer at 2 km a.s.l. in

the Azores. For Event 6, the potential for ozone production was low due to active
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mixing at low altitude, and ozone was primarily destroyed during transport. The

enhancement in d[O3]/d[CO] for Event 6 was instead the result of efficient CO loss

during transport. High ozone and OH levels in the pollution plumes accelerated CO

loss, which brings into question the validity of assuming CO to be a conserved passive

tracer of pollution plumes. We conclude that enhanced d[O3]/d[CO] values, which

have been frequently used as indicators of ozone production in transport plumes, may

not reflect ozone chemistry only. CO destruction in the plume can also explain the

higher d[O3]/d[CO] observed for Event 2, when both CO loss and ozone production

were identified.
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Chapter 3

Ten-year chemical signatures

associated with long range

transport observed in the free

troposphere over the central North

Atlantic1

1This chapter is based based on material that is intended for publication as Zhang et al., Ten-year
chemical signatures associated with long range transport observed in the free troposphere over the
central North Atlantic
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3.1 Introduction

The persistent westerly winds in the mid-latitude regions powers transpacific trans-

port (e.g., Heald et al., 2006; Dunlea et al., 2009) and transatlantic transport (e.g.,

Huntrieser et al., 2005; Fehsenfeld et al., 2006). These studies documented the im-

pacts of long-range transport on air quality in downwind regions. Specific attention

has been given to study the links between the observed chemical concentrations and

properties and transport patterns (e.g., transport sources, distance, height, etc.). For

example, Cooper et al. (2001c) classified and studied major air mass types at a ground

site in northern Michigan. They found that transport from the south brought polluted

air from the populated regions, while transport from the north mainly delivered clean

air from Canadian regions. Liang et al. (2004) used GEOS-Chem to simulate CO

enhancement caused by long-range transport from Asia at Cheeka Peak Observatory,

Washington (U.S.). They classified several transport types observed between June

2001 and May 2002 and found that the CO enhancement varied from 33 to 65 ppbv

for different export heights and weather systems in the Asian boundary layer. Fischer

et al. (2011) found high levels of PAN associated with colder air transport to Mount

Bachelor, a free troposphere site in central Oregon (U.S.). Cain et al. (2012), using

a trajectory ensemble to simulate ozone production for long-range transport, found

ozone photochemical loss (-5 ppbv/day) in transports at low altitudes (<2 km) and

also ozone production in a wildfire plume at higher altitude (4-5 km). The studies
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revealed how the composition of imported air pollution could vary in differing circum-

stances, and thus helped with understanding of pollution transport and air quality

issues.

Chemical transformation during transport can be inferred by examining relationships

of observed chemical concentrations after long-range transport. The reduced major

axis (RMA) slope takes into account variability in both x- and y-coordinates (Ay-

ers, 2001), so it is a proper tool for correlation analysis of observed trace gases. For

example, d[O3]/d[CO] has been used as a measure of ozone enhancement in North

America and regions downwind (e.g., Parrish et al., 1993). Variations in the slope

observed in previous studies reflect differences in air composition and differing ozone

chemistry. A d[O3]/d[CO] value of 0.3 was found to be a signature value for rural sites

in eastern North America, and was concluded to be a result of mixing of fresh pol-

lution emissions and aged air mass [Chin et al., 1994; Cooper et al., 2001]. Honrath

et al. (2004) found a higher summertime d[O3]/d[CO] (∼1.0) in the free troposphere

over the central North Atlantic and suggested the slope was the result of potential

ozone production during transport from North America. Cooper et al. (2001a) inves-

tigated d[O3]/d[CO] in different airstreams associated with mid-latitude cyclones, and

suggested that the slope could be different depending on air composition and photo-

chemistry in the airstreams. These variations are expected to be better understood

by studying d[O3]/d[CO] for different transport patterns.
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Non-methane hydrocarbons (NMHC) undergo reactions with OH radicals and at-

mospheric deposition during long-range transport. Their decay rates in reactions

with OH are determined by the size and structure of the NMHC molecule. Lighter

NMHC (C2-C5) decay slower than bigger organic species and their concentrations are

measurable after long-range transport. The differences in their decay rates produce

observable patterns in their mixing ratios. Ratios of NMHC in the atmosphere have

been used to reflect photochemical ages of air masses (McKeen and Liu, 1993). The

natural logarithms of [n-butane]/[ethane] versus [propane]/[ethane] has been used as

a photochemical clock of air masses (Parrish et al., 1992). Ratios of NMHC isomers

are usually constant in transport, but can be changed due to oxidation reactions

with other chemicals. Increased [i-butane]/[n-butane] was found in the polar marine

boundary layer, which was due to faster n-isomer oxidation by chlorine atoms emitted

from the ocean (Hopkins et al., 2002). NMHC ratios have proven to be useful tools

for studying air mass ages and to study chemical transformation during long-range

transport (McKeen and Liu, 1993).

Long-term observations of trace gas concentrations in the free troposphere have been

conducted at a remote and elevated site, Pico Mountain Observatory (PMO), in the

central North Atlantic. The ten-year record of observations allows us to study poten-

tial chemical and physical processes responsible for chemical variations in atmospheric

composition after long-range transport. The observatory is far from large emission

sources, which makes it a perfect site for studying the chemical and physical processes
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during long-range transport. The Objectives of this work are to provide a catego-

rization of major transport patterns that result from different pollution sources and

environmental conditions, and to understand the chemical signatures associated with

the transport patterns. We focus on ozone, ozone precursors and other chemical sig-

natures in spring (April-May), summer (June-August) and fall (September-October)

during periods when the Observatory was operated.

3.2 Method

3.2.1 PMO introduction and measurements

PMO was established in summer 2001 on top of the Pico Mountain (38.47�N, 28.40�W,

2,225 m a.s.l.) in the Azores Islands. The elevation of PMO above the remote North

Atlantic ocean makes it a great remote site for conducting research to understand

transported gaseous and particle species in the free troposphere. Since the founding

of PMO, a series of studies based on observations of airborne species was published,

including studies on enhancement of ozone and ozone precursors(Honrath et al., 2004;

Owen et al., 2006), anthropogenic and boreal fire emission impacts(Lapina et al., 2006;

Val Mart́ın et al., 2008a), seasonal cycles of hydrocarbons (Helmig et al., 2008), as

well as aerosol properties (Dzepina et al., 2014) and composition (China et al., 2015).
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Figure 3.1: Coverage of the trace gas observations used in this study. Data
of CO, ozone and NOxy are 30-min averages. Data of NMHC are hourly
averages.

The work here uses available measurements of carbon monoxide (CO), ozone (O3),

mono-nitrogen oxides (NOx=NO+NO2), total reactive nitrogen (NOy), non-methane

hydrocarbons (NMHC) through years 2001-2011 (data coverage is given in Figure

3.1) to look for chemical signatures of different air masses.
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3.2.2 Transport and pollution tracer simulations

The Lagrangian particle dispersion model FLEXPART (version 8.2; Stohl et al.

(1998)) was used to simulate air mass transport to PMO. The backward mode was ap-

plied in this study to build a ten-year archive of transport trajectories initialized from

PMO. Backward simulations were launched every three hours from PMO. Three-hour

meteorology fields of Global Forecast System (GFS) and its Final Analysis (FNL),

featured with 1�horizontal resolution and 26 vertical levels, were used to drive FLEX-

PART for the years 2005-2011. Three-hour meteorological fields from the European

Center for Medium range Weather Forecasting (ECMWF) were used in simulations for

2001-2004. The output was saved in a grid with a horizontal resolution of 1�latitude

by 1�longitude and eleven vertical levels from the surface to 15,000 m a.s.l.

In the backward mode of FLEXPART, a passive tracer consisting of tens of thou-

sands of air parcels is released from the receptor (PMO) and advected and dispersed

backwards in time, resulting in a spatial distribution of residence time (RT) at every

upwind step, referred to as a retroplume. Given this spatial distribution, we can

calculate the ratio of the plume (portion of the air parcels) distributed in the spatial

domains of interest to the entire dispersed plume, which can be used to categorize

transport in concerned regions and heights. In FLEXPART, retroplumes can also be

converted to a distribution of sensitivity factors (rather than RT) that qualify the
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source-receptor relationship (Owen and Honrath, 2009). By folding (i.e., multiply-

ing) the sensitivity factor with emission inventories, we are able to calculate tracer

concentrations at the receptor contributed by a certain emission source (Seibert and

Frank, 2004). In this study, evaluation of the influence from pollution emissions was

obtained by multiplying retroplumes with CO emission inventories from the Emis-

sions Database for Global Atmospheric Research (EDGAR version 3.2; Olivier and

Berdowski (2001)) and the Global Fire Emissions Database (GFED v3.1, daily aver-

aged fire emissions; Mu et al. (2011)), and is hereafter called FLEXPART CO.

3.2.3 Classification of transport patterns

In this section, we list the constraints used to determine transport patterns. The con-

straints were selected based on our knowledge and the feasibility of the analyses. By

analyzing FLEXPART products and meteorological data, we identified several major

transport patterns in the 10-year record of trace gas observations. The constraints

are also summarized in Table 3.1.
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3.2.3.1 Air mass origin

The primary factor considered for categorizing the transport is where the transport to

PMO originates. Transport origin was determined based on distributions of upwind

RT over the North Atlantic Ocean and the surrounding continents. Figure 3.2a shows

the vertical distribution of upwind residence time averaged for the retroplumes in an

entire year (2011). These results indicate that the retroplumes distribute mainly

over the North Atlantic for 0-3 days upwind. The North American RT contribution

starts to appear ∼ 3 days upwind, indicating the shortest transport time from North

America to PMO. The North American RT reaches its maxima about 7-8 days upwind

with a maximal RT ratio of 0.22. We use a RT ratio greater than this average value

to determine the transport from a targeted continent. In this study, retroplumes

that have greater than 50% RT distributed in the low-middle troposphere (0-5 km

a.s.l.) over North America for a period longer than one day were defined as North

American outflows, and were assigned the abbreviation “NA”. The altitude limitation

is applied for targeting terrestrial sources because the air composition from the upper

troposphere has a different chemical signature. European and African transport were

defined similarly and were assigned abbreviations of “EU” and “AF”, respectively.

The North Atlantic free troposphere background, “NATL”, is defined by a higher

percentage (70%) of RT and a longer time limit (10 days) over the North Atlantic

in order to reduce the probability of overlapping with air masses originating over the
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continent.

3.2.3.2 Impact of pollution emissions and air mass age

FLEXPART CO is used in this study to determine periods that were affected by pollu-

tion emissions. FLEXPART CO estimates the CO enhancement caused by pollution

emissions. We use a FLEXPART CO mixing ratio of 15 ppbv (compared to 80-100

ppbv as a typical background CO at PMO) as the cutoff in the determination of im-

pacts of pollution emissions. The 15 ppbv used here equals the standard deviation of

the bulk CO measurement for the ten-year period. We determined the time periods

of different air mass types by examining FLEXPART CO from anthropogenic or wild-

fire emissions. This method successfully predicted transport of pollution emissions in

previous studies focusing on aerosol composition (Dzepina et al., 2014) and particle

morphology at PMO (China et al., 2015). Although the emissions of CO and reactive

nitrogen oxides over the North America have decreased in recent decades, we used the

same anthropogenic emission inventory here in order to keep a consistent FLEXPART

CO threshold for identification of affected periods in different years. The simulated

FLEXPART CO shows a wide range from 3 ppbv (small emission influence) to more

than 150 ppbv (large emission influence). An example of FLEXPART CO result-

ing from anthropogenic and wildfire emissions originating from different continents is

given in Figure 3.3a.
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Figure 3.2: Averaged upwind residence time distribution over different geo-
graphical regions (a) and different vertical levels (%) (b) for all retroplumes
simulated by FLEXPART 2010. Note that not all transport sources and
heights are covered in the results, and therefore percentages total less than
100% in the upwind days.
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Figure 3.3: FLEXPART CO contributions from different sources (a) and
FLEXPART CO ages (b) obtained by folding FLEXPART retroplumes with
emission inventories. These are examples for a randomly selected month
(September 2012). CO mixing ratios from different sources and age classes
are added upon each other in the figure to give the total FLEXPART CO.
The total FLEXPART CO is the same in the two types of analyses at a
given time.
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The total transport time of pollution in the atmosphere can also affect chemical

composition. We calculated the air plume age by averaging the time elapsed between

CO emission and arrival at PMO in the model. The estimated transport time of

North American emissions to PMO was determined to be from 5-7 days (Honrath

et al., 2004), so we defined the transport retroplumes that had average FLEXPART

CO age less than 7 days as young transport and that were older than 10 days as aged

transport. An example of the FLEXPART CO age spectra is given in Figure 3.3b.

3.2.3.3 Transport height

We considered a few scenarios of transport at different heights and changes in height

during transport by quantifying the vertical RT distribution throughout the entire

period for each transport (ten-year FLEXPART retroplumes). For a height reference,

we extracted the depth of the marine boundary layer (MBL) from Data Assimilation

System (GDAS) meteorology data over the North Atlantic for the past decade (GDAS,

2014). The MBL height in GDAS mainly ranges from 500 m – 2000 m a.s.l over the

North Atlantic. Thus, we defined a “low” scenario, which has over 40% of RT within

0-2.5 km a.s.l. during transport. The constraint was applied to both the North

American and the North Atlantic background transport. In order to capture the

transport scenario in which air mass is lifted by deep convection or by warm conveyor

belts, we defined the “lifted” transport as RT reduced by 30% in the 0-2.5 level
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within 24 hours. The RT change during lifting used here refers to the findings in

a 15-year climatology study of warm conveyor belts (Eckhardt et al., 2004). The

last transport height scenario is “subsidence flow” or “Upper”, which brings air from

upper troposphere (> 5km) or stratosphere where air compositions are different from

low-middle troposphere. Retroplumes with less than 40% of its RT within 0-5 km a.s.l.

between 2-12 upwind days were defined as subsidence flows having the abbreviation

“Upper”. The first two days were not considered because nearly 100% of the RT was

assumed to be in the 2-2.5 km level when retroplumes were close to PMO (2 225 m

a.s.l.).

3.2.3.4 Potential upslope flow

Local emissions from human activities and vegetation can be carried by upslope flow

to PMO, which may lead to different chemical signatures relative to free troposphere

air. Upslope flow occurs through mechanically-forced lifting, in which strong syn-

optic winds blowing against the mountain are deflected upwards by the mountain

slope where they may reach the top of Pico Mountain. Upslope flow also occurs

through buoyant forcing, in which the surface air mass is lifted as a result of solar

heating. Although the frequency of upslope flow was found to be less than 20% from

May to September by a micrometeorological study conducted during summertime in

2004 and 2005 (Kleissl et al., 2007), we reexamined the possibilities in this study for
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the ten-year period. For mechanically lifted upslope flow, the height of a dividing

streamline (DSL) for the flow traveling upwards to PMO was calculated by using the

method described in Sheppard (1956) and the wind speed profiles in the GFS/FNL

meteorological datasets (see Appendix B). The method considers the occurrence of

water vapor condensation during lifting and the following buoyant lifting caused by

released latent heat. DSL heights indicate the lowest level of air that can reach the

top of Pico Mountain after consumption of the mechanical energy and the latent

heat (if any). If the height of DSL is below PBL height, upslope flow to PMO was

considered as having occurred. We also considered strong solar heating caused by

deep convection over the Island. We obtained PBL heights at PMO from GDAS, (1�

Latitude 1� Longitude resolution) for the ten-year period and compared it with the

height of PMO.

3.3 Transport patterns and chemical signatures

The estimated occurrence frequencies of all transport patterns are summarized in

Table 1. These results are discussed together with observations of trace gas mixing

ratios observations below. We only focus on the patterns with occurrence frequen-

cies greater than 1%. The chemical signatures of trace gases determined for each

transport pattern are summarized in Table 3.2. For any comparisons of the means

in the following discussions, the Welch’s t-test (α=0.05) was used to determine if the
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observations are significantly different from each other.
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3.3.1 North Atlantic free troposphere background

Figure 3.4a shows the superimposed residence times of all the retroplumes classified

as NATL for the ten-year period. The residence time of NATL in Figure 3.4a con-

centrates over the North Atlantic and is mostly isolated from continental emissions

due to the constraints discussed in Section 2. The occurrence frequencies of NATL

are 16.7%, 19.3% and 8.3% in spring, summer and fall, respectively. The highest

frequency season (summer) is likely due to the strengthened Azores-Bermuda anticy-

clone over the North Atlantic, which restrains air convergence near the surface in the

Azores regions.

We consider NATL to consist of aged air mass that has been removed from conti-

nental sources for a long time so that the chemical signatures should represent the

background trace gas mixing ratios at PMO. The average observed CO during NATL

periods from the ten-year record were 113, 83 and 82 ppbv for spring, summer and

fall, respectively (see Table 3.2). More fossil fuel combustion during cold seasons

causes increased CO in winter, which is followed by rapid decline due to accelerated

oxidation by OH in spring and summer (Logan et al., 1981b). Such maxima of CO

in winter and spring have been found at other remote sites (e.g., Macdonald et al.

(2011)) and for the Northern Hemisphere in general (Worden et al., 2013). The av-

erage ozone was 39, 31 and 33 ppbv for spring, summer and fall, respectively. These
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Figure 3.4: FLEXPART simulated summertime column integrated res-
idence time for determined transport patterns for the eleven-year record
(2001-2011) for a) NATL, b) NA-anthro, c) Fire and d) Upper. The color
coding shows the relative abundance of relative amount of residence time.
Abbreviations of transport patterns are given in Table 1.

values are similar to the previously reported ozone background at Bermuda (30-40

ppbv; Li et al. (2002a)), but lower than Eastern U.S. mean ozone in spring (47 ppbv)

and summer (46 ppbv) (Cooper et al., 2012). Ozone peaks were observed at several

ground sites in spring and summer (Parrish et al., 2010; Jaffe, 2010), but we did

not observe summer maxima at PMO. Strong solar radiation can prompt not only

ozone production but also ozone destruction. For the background ozone at PMO,

stronger photochemical reactions in summer destroy ozone, , however no supply of

ozone precursor exists for the NATL periods because of the way we defined the NATL

transport pattern. The absence of summer maxima in ozone was attributed to the
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same reason in a study at Bermuda (Li et al., 2002a).

In contrast to CO and ozone, NOx and NOy for the NATL transport type show max-

ima in summer at PMO. There are two possible causes for the summertime maxima.

First, deep convection is frequent in summer, which could cause lightning and NOx

production over the ocean. Second, the Azores-Bermuda anticyclone is strengthened

during summer. Over the regions that are controlled by the anticyclone, downward

transport could bring air masses with higher NOx and NOy from higher altitude.

The anticyclone usually covers thousands of miles, so it may change the background

NOx and NOy over the North Atlantic. Further analysis and modeling work needs

to be done to figure out exactly how significant are the two processes in determining

background NOx and NOy. The impact of downward transport for NATL will be

discussed further related to Section 3.4.1.

3.3.2 Transport affected by North America anthropogenic

emissions

The North American anthropogenic emission affected transport (“NA-anthro”) has

an occurrence frequency ranging from 13.1-16.3%. The integrated RT plot for NA-

anthro (Figure 3.4b) shows a clear contribution from the Boston-NY regions and

a northwards curved transport pathway, which has been found in previous North
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American transport events (Owen et al., 2006). In the NA-anthro subsets, lifted

transport (NA-anthro-lifted) ranges from 2.5-4.0%, while the low altitude transport

(NA-anthro-low) is extremely rare (1.0-3.1%), indicating long-range transport of pol-

lution is more frequent in the free troposphere. In terms of pollution age, transport

longer than 10 days (NA-anthro-aged) occurs 4.3-6.2% of the time, while transport

shorter than 7 days (NA-anthro-young) ranges 4.0-6.7%.

As a primary indicator of air pollution, CO enhancement reflects the extent of pol-

lution influence. North American anthropogenic emissions add 15 ppbv (13%), 14

ppbv (17%), and 23 ppbv (28%) of CO over the background (NATL) in spring, sum-

mer and fall, respectively (see Table 3.2). The larger enhancements in summer and

fall were partly due to the low background (NATL) of CO in the two seasons. The

seasonal variation in CO also corroborates the observed peaks in CO in strong ra-

diation seasons observed in other studies (Parrish et al., 2010; Jaffe, 2010). In the

NA-anthro sub-categories, CO for NA-anthro-low is statistically lower than the other

three: NA-anthro-lifted, NA-anthro-young and NA-anthro-aged; however there is no

significant difference among the latter three. The characteristic of NA-anthro-low is

that efficient mixing occurs in the MBL. This characteristic suggests that observed

CO mixing ratios are diluted by mixing with clean marine air at low altitude. Ozone

enhancements for the NA-anthro transport are 10 ppbv (25%), 10 ppbv (32%) and 10

ppbv (30%) in spring, summer and fall. The seasonality of enhancement percentiles

may result from the same cause, that background levels are low in summer and fall,
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respectively.

Mean ozone mixing ratios in the NA-anthro sub-categories are all significantly differ-

ent from each other, suggesting ozone levels are sensitive to ambient environmental

conditions. Mean ozone for NA-anthro-low transport is significantly lower than NA-

anthro-lifted. This implies that quick chemical consumption and deposition of ozone

precursors near the surface during NA-anthro-low and potential ozone production

by PAN decomposition during subsidence in NA-anthro-lifted may occur (Hudman

et al., 2004; Zhang et al., 2014). This ozone production in the free troposphere has

been found in other studies (Wild et al., 1996; Price et al., 2004).

Mixing ratios of NOx and NOy at PMO were found to be driven by transport of

pollution emissions (Val Mart́ın et al., 2008a). Summertime peaks of NOy were linked

to efficient transport of boreal wildfire emissions and pollution from eastern North

America. In this study, we observed that the enhancements in NOx and NOy mixing

ratios caused by anthropogenic emissions (NA-anthro minus NATL) actually show

maxima in spring. We believe this is a result of long chemical lifetimes and stronger

zonal transport during spring in the mid-latitude, as found in Macdonald et al. (2011).

Among all the transport patterns, NA-anthro-lifted has the highest NOy, potentially

due to slower decomposition of PAN at higher altitude where temperature is lower.

This transformation of NOy has been studied in detail for a couple of transport events

(Zhang et al., 2014). During NA-anthro-low transport, NOy is lower than the other
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transport patterns, reflecting efficient removal of NOy in humid marine boundary layer

air. The most abundant NOy species, PAN and HNO3, have longer photochemical

lifetimes than NOx in the troposphere (∼weeks), so they are formed and accumulated

during transport of pollution emissions.

After the Environmental Protection Agency amended the Clean Air Act in 1990, air

pollution emissions from the U.S. decreased. In order to understand the impacts of

North American anthropogenic emissions in the light of the emission regulations, we

provide the annual variability in trace gas enhancement (NA-anthro minus NATL) in

Figure 3.5. Seasonality is not provided for this analysis because when the observations

are broken into individual years, data are not adequate (data only covers 48 hours or

less). Figure 3.5 shows a decrease of enhancement in CO (-0.67±0.60 ppbv/yr (mean±

1-sigma error), p-value = 0.15) and no clear change of enhancement in ozone (-

0.04±0.44 ppbv/yr, p-value = 0.47). CO and ozone trends in the regions downwind of

North America have been examined in many previous studies. CO decreases generally

at a rate of 1%/yr globally from 2001 to 2011 according to observations of several

satellites (Worden et al., 2013). Baseline trends of ozone in northern mid-latitudes

were found to change from increase to decrease around the year 2000 (Parrish et al.,

2012). In the eastern U.S. in spring, ozone was found to decrease at rates of -0.03 and

-0.45 ppbv/year in summer (Cooper et al., 2012). Kumar et al. (2013) reported that

both anthropogenic CO and NOx emissions over the U.S. have decreased significantly

since the beginning of the twenty-fist century. The same study also applied a harmonic
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Figure 3.5: Annual variation of trace gas enhancements due to trans-
ported North American anthropogenic emission (NA-anthro minus NATL).
The symbols represent the means of enhancement with vertical bars showing
the 95% confidence intervals for each mean. The slopes show linear regres-
sion results for CO (black) and ozone (red) enhancements. Slope ranges and
p values are also given in the figure.

regression on CO and ozone observations at PMO, which indicated decreases in CO

(-0.31 ppbv/year) and ozone (-0.21 ppbv/year). They also used tagged CO tracers in

GEOS-Chem to verify the influence of decline in emissions over North America. NOx

and NOy data were missing for several of the years during the ten-year record, so the

regressions for those species were not conducted.

Maxima for NMHC were found during NA-anthro transport and its subcategories in

spring and fall. During young and lifted transport, NMHC were higher than for aged

and low transport suggesting NMHC loss during transport due to a combination of

mixing with the background and oxidation reactions.
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3.3.3 Transport affected by wildfires

Wildfire emissions affected transport (Fire) occurs most frequently during the summer

when there is increased wildfire activity. The frequency of Fire is 7.3% in summer,

which is about half of the frequency of NA-anthro. The frequent Fire transport

suggests that fire emissions may act as a competing air pollution source to anthro-

pogenic emissions, and it usually causes drastic changes in pollution levels at PMO.

Because wildfires occur more often in the boreal regions, the integrated RT (Figure

3.4c) shows pathways from Canada and the northern U.S. that clearly differ from

NA-anthro (Figure 3.4b).

Boreal wildfires have been found to emit more CO due to intensive combustion and

to suppression of ozone production in early stages following emission of heavy loading

aerosols (Parrington et al., 2013). As shown in Table 3.2, the Fire transport pattern

shows an averaged CO mixing ratio of 108 ppbv, which adds 25 ppbv (30%) to the

background (83 ppbv for NATL). The average CO for wildfire impacted transport was

the 139 ppbv reported by Val Mart́ın et al. (2006), in which a higher CO cutoff value

(110 ppbv) was used for determining fire events in 2004. In a later study, Val Mart́ın

et al. (2008a) found mean CO of 124 ppbv and 105 ppbv, respectively, for fire affected

periods in 2004 and 2005 at PMO using 75th percentiles of the FLEXPART CO from

fire as the cutoff. These differences in mean CO for fire events noted by Val Mart́ın
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et al. (2006), Val Mart́ın et al. (2008a) and this study are likely due to different

choices of CO cutoffs used for event identification. In this study, we compared the

standard deviation of observed CO to FLEXPART CO from fire (as in Section 3.3.2),

which is more appropriate for quantification of fire impacts in a climatology study

like this. Having different cutoffs in each year may be more accurate for identification

of events in individual years. The enhancement of ozone due to Fire (16 ppbv, 50%)

is also stronger than that caused by NA-anthro (10 ppbv, 32%).

Although wildfires were found to be less efficient for NOx production than fossil fuel

combustion due to lower flame temperature (Jaffe and Wigder, 2012), the vegetation

fuel nitrogen can also lead to high NOx mixing ratios in fire plumes. The mixing

ratios of NOx and NOy for Fire are higher than the marine background, NATL, by 9

pptv and 138 pptv respectively, and these enhancements are in agreement with the

values (9-30 pptv for NOx and 117-175 pptv for NOy) in a study focusing on boreal

wildfire impacts (Val Mart́ın et al., 2008a). Alvarado et al. (2010) observed that 40%

of the initial NOx emissions were converted to PAN in a few hours in boreal biomass

burning through aircraft measurements, which could promote long-range transport of

NOy.
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3.3.4 Transport from the upper troposphere and strato-

sphere

Subsidence flow from upper free troposphere and stratosphere (“Upper”) has frequen-

cies of 2.1- 4.1%, with the highest frequency in fall. The fall maxima is likely caused

by stratosphere-troposphere-exchange (STE) in the regions between polar and middle

latitude, which shifts southward in winter (Holton et al., 1995). The “Upper” pattern

mainly originates in the north and extends to the polar regions, as shown in Figure

3.4d.

The Upper transport pattern has mean CO mixing ratios of 123, 93 and 96 ppbv for

spring, summer and fall, respectively (see Table 3.2), which are ∼10 ppbv higher than

CO mixing ratios during NATL. Usually, CO has no large sources at high altitude and

has been found to be trapped at the lower troposphere (Liang et al., 2011). However,

two potential reasons may lead to CO enhancement during this transport pattern.

When comparing the air mass origins of the two transport patterns, Upper and NATL,

in Figure 3.4a and 3.4d, the superimposed residence time of Upper shows air mass

origins over the Arctic regions, while NATL is mainly from middle and low latitude

regions. Due to the long lifetime of CO in the high latitude regions, air masses from

the north contain higher CO than NATL. In addition, the superimposed residence

time of Upper (Figure 3.4d) covers the whole boreal North American region, so the
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Upper can also receive some CO from wildfires from that area (but not enough to be

classified as Fire). Despite the potential sources, CO mixing ratios observed during

Upper are a few ppbv lower than NA-anthro and Fire.

The Upper transport has mean ozone mixing ratios of 58, 54, and 49 ppbv, which

are the highest ozone observed for spring, summer and fall, respectively. Mean ozone

mixing ratios are ∼20 ppbv higher than NATL in all seasons, because of the naturally

high ozone in the upper troposphere and stratosphere. Ozone enhancement caused

by downward transport has been widely found in other studies (e.g., Logan, 1999;

Neuman et al., 2012). At Mount Washington, New Hampshire, U.S., downward

transport has been found to contribute 5% of ozone events, which was associated

with atmospheric anticyclones (Fischer et al., 2004). The debate on stratospheric

influence versus tropospheric production as the major source of tropospheric ozone

has existed for years (Li et al., 2002b). In this study, we found that downward

transport caused the highest ozone in the observation record at PMO, but this may

not necessarily suggest the total ozone contribution from high altitude is greater than

the contributions from pollution emissions on a long-term basis. The occurrence

frequencies of Upper (2.1%, 2.3% and 4.1%) are much lower than NA-anthro (16.3%,

15.1% and 13.1%).

Upper has the highest NOx mixing ratios in all seasons. The mean NOx mixing ratios

are 63, 66 and 53 pptv in spring, summer and fall, respectively, which are about
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15-41 pptv higher than NATL. NOx are produced in the stratosphere and upper

troposphere due to intense photochemical oxidation of N2O, which is emitted globally

from soil. The observed high NOx during Upper aligns with the findings during STE

(stratosphere-troposphere-exchange; Liang et al. (2011)), in which NOx mixing ratios

were found to be 50-85 pptv higher than the background Arctic troposphere. The

mean NOy mixing ratios are 271, 234 and 229 pptv in spring, summer and fall,

respectively, which are all higher than NOy during NATL. The elevated NOy during

downward transport has been attributed to accelerated ethane degradation followed

by formation of PAN in stratosphere-troposphere air mass exchange (Liang et al.,

2011).

3.3.5 Transport affected by upslope flow

Upslope flow occurred 3.5-8.2% of the time, with lowest frequency in summer. This

seasonality is in agreement with the previous meteorological study at PMO but with

lower frequencies than the estimated upslope flow during 2004-2005 (4.2-37 %; Kleissl

et al. (2007)). Upslope mainly shows signatures of local emissions. Upslope CO and

ozone are statistically higher than NATL. This indicates upslope transport of local

anthropogenic emissions to PMO. Upslope has the lowest NOy, which may be due

to efficient wet removal of the NOy by cloud condensation during lifting, which was
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predicted to take place for 30% of the entire upslope flow. The mixing ratio of n-

butane is found to be about four times higher than the ocean background, which

might be anticipated because of the local usage of butane as a primary fuel on the

island.

3.4 Relationships among observed trace gases

Trace gases undergo photolysis and oxidation reactions with OH in the troposphere.

Due to the differences in chemistry mechanisms and reaction rates in the atmosphere,

concentrations of trace gases change differently with time in long-range transport,

which leads to variations in correlations of simultaneously observed trace gases at

PMO. The observed correlations reflect the historical behaviors of the trace gases

during long-range transport. For example, CO is mainly oxidized by OH and decays

slowly (lifetime of a few months) in the troposphere, while ozone has a lifetime of a

few weeks. In the time frame of transport from North America to PMO (5-7 days),

CO can be considered as chemically inert and the observed correlation of ozone with

CO reflects the ozone production tendency (Parrish et al., 1993). Light NMHC (C2-

C5) also mainly undergo OH oxidation and mixing with clean background air in the

troposphere. Due to the size and structure differences, NMHC decay at different

rates. By examining the ratios between NMHC and comparing with the initial ratios,

the photochemical age of the air mass can be estimated (McKeen and Liu, 1993).
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In the presence of chlorine atoms (Cl) in the atmosphere, oxidation with Cl is a

potential decay pathway for NMHC which has been found to be faster for n-isomers

as compared to iso-isomers. For example, butane isomer ratios were found to be

affected by oxidation by chlorine atoms (Hopkins et al., 2002). Oceanic chlorine

atom has been found to affect NMHC observations at Mt Wilson in the Los Angeles

Basin during the time periods when wind blows from the Pacific. In the following

section, we examine correlations of tracer gases to study photochemical processes for

differing transport patterns.

3.4.1 d[O3]/d[CO]

The value d[O3]/d[CO] has been found to be different in the downwind regions

(over oceans) of emissions compared to observations at continental sites. The value

d[O3]/d[CO] has been reported to be fairly consistent (0.20-0.37) in the rural sites

of eastern U.S., which reflects a combination of aging processes of air pollutants and

mixing with remote clean air mass during transport (Chin et al., 1994; Parrish et al.,

1998; Mao and Talbot, 2004). However, the slope can vary in different scenarios.

Hegarty et al. (2009), using Tropospheric Emission Spectrometer retrievals, reported

a spring slope value of 0.13 in the free troposphere over the mid latitude regions

extending from North America to the North Atlantic. Interestingly, further into the

North Atlantic ocean, (Cooper et al., 2001b) higher slopes (close to 1.0) were found
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at PMO (Honrath et al., 2004) and Mountain Izana, Canary Islands (Cuevas et al.,

2013). The high ratios in regions downwind of emissions potentially indicates pho-

tochemical evolution of pollution in such regions. Negative slopes were found during

winter at ground sites (Parrish et al., 1998; Macdonald et al., 2011), which was at-

tributed to titration of ozone by NO in emissions. A negative slope was also found in

cases of strong vertical mixing, which brought air mass from the upper troposphere

(Fishman and Seiler, 1983).

In Figures 3.6-3.8, we present the observations d[O3]/d[CO] grouped for the three

main transport patterns, NATL, Fire and NA-anthro, in spring, summer and fall, re-

spectively. In the figures, we include only continuously observed events with duration

periods longer than 12 hours. The distribution of observed data in different trans-

port patterns show the same pattern in all seasons (from lower left to upper right),

reflecting the increases in pollution levels from NATL to NA-anthro, and to Fire.

d[O3]/d[CO] values for NA-anthro found in all seasons (spring 0.59, summer 0.71 and

fall 0.45, see Figures 3.6-3.8) are lower than the values found in specific events with

slopes around 1.0 (Honrath et al., 2004; Zhang et al., 2014). The lower slopes for NA-

anthro probably occur because the data used in the regressions do not isolate direct

and fast transport events from North America, so the ozone enhancement should be

less intensive than in the previous case studies.

Photochemical sinks of ozone cause a decrease of the slope, while mixing with
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Figure 3.6: RMA regression results of observed ozone and CO relationship
for transport patterns NA-anthro, Fire and NATL in spring. Continuous
observations longer than 12 hour were used. For the Fire transport pattern
in fall, all observations were used. The gold dotted boxes show the wide
ozone ranges at the lower end of CO for the NATL transport patter, which
is responsible for increasing d[O3]/d[CO].

background air from different sources reduces the correlation coefficient, r. Low

d[O3]/d[CO] values were found for “Fire” (slopes of 0.31 for summer and 0.12 for

fall), because of the large amount of CO produced in biomass burning and lower

NOx/CO emission ratios in boreal fires compared to anthropogenic sources (McKeen

et al., 2002; Lapina et al., 2006). Production of O3 and NO2 has been found to be

suppressed in fire plumes due to reduction of sunlight transmission by aerosols (Real

et al., 2007; Verma et al., 2009; Parrington et al., 2013). This variation in d[O3]/d[CO]

in fire affected patterns is consistent with a previous MOZART study for observations
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Figure 3.7: Same as Figure 3.6, but for summer.

Figure 3.8: Same as Figure 3.6, but for fall.
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at PMO (Pfister et al., 2006) in which lower values d[O3]/d[CO] were found in cases

with higher relative contribution of fire tracer.

Interestingly, the slopes for NATL are higher than NA-anthro in spring and fall. In

both seasons, high ozone mixing ratios (greater than 50 ppbv) were observed for

NATL. For all NATL transport cases, we found the average RT ratio from high

altitude (>5km) was ∼9%. The downward mixing of ozone-rich air masses from

higher altitude is likely be responsible for the occasionally high ozone during the

periods when NATL was observed. The data circled by gold dotted lines in Figure

3a) and 3b) show wide ozone distributions in a narrow CO window. These data

deviate from the slope and potentially have a greater effect on the slope. Positive

d[O3]/d[CO] in stratospheric intrusion was observed by Kim et al. (2013), in which

they used GEOS-Chem to interpret global satellite observations of d[O3]/d[CO].

3.4.2 Oxidation of butane isomers

Figures 3.9-3.11 show the observed ratio of [i-butane]/[n-butane] as a function of [n-

butane] in spring, summer and fall respectively. In each panel, all data are shown

in small black dots with observations for specific transport patterns in each season

indicated with different colors. The average values (center of the cross) and stan-

dard deviations (bars) are also given for each transport pattern. Mixing ratios of
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n-butane are given in a logarithmic axis to better display the wide rang in mixing

ratios. In spring and fall, most observed n-butane mixing ratios are above 10 pptv.

The [i-butane]/[n-butane] values towards the left show a more scattered distribution

because of low precision of measurement towards the detection limit. The average

[i-butane]/[n-butane] values range from 0.5-1.0, suggesting faster aging of i-butane

due to its being more easily attacked by OH than n-butane. Oceanic Cl atom has

been found to cause faster oxidation of n-isomers in Arctic marine air (Hopkins et al.,

2002). However, similar values of [i-butane]/[n-butane] were found in lifted and low

transport, suggesting that potential oceanic Cl atom does not influence NMHC during

transport to PMO. These results are in agreement with those of Helmig et al. (2008),

who observed that i-butane and n-butane in 2004 and 2005 were closely correlated,

suggesting butane isomers have similar aging processes during transport to PMO.

3.4.3 NMHC photochemical clock

The relationship between logarithmic hydrocarbon pairs can be used to identify pol-

lution plume aging and mixing processes (Parrish et al., 2007), because the ratio of

logarithmic hydrocarbon pairs (i.e., (ln [n-butane]/[ethane])/(ln [propane]/[ethane]))

is a function of the kinetic reaction rates against OH only. If only mixing has an

effect, the ratio would be aged to a background value (Helmig et al., 2008). This

ratio is particularly useful for studying NMHC aging during long range transport in

109



Figure 3.9: Butane isomers observed for frequent transport patterns in
spring. The black dots show the data for all available measurement, including
all seasons, all defined transport patterns and also data that do not belong to
any defined transport patterns. Observations for different transport patterns
are color coded. Intersecting lines indicate the standard deviations for the
mean of each transport pattern.

which there is no significant source of NMHC during transport (McKeen and Liu,

1993).
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Figure 3.10: Same as Figure 3.9, but for summer.

The ln[n-butane]/[ethane] vs. ln[propane]/[ethane] ratios for different transport pat-

terns are shown in Figures 3.12-3.14. The kinetic scenario is displayed by a solid line,

and the slope and aging scale are calculated by using the same kinetic reactions rates

as in Helmig et al. (2008) and an assumed constant [OH] of 1.0 × 106 molecule/cm3.

The same aging scale is used in all seasons in order to observe seasonal variations.
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Figure 3.11: Same as Figure 3.9, but for fall.

It was found that the OH concentration in the troposphere of North mid-latitude is

higher in spring than in summer and fall (Spivakovsky et al., 1990); therefore the

actual photochemical ages can be expected to be longer than shown in Figure 3.12.

The initial point is the same for the kinetic and mixing lines, and it is defined by

the NMHC ratios in continental emissions derived in Helmig et al. (2008). Data for
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Figure 3.12: Relationships between ln([n-butane]/[ethane]) and
ln([propane]/[ethane]) for the frequent transport patterns in spring. The
dotted line shows the mixing-only trend initiated from an assumed origin
based on NMHC ratios in emission. The solid line shows the photochemical
decay slope from the same origin for a fixed [OH]. The black dots show the
data for all available measurement, including all seasons, all defined trans-
port patterns and also data that do not belong to any defined transport
patterns. The method to compute the slopes are discussed in the text. The
legends provide linear regression slopes, and, in parentheses, 1-sigma errors
for the transport patterns.
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Figure 3.13: Same as Figure 3.12, but for summer.

the defined transport patterns are indicated in different colors. Comparing the data

distribution in the three seasons, the data observed in summer are farther down the

kinetic line indicating more oxidation. Because of the difference in mixing extent,

the data for NA-anthro are closer to the kinetic line (less mixing) in spring and fall,
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Figure 3.14: Same as Figure 3.12, but for fall.

whereas NATL data are spread and close the mixing line. According to the theoreti-

cal decay in oxidation reactions with OH, the air mass ages at PMO ranges from 7 to

more than 20 days (with a mean of 17 day and a standard deviation of 5 days). This

estimated age range is greater than that found in previous studies at PMO of 5-7

days using FLEXPART modeling (Honrath et al., 2004; Zhang et al., 2014). These
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previous studies focused on direct transport events rather than all kinds of transport

in general. The seasonality of OH would change the estimated photochemical ages.

RMA regression slopes and R2 are also shown in the Figure 3.12–3.14. Except for the

negative slope obtained for NATL as a result of very few observations, the regression

slopes range from 1.00 to 1.81, which are consistent with observations in previous

studies (Parrish et al., 2007; Helmig et al., 2008).

3.5 Conclusions

We used FLEXPART simulations, CO emission inventories and meteorological con-

ditions to categorize the most frequent transport patterns for 2001 to 2010. In the

classification of transport patterns, the factors that may change air mass composi-

tions were considered including emission sources, atmospheric RT, transport height

and upslope flow.

Trace gas concentrations at PMO were found to be driven by both pollution emissions

and natural sources. CO mixing ratios, which are frequently used as a pollution tracer,

are driven mainly by continental emissions. Transport time and the emission sources

are the main factors controlling CO, and differences in environmental conditions do

not affect CO concentrations during transport. Anthropogenic emissions contribute
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an additional 14–23 ppbv (13%-28%) CO and ∼10 ppbv (25%-30%) ozone to back-

ground levels at PMO. Summertime wildfires cause even more pollution (25 ppbv

(30%) CO and 16 ppbv (45%) of ozone). Transport from the upper troposphere has

substantial impacts on CO, ozone and nitrogen oxides levels. The ozone enhancement

caused by downward mixing was about two times the enhancement caused by North

American anthropogenic emissions. The “Upper” transport pattern also causes CO

enhancement at PMO, which was likely due to potential sources from wildfire emis-

sions and transport from high latitude. Besides air mass origin, transport height

can also change PMO air composition. NOx can be converted to stable PAN during

lifting of air pollution plumes, which leads to ozone production thousands of miles

away from the source regions. Nitrogen oxides show strong evidence of impacts from

continental pollution emissions, but they are more vulnerable to deposition processes

and show varying concentrations for different transport heights and meteorological

conditions.

The ratio d[O3]/d[CO] has been used as an indicator of ozone production tendency,

but this slope may not reflect ozone chemistry only. For example, the values of

d[O3]/d[CO] (0.12-0.33) for Fire were lower than those for NA-anthro and NATL,

which could be due to a much larger magnitude of CO emission from wildfires. Fur-

thermore, the high d[O3]/d[CO] values for the NATL transport pattern (0.66-0.75)

could be a distinct characteristic of the free troposphere over the central North At-

lantic. The NATL was found to be mixed with air masses from altitude above 5
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km due to the persistent Azores-Bermuda anticyclone. The mixing of ozone-rich air

masses may create variable ozone within a narrow CO range, which leads to the high

ratios of d[O3]/d[CO].

Mixing ratios of the light NMHC at PMO are driven mainly driven by pollution

sources. The ratios of butane isomers in transport close to the surface are not sig-

nificantly different among transport patterns, so NMHC during transport to PMO is

not likely affected by Cl atom emitted from the ocean. We also observed high butane

during periods when upslope flow occurred. This is because butane is widely used as

a fuel on the Island. The photochemical ages indicated by the NMHC photochemical

clock (7-20 days) are generally in agreement with the understanding of transport time

from North America to PMO.
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Chapter 4

Ages and sources of aerosol 210Po

collected in the free troposphere

over the central North Atlantic1

1This chapter is based based on material that is intended for publication as Zhang et al., Ages and
sources of aerosol 210Po collected in the free troposphere over the central North Atlantic
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4.1 Introduction

Atmospheric radionuclides can be used as indicators of aerosol ages (e.i., how long

the collected aerosol has been in the atmosphere), because radionuclides attach to

aerosol particles and undergo radioactive decay. 222Rn is an inert noble gas that

is emitted constantly from the Earth’s crust in the decay chain of 238U (Turekian

et al., 1977). 222Rn has a radioactive half-life of 3.8 days, and it is not removed

by atmospheric physical and chemical processes. 222Rn daughters have been used

indicators of aerosol sources and deposition in the atmosphere (Liu et al., 2001).

The first generation daughter, 218Po, attaches to fine aerosols particles in a time

range of 40 s –3 min mainly in the atmosphere over continental regions(Whittlestone,

1990). The progenies of the next generations are produced on the aerosols and have

different radioactive half-lives. They are removed from the atmosphere via dry and

wet deposition along with the carrier aerosol. 210Pb (t1/2 = 22.1 years) and 210Po

(t1/2 = 138 days) are the only two long-lived daughters of 222Rn (Fig. 4.1), so they

are more easily to be quantified than the other progenies. After being produced on

carrier aerosols, the activity ratio of the two radionuclides has been found to follow a

function of time as shown by Eq. 4.1 (Nevissi, 1991).
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Figure 4.1: Decay chain of 222Rn and radioactive half-lives of its progeny

A210Po

A210Pb

= 1 + 0.0374e(−0.139t) − 1.037e(−0.005t), (4.1)

where A210Po and A210Pb are activities of 210Po and 210Pb, and t is the estimated aerosol

age. The disequilibrium equation is only applicable for 210Po and 210Pb produced

in the decay chain of 222Rn in the atmosphere (i.e., no parent isotopes of 222Rn

are present in the aerosol and no secular equilibrium exists between such ancestors

and either 210Pb or 210Po). Re-suspended aerosol particles that are rich in aged

210Pb or 210Po exhibit secular equilibrium among this isotope�s progeny. If the re-

suspended 210Pb and 210Po attach to aerosols in the atmosphere, the estimated age

would be biased by the aged terrigenous 210Pb and 210Po. If there are no terrigenous

radionuclides on the aerosols, the decay in Eq. 4.1 can be used to estimate aerosol

age.

The activity ratio of 210Po and 210Pb has been widely used to estimate aerosol age

in different scenarios. McNeary and Baskaran (2007) measured 210Po/210Pb in bulk
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precipitation, dry fallout and aerosol samples, and the associated ages were observed

to be 15, 75 and 24 days. Using the same method, D�lugosz et al. (2010) reported that

aerosol ages ranged from 7 to 120 days at Lodz, Poland during winter and spring 2008-

2009. The ratio of 210Po/210Pb in volcanic eruptions was found to be large (Lambert

et al., 1985), and it was estimated to be in secular equilibrium (∼1; Baskaran (2011)).

Atmospheric ages estimated by this ratio vary over a large range for aerosols collected

at different locations.

210Po and 210Pb on aerosols that are not produced in the atmosphere (i.e., soil-derived

rather than atmospherically produced) are called supported or excess. Excess 210Po

and 210Pb have been identified in several different aerosol studies, and cause inaccurate

estimation of aerosol age. Kim et al. (2005) found positive correlations between non-

sea-salt sulfates and excess 210Po in precipitation, and also suggested that there is

a component of anthropogenic 210Po that is contributed from aerosol formed in coal

combustion in urban atmosphere. 210Pb and 210Pb in the soil can be taken up by plants

and accumulated in plant tissues, which can then be released into the atmosphere

during biomass burning events. Biomass burning emissions were found to contribute

210Po in urban aerosols and to cause pronounced seasonal variability of 210Pb (Ram

and Sarin, 2012). 210Po emissions were also identified as a result of crustal movements,

i.e., volcanic eruptions and earthquakes (Lambert et al., 1985). In a review of sources

of atmospheric 210Po (Baskaran, 2011), volcanic activity and 222Rn emanation from

ground were identified as the two largest sources, which are about 63% and 28% of
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the total annual emission of 210Po. In coastal regions, bio-volatilization could be a

source of excess 210Po (Kim et al., 2000). 222Rn emanation from oceans, rivers and

lakes is negligible compared to continental sources (Whittlestone, 1990).

In this study, we measured 210Po activities on aerosols collected in the free troposphere

in the central North Atlantic, determined aerosol age using 210Po activities and decay

rate and investigated the aerosol sources using an transport model. We estimated the

activity ratio of 210Po/210Pb for all the samples and calculated age of aerosols by

in the samples that were not affected by sources of excess isotope. The results are

compared with other studies of atmospheric 210Po activity and aerosol ages.

4.2 Methods

4.2.1 Aerosol sampling at PMO

Pico Mountain Observatory (PMO, 38.47�N, 28.40�W, 2,225 m a.s.l.), in the Azores

Islands, was established for studying long-range transport of air masses from neigh-

boring continents to the central North Atlantic. Long-range transport of air masses

from North America is the most frequently observed transport pattern due to predom-

inantly westerly winds in the mid-latitude regions, while transport from Europe and

Africa is observed occasionally (Honrath et al., 2004). Aerosol filter sampling started
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in 2012 and thereafter was conducted every summer at PMO. Daily filter samples

were collected by high-volume samplers from May to September in 2013 except when

extreme weather conditions prevented continuous operation of the station. The filters

(Whatman, 8×10 inch Quartz Microfibre Filters, CAT No. 1851-865) used were for

the purpose of PM2.5 (aerodynamic diameter less than 2.5 μm) collection . 210Po

activities in a total of 73 samples (days) were measured.

4.2.2 210Po Alpha spectrometry

After field sampling, the filter samples were delivered to Michigan Technological Uni-

versity for preparation. A circle (diameter of 47 mm) cut from each filter was used for

210Po Alpha spectrometry. The samples usually arrived after a time period of a few

days to three weeks after field sampling. Extraction and Alpha counting started im-

mediately after arrival, because separation of 210Pb and 210Po is crucial and prevents

ongoing production of 210Po. The extraction procedure was modified from a method

used for Po measurement in sediment samples from Eakins and Morrison (1978) as

described below.

The initial sample cut from the filters was weighed and cut into small pieces. The

pieces were then transferred to a test tube, with addition of a known spike of internal

standard (209Po, half-life = 125.2 years) and a few drops of concentrated hydrochloric
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acid (HCl). The sample was mixed and stirred with a glass rod. De-ionized water

was added if the filter pieces were not immersed. Then, a batch of four samples were

placed on an electric hotplate in the fume hood with temperature set at 200-250�C.

The samples were heated for 48 hours to dissolve the Po on the filter. The test tubes

were put into a tube furnace at 800 ± 50 �C for 30 min. A piece of damp glass wool

was placed in the open end of the test tube while burning to collect evaporated Po.

After burning, the glass wool was transferred into a heated HCl solution and boiled

for 30 min. Then, the solution was poured into a plastic bottle with a silver planchet

placed at the bottom. The bottles were heated in an oven for 48 hours at 95�C.

The Po in solution was transferred onto the surface of the planchet. Eventually, the

planchets were placed into detection chambers of an Octet alpha-spectrometer and

counted for three days to obtain enough counts.

The total recovery efficiency of 210Po in the lab procedures was calculated using

the following steps. During the transport of filter samples from PMO to Michigan

Tech, both production of 210Po by continuous decay of 210Pb and decay of 210Po

occurred. A correction was applied to the measured 210Po according to the time

periods between the sampling date and plating date. Lab-prepared samples of 209Po

standards were used to examine recovery efficiencies of extraction procedures and

detector efficiencies. The extraction efficiency of this method varied each time due to

difficulties in controlling the final solution volume during the heating procedure. The

recovery efficiency for the lab procedures ranged from 35-65%.
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The final 210Po activity in the air sample was calculated using the equation below

followed by declarations of the variables:

A210Po = C210Po ÷ C209Po

C209Po−t

÷ Ec ÷ (3600 × tc) ÷ e(− ln(2)
138

×�t1) ÷ Areacut

Areaf ilter
÷ (F × tf )

(4.2)

A210Po : activity of Po in sampled air, in unit of Bq/(m3 air).

C210Po : counts of 210Po in unit of 1.

C209Po : counts of 209Po, internal standard, in unit of 1.

C209Po−t : theoretical counts of 209Po calculated by the known amount and activity

of the standard solution injected, in unit of 1.

C209Po

C209Po−t
: recovery ratio of 209Po.

Ec : counting efficiency determined by detectors and chambers.

tc : counting time in hour.

�t1 :days between counting date and plating date, normally is 2 days.

F : airflow rate of high volume sampler at PMO, in m3/hour.

tf : sampling time, in hour.

126



4.2.3 Measured particle mass concentration

A very rough calculation of particle mass concentration was carried out by multiplying

a universally assigned aerosol density (1.50 g/cm3, reported and employed in Petroff

and Zhang (2010)) with the measured particle diameters (MetOne Particle Counter,

model: GT-521). Particle numbers were counted in a nine-channel mode (0.3-0.4 μm,

0.4-0.5 μm, 0.4-0.5 μm, 0.5-0.6 μm, 0.6-0.7 μm, 0.7-0.8 μm, 0.9-1.0 μm, 1.0-2.0 μm

and 2.0-4.0 μm) from May to early August and in a two-channel (0.3-0.4 μm and 0.4-

4.0 μm) mode mid-August to September. Particle counts in the nine-channel mode

were re-grouped and fitted into the two-channel mode distribution. The estimated

aerosol mass concentrations estimated through this method were extremely high and

might not accurate. The particle mass concentrations were only used to determine

the time periods when aerosol loads were relatively heavier.

4.2.4 Transport trajectory simulation and estimation of pol-

lution sources

The Lagrangian particle dispersion model (LPDM) FLEXPART (version 8.2; Stohl

et al. (1998)) was used to simulate transport to PMO. The Global Forecast System

Final Analysis data from the National Center of Environment Protection was used to
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drive FLEXPART. The backward simulation product is an upwind distribution of the

simulated air parcels in the atmosphere (also called retroplumes). The relative abun-

dance of residence times over different geographical locations represents the relative

amount of air mass from there.

Retroplumes can be used to calculate a time series of tracer concentrations at the re-

ceptor contributed by a certain emission source (e.g., anthropogenic or biomass burn-

ing) by multiplying the simulated retroplume residence time with emission inventories

(Seibert and Frank, 2004). In order to study the impacts from anthropogenic and

wildfire emissions, the Emissions Database for Global Atmospheric Research (Olivier

and Berdowski, 2001) and Global Fire Assimilation System (Kaiser et al., 2012) CO

emission inventories were combined with retroplumes to predict impacts of the two

types of emissions on the PMO aerosol samples. The CO contributions from differ-

ent continents were also used to assess potential relationships between the air mass

origins and 210Po activities.
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4.3 Results and discussions

4.3.1 Time series results

We were able to measure the entire 210Po alpha spectrometry procedures for 73 sam-

ples. Unmeasured samples included contaminated or destroyed ones during sampling

and lab experiments and later samples that were aged long enough to be close to equi-

librium. The time series of 210Po activity, the estimated atmospheric residence times

and FLEXPART simulated transport residence time ratios (RT) for the aerosol sam-

ples are shown in Fig. 4.2. Particle mass concentrations and FLEXPART simulated

retroplume residence time ratios over North America and Africa are also provided

in the figure. 210Po activities in the air at PMO ranged from below detection limit

(BDL) to 2.71 × 10−5 Bq/m3 during May to September, 2013. High 210Po activities

(> 1.0 × 10−5 Bq/m3) were seen in early July and mid-August (periods are high-

lighted in the Fig. 4.2). During these periods, high particle mass concentrations were

also observed. These high concentrations were likely from the contribution of African

dust as suggested by African residence time ratios for the associated FLEXPART

retroplumes (Fig. 4.2). The values of the African residence time ratios were up to

5% during the two periods, which are less than the ratios for North American (up

to 20%). However, such ratios do not occur frequently in the central North Atlantic,
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Figure 4.2: Time series results (for May and June of 2013 (a)) of 210Po
activity (red), particle mass concentration (green), FLEXPART retroplume
residence time distribution ratios in the lower troposphere (0-2500 m) over
North America (NA, in black) and Africa (AF, in brown) and aerosol atmo-
spheric residence times calculated by decay of 210Po (solid blue). Aerosol
ages ranges from -23 days to over 900 days. The negative values are consid-
ered as a result of 210Po activities BDL and are displayed as zeros. Values
over 100 days are displayed as 80 days for inclusion in the same screen. The
time windows highlighted on the upper x-axis indicate the periods that are
affected by transport from Africa as suggested by FLEXPART RT ratios.
Dashed vertical lines indicated the qualified samples for the calculation of
aerosol ages.

which strongly suggests transport event from Africa.

The results show two types of abnormal aerosol ages. One type of sample has negative

aerosol ages (about 33% of total samples, and the lowest estimated age was -23 days).

These samples were categorized as Below Detection Limit (BDL). Mathematically, the
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Figure 4.3: Same as Figure 4.2, but for July and August of 2013 (b).

negative values were caused by low 210Po activities that resulted, in some cases, from

long sample holding/storage times prior to isotope extraction. Subtracting the days

between the time of aerosol sampling at PMO and of 210Po plating could result in

negative values of aerosol ages. For keeping a reasonable range in the figure, all

negative values were brought up to zero days in Fig. 4.2. Conversely, a few estimated

aerosol ages were extremely high (500-900 days). These high ages are displayed as 80

days in the figure to facilitate viewing all values. Interestingly, the high aerosol age

also coincided with the potential African dust samples, which is discussed in more

detail below.
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4.3.2 African dust impacts

To investigate the contribution from pollution emissions to 210Po activites at PMO

and also to further examine the potential African dust impacts on aerosol age, we

examined relationships between FLEXPART-derived CO mixing ratios from different

sources and the observed 210Po activities. The time series of FLEXPART CO from

different sources are shown in Fig. 4.4 for July and August of 2013, the two months

when high 210Po activities were observed. FLEXPART CO consists of CO from

anthropogenic and wildfire emissions, and each type of source contributes differently

due to varying transport routes and emission location and intensity. The FLEXPART

CO results suggest PMO received up to 10 ppbv of CO from Africa during the two

periods July 2-6 and August 11-19 (highest on July 3rd). These periods coincided

with the time when high 210Po activities were observed. The African CO contribution

was small compared to that from North America or wildfire emission in the remaining

days of July and August, but it still suggests transport of 210Po from Africa, because

CO emissions are low in the African desert regions (Residence time analysis related

to July 2-6 and August 11-19 are given later). The results of reduced major axis

regression are given in Fig. 4.5. showing the relationships between 210Po activities

on different days and the FLEXPART simulated CO contribution. The correlation

coefficients (R) for the global, North American and wildfire emissions were close to

zero suggesting no correlations between these pollution sources and 210Po activities.
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As found in the literature, wildfire has been found to volatilize 210Po from vegetation

and to re-suspend 210Po (Ram and Sarin, 2012), but we find that 210Po at PMO was

not clearly affected by wildfire emissions. The correlation between 210Po activities

and African CO was also low but has a higher correlation coefficient (R = 0.34,

p − value = 0.13) than other sources, which suggests higher possibility of African

sources.

To verify the sources of the aerosol samples related to the two periods, FLEXPART

retroplumes for two events during the periods of interest are shown in Fig. 4.6, which

clearly indicate potential transport from Africa. Evidence of African dust in the

aerosol samples was also provided by Aethalometer measurements. A difference in

the equivalent black carbon mass concentrations (Fig. 4.7) obtained by measuring

light intensities at different wavelengths with the aethalometer indicate the presence

of aerosol compositions that absorb with a different Ångström exponent from the

black carbon (typically assumed to be close to 1; Fialho et al. (2005)). In this case,

these were likely associated with iron-oxides-containing particles reaching PMO from

the African continent. Enriched 210Po and 210Pb have been found before in long-range

transported Saharan dust samples (Nho et al., 1996). 210Po in the re-suspended dust

may represent “excess” sources rather than 210Po from 222Rn decay in the atmosphere.

The isotope accumulated in such dust samples could result from both the in situ decay

and from atmospheric deposition, so it does not correctly reflect the aerosol age in

the atmosphere (Baskaran, 2011).
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Figure 4.4: FLEXPART simulated CO contributions from antrhopogenic
emissions of different continents and global wildfire emissions for July and
Auguest in 2013 when high 210Po activities were mainly observed. The
time windows highlighted on the upper x-axis indicate the periods that are
affected by transport from Africa as suggested by FLEXPART RT ratios.
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Figure 4.5: Relationships between FLEXPART simulated CO contribution
(FP CO) from the world, North America (NA), Africa (AF) and Fire emis-
sions and measured 210Po activities. Only for Africa-derived CO is there a
significant correlation.

4.3.3 Estimated aerosol age at PMO

Only 18 aerosol samples could be used for the calculation of aerosol age after the

exclusion of dust samples and those below the detection limit. The ages of the 18

samples range from 1.3 to 70.0 days. As shown in Fig. 4.8, the distribution of aerosol

ages is skewed, which means the median (19.9 days) and the geometric mean (20.7

days) are better estimates of the central tendency of the sample ages than the mean
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Figure 4.6: Column-integrated residence time distribution of FLEXPART
retroplumes for two events (July 3rd, 6:00 AM (upper) and August 16th,
9:00 PM (lower) UTC) during early-July and mid-August when high 210Po
activities were observed. Residence time is color coded by a liner grade
showing the relative abundance on a map view. The numbers on the maps
show the locations of the major portion of the plume on each upwind day.
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Figure 4.7: Particle equivalent black carbon mass concentration measured
by Aethalometer for July and August 2013. The colors show measurements
at different wavelengths. The time windows highlighted on the upper x-axis
indicate the periods that are affected by transport from Africa.
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Figure 4.8: Distribution of the estimated aerosol ages. Dashed lines in-
dicate the samples that are below detection limit or that are affected by
African dust.

(26.3 days), which has a standard deviation of 17.0 days. The large standard deviation

came from propagated uncertainties generated in the measurement of 210Po activities

and in solving Eq. 4.1.

In an attempt to look for sources of the 210Po activities for these 18 samples, we were

not able to find a clear correlation between 210Po activities and retroplume residence

time over the surrounding continents. As shown in Fig. 4.9, 210Po activities for

these 18 samples were plotted against residence time ratios over North America,

Africa and Europe. The correlation coefficients (R) are small (<0.1) for all the

three potential sources, possibly implying the samples are highly aged and contain

particles from different places. The lack of a common origin suggests that the 210Po in
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Figure 4.9: Relationships between observed 210Po activities and ratios in
the lower troposphere (0-2500 m) over North America (NA), Europe (EU),
Asia (AS) and Africa (AF) for the aerosol samples that are determined as
non-affected by African dust.

these samples is not derived from dust storms originating from a common continental

source. The linear regression between particle mass concentration and estimated

aerosol ages shows a very weak (R = 0.02 pvalue = 0.30) negative (slope = -3421.2)

correlation (Fig. 4.10), which suggests that the more heavily loaded aerosols have

ages similar to those of the lightly loaded ones. The reason for this is not quite clear,

because usually high concentration of aerosols is likely observed in quick transport

from the continent, in which there is shorter time for aerosol deposition. A significant

correlation might indicate that even these samples were influenced by excess 210Po.
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Figure 4.10: Relationships between estimated aerosol ages and particle
mass concentrations for the aerosol samples that are determined as non-
affected by African dust.

The absence of a correlation is reassuring, and helps to support the validity of the

calculated aerosol ages.
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The estimated aerosol atmospheric ages reported here and in other studies vary over

a wide range. Other studies using the same radionuclide approach have also reported

widely-varying aerosol atmospheric ages and large uncertainties in their results. If the

aerosol ages were not directly reported in the original references, estimated ages were

calculated from 210Po/210Pb ratios reported in the studies using Eq. 4.1 (solved by

Newton-Raphson method (Chapra, 2007)). Ages of aerosol samples collected in urban

areas were estimated to be in the same range as or younger than those at PMO. Poet

et al. (1972) estimated a range of age of 11-77 days in surface air, which was greater

than that estimated by 210Bi/210Pb (4 days) due to influence of excess isotope sources.

In a more recent study of urban aerosol at Lodz, Poland, D�lugosz-Lisiecka and Bem

(2012) estimated ages of 1-25 days in the troposphere. At a remote site, Baskaran and

Shaw (2001) measured a range of age of 0-39 days in Arctic regions. A few studies

reported longer ages. D�lugosz-Lisiecka and Bem (2012) reported ages of 103-205 days

in the lower stratosphere. Duenas et al. (2004) found the values of aerosol age did

not vary much seasonally (31-36 days) at Maraga, Spain, a Mediterranean costal site,

based on six years of observation, even though some degree of variation was found for

210Po and 210Pb activities. Local climate and meteorological conditions could also be

a reason for the variability in the values of age, because aerosol ages largely depend

on latitude and altitude due to the differences in precipitation, humidity and land

use (Papastefanou, 2006).
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The geometric mean of the aerosol ages at PMO (20.7 days) is longer than that mea-

sured at continental sites, suggesting that aerosol collected at PMO results from long-

range transport. In general, aerosol age in the troposphere was found to be 4.8-15.3

days based on measurements of radionuclides attached on aerosolss (Papastefanou,

2006). The estimated aerosol age at PMO is higher than the time that the anthro-

pogenic pollutions plumes usually take to travel from North America to PMO (5-7

days as estimated in Honrath et al. (2004)). In a non-event-specific study on non-

methane hydrocarbons observed during 2004 and 2005 at PMO, Helmig et al. (2008)

estimated the air masses were 1-2 weeks old based on measured bulk NMHC ratios.

Zhang et al. (2014), using chemical transport modeling, found the non-methane hy-

drocarbons aged 5-6 days in two transport events of North American plumes. In

previous studies, PMO was shown to be an elevated site that is ideal for observation

of long-range transport in the free troposphere. Deposition processes are not as effi-

cient as in the boundary layer, so aerosols collected at high altitude may have longer

half-lives. The most aged of aerosols in the stratosphere can be as old as hundreds of

days D�lugosz-Lisiecka and Bem (2012), and mixing of upper tropospheric and strato-

spheric air is possible at PMO. The aerosol age estimated here and the air plume

travel times based on gaseous species in the previous PMO studies are not necessarily

contradictory. Aerosols undergo efficient removal processes and behave differently

than gases. It is possible that the gas compositions indicate the travel times from

the North American continent while the isotopes indicate the ages of long-lived, fine
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aerosols. The long-lived aerosol age is also in agreement with electron microscopy

analysis conducted on filter samples collected in 2012, in which we visually identified

compacted and aged soot particles (China et al., 2015).

4.4 Conclusions and suggestions for methods im-

provement

We measured an atmospheric radionuclide tracer, 210Po, during summer 2013 at

PMO, and estimated ages of the aerosol samples by analyzing the in situ decay rate

of 210Po. Due to the remote location of PMO and the long transport time from

the neighboring continents (usually longer than 5 days), aerosol load usually is much

lower compared to that at continental sites. As a result, 210Po activities on more than

33% of the filter samples we collected during summer 2013 were found to be below

the detection limit. High 210Po activities (> 1.0 × 10−5 Bq/m3) were observed for

two specific time periods, early-July and mid-August. These two time periods were

associated with transport from Africa to PMO, as shown by FLEXPART simulated

retroplumes and the CO contribution from Africa. The equivalent black carbon mass

concentrations measured by Aethalometer indicated that the high 210Po activities

were due to transported dust aerosols. Estimated ages of the affected aerosol samples

were high (> 100 days). These samples were all excluded for the estimate aerosol

144



age, because dust could potentially carry excess 210Po, which can be aged for years

before being re-suspended.

Only 18 aerosol samples out of the total 73 samples were qualified for aerosol age cal-

culation, showing the median aerosol age of 20.7 ± 17.0 days at PMO. This estimated

aerosol age is about three times the previous estimates of transport from North Amer-

ica. The common estimate of aerosol lifetime in the atmosphere is about two weeks

but the long age of PMO aerosols could be due to the unique location of PMO as a

remote free troposphere site. The deposition rates should be less efficient in the free

troposphere. The large and more easily deposited aerosol particles are likely removed

during long range transport, which leaves the fine and long-range transported aerosol

particles in the free troposphere. The high uncertainty of the estimated average age

can be possibly improved by enhancing the mass of aerosols used for alpha counting

and reducing the time period between filter sampling and the first alpha counting.

We suggest that 210Po extraction and plating be carried out at PMO using a greater

amount of filter sample, which could reduce the uncertainty (generated during error

propagation) and enhance 210Po signals in the alpha spectrometry.
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Chapter 5

Conclusions and future research

This dissertation developed three detailed studies on the characteristics of long-range

transport to PMO and chemical observations conducted there. The work explored

ozone production tendency during the transport of air pollution from North Amer-

ica to PMO, characterized chemical signatures for different transport patterns and

estimated aerosol atmospheric residence time using measurements of atmospheric ra-

dionuclide tracers. The dissertation answers questions raised in previous studies, such

as reasons for ozone enhancement at PMO, and provides more insights on variation

in air mass composition in the free troposphere over the central North Atlantic.
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5.1 Ozone production tendency during transport

from North American to PMO

Both anthropogenic and wildfire emissions were found to cause ozone enhancement at

PMO in previous studies. The value of d[O3]/d[CO], which has been used to indicate

ozone production tendency, was found to be higher at PMO (∼ 1) than observations

at sites along the east coast of North America. In order to determine the reasons for

this high d[O3]/d[CO], FLEXPART retroplumes were combined with GEOS-Chem

output to provide a semi-Lagrangian view of ozone chemistry during transport from

North America to PMO.

Two transport events of North America anthropogenic pollution plumes were iden-

tified by examining CO sources, trajectory analyses, and excluding influence of me-

chanically forced upslope flow to PMO. The folded FLEXPART and GEOS-Chem

results indicate that meteorological conditions and transport pathways largely deter-

mined the chemical transformation in the two pollution plumes. In the plume that

was lifted by a warm conveyor belt, NOx was converted into PAN, which led to ozone

production in the subsidence driven by the Azores-Bermuda anticyclone when the

plume approached PMO. In another plume, the potential for ozone production was

low due to active mixing at low altitude, and ozone was primarily destroyed during
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the transport. In the analysis of d[O3]/d[CO] transformation during transport, it was

found that high ozone and OH levels in the pollution plumes accelerated CO loss,

which was partially responsible for the high d[O3]/d[CO].

5.2 Characterization of chemical signatures for

different transport patterns

It was realized that transport pathways could affect the air composition observed at

PMO after long-range transport. The important transport patterns include North

Atlantic free troposphere background, transport of North American anthropogenic

emissions, transport of wildfire emissions, subsidence flow and upslope flow. The

frequent transport patterns and the associated chemical signatures were studied in

Chapter 3.

Both pollution types of pollution emissions were found to contribute enhancement

of tracer gas at PMO. Anthropogenic emissions contribute 14–23 ppbv (13%-28%)

CO and 10 ppbv (25%-30%) ozone to the background levels at PMO. Summertime

wildfires cause even more pollution (25 ppbv (30%) of CO and 16 ppbv (45%) of

ozone). Downward transport contributes higher ozone enhancement to Anthropogenic

emissions but occurs less frequent. Transport at high altitude (>5 km) alters ozone
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production tendency during transport by converting NOx to PAN during lifting of

air pollution plumes.

Relationships between trace gases for different transport patterns were also studied.

The indicator of ozone production tendency, d[O3]/d[CO], for Fire (0.12-0.33) was

lower than NA-anthro and NATL, which was due to much larger magnitude of CO

emission from wildfires. The high d[O3]/d[CO] values of NATL (0.66-0.75) could

be a distinct characteristic of the free troposphere over central North Atlantic. The

photochemical ages (7-20 days) indicated by NMHC photochemical clock are generally

in agreement with the understanding of transport time from North America to PMO.

5.3 Aerosol atmospheric residence time estimated

using radionuclide tracers

Atmospheric aerosols are involved in cloud formation, and thus can largely affect

global radiative forcing. Understanding aerosol age is critical to improve chemical

transport modeling. For better understanding of aerosol residence time, use of atmo-

spheric radionuclide tracers has the advantage that is their sources and reactions are

easier to determine than chemical composition of aerosols.

Aerosol atmospheric residence time was determined using Po alpha spectrometry.
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210Po (t1/2 = 138 days) is a long-lived daughter of 222Rn. It can be produced on

aerosols in the atmosphere in the decay chain of 222Rn, and its decay rate can be

used to estimate the source and atmospheric residence time of the attached aerosols.

For the 73 aerosol samples that were collected during summer 2013, the highest

210Po activities (> 1.0 × 10−5 Bq/m3) were observed for two specific time periods,

early-July and mid-August. These two time periods were identified as transport

from Africa to PMO, as supported by FLEXPART simulations and the equivalent

black carbon mass concentrations. These samples were affected by re-suspended

dust, and thus were excluded for the estimate of atmospheric residence time of PMO

aerosol. Only 18 aerosol samples were qualified for aerosol age calculation, showing

the median atmospheric residence time of 20.7 ± 17.0 days at PMO. This estimated

aerosols age is about three times the previous estimates of transport time from North

America (5-7 days) and much higher than the common estimate of aerosol lifetime in

the atmosphere (1-2 weeks). The highly aged aerosol at PMO could be due to low

deposition rates in the free troposphere. The large and more easily deposited aerosol

particles are likely removed during long range transport, which leaves the fine and

long-range transported aerosol particles in the free troposphere.

151



5.4 Future research

The findings in Chapters 2 and 3 of this work suggests that it is necessary to more

closely study the comprehensive chemical and physical processes during transport,

especially when weather systems and frequent changes of environment conditions

are involved. This kind of study will provide detailed characterizations of chemi-

cal transformation, and thus will help with accurate prediction of air quality and

also improve parametrizations in climate models. Chapter 2 uses a combination of a

LPDM and CTM to provide a semi-Lagrangian view of chemical transformation for

pollution plume transport from North America to PMO. Although the findings in the

chapter provide credible explanations for ozone enhancement, more refined modelling

techniques are necessary for understanding the details such as accurate prediction

of ozone production in subsiding pollution plumes. The methods provided in Chap-

ter 2 are limited by the coarse resolution of CTMs and differing meteorology data

used in GEOS-Chem and FLEXPART, so that it cannot be used to resolve chemical

transformation at a finer scale, such as a mid-latitude anticyclone. The release of

FLEXPART-WRF may perfectly solve the problem. It adapts WRF meteorology

fields and should be combined with WRF-Chem flawlessly. FLEXPART-WRF and

WRF-Chem are able to share the same grid settings, which will save the step of

matching the grids in the models and increase the accuracy in the folding calculation.

FLEXPART-WRF is armed with OpenMP and MPI parallel computation features,
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which will speed up the simulations and enable running under much higher resolutions.

With proper settings, the combination of FLEXPART-WRF and WRF-Chem should

be able to provide high quality prediction of chemical transformation. For example, in

an intense fire event, ozone production, aerosol formation, particle nucleation, cloud

formation and impacts on precipitation can be simulated more accurately.

There are two important limitations that prevent accurate estimation of aerosol ages

in Chapter 4. Use of atmospheric radionuclide tracers has been verified in many

previous studies as a proper method. However, PMO is a remote site on an island

and has low aerosol loads. The samples that are not affected by excess radionuclide

attached on dust showed very low activities of atmospheric radionuclide tracers, which

undermined the accuracy of the spectrometric analysis because background activities

of the atmospheric radionuclide tracers exist everywhere. Therefore, increasing the

sampling period is suggested for future collections. Two to five days collection may

show better signals given the current lab equipments. The second aspect that may

reduce the uncertainty of this method is to shorten the time between finishing up

the sampling and solvent extraction. The extraction is suggested to be done at Pico,

which would require installation of a tube furnace and an oven. Timely extraction

can prevent artificial ageing after finishing up the sampling.

The transport classification developed in Chapter 3 can be used to understand the

selected aerosol samples that were used for aerosol age estimation in Chapter 4. Due
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to the heavy calculations of transport classification, the dissertation does not include

the transport classification and the chemical signature analyses for the aerosol samples

collected in 2013. In the future work, when all the measurements of trace gases and

modeling results are in place, the selected aerosol samples can be studied in detail.

We will be able to understand the sources and transport pathways of the aerosol

samples in different ages.
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Appendix A

Technical instructions for running
FLEXPART 8.2

Detailed instructions of running FLEXPART6.2 can be found in a previous disser-
tation (Owen, 2009). The newer verision, FLEXPART8.2, has a Fortran package in
the same structure as FLEXPART6.2. (Owen, 2009) explains the structure, options
and the input files in detail. Additional modifications that are necessary for running
FLEXPART8.2 are introduced here. It is suggested that users should read Owen
(2009), Appendix A, prior to the following instructions. An online discussion forum
(http://www.flexpart.eu/) can be used for searching for help. All modified files
and IDL programs are stored on a disk, which is attached with this dissertation.

A.1 Setup

Stohl et al. (2011) provides the steps of setting up FLEXPART8.2 on a Linux machine,
including sources and install instructions of required software/libraries. Users are re-
quired to read Stohl et al. (2011) to have a general idea of the model. Brioude et al.
(2013), which is dedicated to FLEXPART-WRF, discusses the numerical schemes
used in FLEXPART. These two documents are very helpful for understanding the
work flows and calculations in FLEXPART, but they are not necessary for run-
ning FLEXPART on a machine with all required software/libraries installed already.
FLEXPART source codes can be found at http://www.flexpart.eu/.
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The easiest approach for running FLEXPART is to obtain the modified Fortran pack-
age from:
/local/reh/bzhang/flex run/flexpart822 use1-4 (for standard backward simulations,
running with GFS-grib2 meteorology)
/local/reh/bzhang/flex run/flexpart822 fore2-4 (for standard forward simulations,
running with GFS-grib2 meteorology)
and use the IDL programs below to compile and execute the model. Users will need
to re-assign the directory of these packages in the IDL programs. Please see the next
section for the modifications.

A.2 Modified files

As an alternative, users are able to obtain FLEXPART 8.2 from the link provided
above and overwrite the following files. All the ready-to-use files can be found in the
attached disk, under /modified/flexpart822/

concoutput.f
Line 227-253 modified to output formatted files.
Line 257-291, 326-404, 439-474, commented out for model efficiency. No output for
wet and dry deposition in standard runs.
Line 484-558 commented out to omit output of mixing ratios.
Line 562-592 modified to write gridded output.
Line 595-630 commented out to omit sparse output.

writeheader.f
Line 107 and 104 modified to output formatted files.

timemanager.f (optional, for instantaneous output)
Line 182-187 modified to give instantaneous output at the end of each interval, which
is also the time used for the time stamp on the file.
Line 203 modified to display days as opposed to seconds.
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A.3 Meteorology

ECMWF meteorology data has been difficult to get since 2009. This was the main
reason for switching from FLEXPART6.2 to FLEXPART8.2. The latter accepts
GFS/FNL grib2 data to drive the simulations. The description of this update and
required variables in GFS/FNL data can be found in (Stohl et al., 2011).

GFS (Global Forecast System) data are forecast data, which can be obtained
from http://nomads.ncdc.noaa.gov/cgi-bin/ncdc-ui/define-collection.pl?

model_sys=gfs-hi&model_name=gfs&grid_name=3. The final analyzed version of
GFS is FNL (Final Global Analysis), which is better for running historical simula-
tions and can be obtained from http://rda.ucar.edu/datasets/ds083.2/. The
FNL data are only available for every 6 hours. The users are free to choose either or
a combination of GFS and FNL, depending on application.

A IDL program, ”write available gfs.pro”, can be used to generate the AVAILABLE
file for FLEXPART.

A.4 IDL programs for running FLEXPART8.2

and visualizing the standard output

IDL programs are used to write input files, compile FLEXPART code, launch
the simulation and process model output. All the IDL programs introduced
below and functions used therein are stored in the attached disk under /IDL-
Workspace71/FLEX Bo/. The IDL programs were developed based on the ones used
for running FLEXPART6.2. Please see Appendices in (Owen, 2009).

A.4.1 Backward simulation

Related programs are:
doit run retro flex8.pro
doit auto retro flex8.pro
brun retro flex
bread retro flex output
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bconvert retro temps to gridded final
doit bplot rt traj single.pro

The launching program of backward simulation is doit rn retro flex8.pro, which com-
piles the other four programs before starting the simulation.

doit auto retro flex8.pro is the most controlling program and has all the configura-
tions in it. It takes the required information, including input and output direc-
tories, simulation periods, and FLEXPART settings. It launches brun retro flex,
bread retro flex output, and bconvert retro temps to gridded final for a complete sim-
ulation.

brun retro flex compiles and runs FLEXPART. After receiving the information
and settings in doit auto retro flex8.pro, it writes the input files of FLEX-
PART (COMMAND, RELEASES, OUTGRID, AGECLASSES, pathnames and in-
cludepar). It generates and launches the FLEXPART executable file, ”FLEX-
PART GFS GFORTRAN”.

bread retro flex output reads the size and length of the FLEXPART output (.txt files)
and saves the data in temporary .idlsav files.

bconvert retro temps to gridded final reads the temporary .idlsav files, converts the
sparse format into gridded format and stores the results as standard FLEXPART
retroplume.

doit bplot rt traj single.pro reads the specific retroplume for a given time and plots the
entire transport trajectory in four separate figures, including a map view of column
integrated horizontal distribution of residence time, a vertical distribution on a view
of upwind days vs. height, a vertical distribution on a view of longitude vs. height
and a a vertical distribution on a view of latitude vs. height.

A.4.2 Forward simulation

Related programs are:
doit run for flex8.pro
brun forward flexpart.pro
bread forward flex output.pro
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bconvert forward temps to gridded final.pro
bplot for traj.pro

doit run for flex8.pro is both the controlling and launching program,
where simulation setting are stored. It compiles brun forward flexpart.pro,
bread forward flex output.pro and bconvert forward temps to gridded final.pro and
launches them in sequence.

brun forward flexpart.pro compiles and runs FLEXPART. After receiving the infor-
mation and settings in doit auto retro flex8.pro, it writes the input files of FLEX-
PART (COMMAND, RELEASES, OUTGRID, AGECLASSES, pathnames and in-
cludepar). It generates and launches the FLEXPART executable file, ”FLEX-
PART GFS GFORTRAN”.

bread forward flex output.pro reads the size and length of the FLEXPART output
(.txt files) and saves the data in temporary .idlsav files.

bconvert forward temps to gridded final.pro reads the temporary .idlsav files, converts
the sparse format into gridded format and stores the results as standard FLEXPART
retroplume.

bplot for traj.pro reads the standard forward simulation results and plots a snapshot
of the distribution of released tracer for a given time. Both the map view and vertical
view are plotted.

Emission inventories are required for forecasting pollution transport in forward FLEX-
PART runs. The anthropogenic emission inventory (EDGAR 3.2) was processed and
stored in a compatible way to be called by the programs. Future EDGAR emis-
sion inventories (http://edgar.jrc.ec.europa.eu/index.php) will likely be given
in NetCDF format. Users can try to convert it for FLEXPART use by a program
developed for EDGAR 4.2 (IDLWorkbench71/NetCDF/edgar42 2 FP readable.pro ),
but no guarantee is given for future release of EDGAR inventories. Wildfire/biomass
burning emission can be obtained from GFAS data (http://www.gmes-atmosphere.
eu/about/project_structure/input_data/d_fire/). The users may use IDL-
Workbench71/BBemis/get fire emis gfas.pro to read the GFAS NetCDF file and con-
vert the gridded results to sparse results for FLEXPART forward runs using IDL-
Workbench71/BBemis/data convert gfas to sparse.pro.
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A.5 Folded FLEXPART

A.5.1 Folding FLEXPART retroplumes with forward results

Related programs are:
cal fold retro.pros

For a given time period, bplot for traj.pro reads the standard retroplume first. It
then locates the forward simulation results associated with each time step of the
retroplume. The residence time matrix at each time step of the retroplume is multi-
plied by the tracer concentrations in the forward simulation, which gives the folded
results. The results are saved in a similar structure as standard retroplumes, which
can be plotted using the programs provided above. For the applications of this prod-
uct, please see the related analyses in Chapter 2.

A.5.2 Folding FLEXPART retroplumes with emission inven-
tories

Related programs are:
doit plot trj emis fire height.pro

doit plot trj emis fire height.pro does the folding calculation and plotting in one.
The folding calculation requires the retroplume available for the periods of
interest and wildfire and anthropogenic emission inventories as given above.
This program saves the contributions of pollution tracer (CO as default)
from different continents. The results can be visualized by using /IDLWork-
bench71/Pico wiki/plot tracer spec source.pro. Figures are generated for the whole
month that is specified in the program.
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Appendix B

Technical requirements for using
Sheppard’s model

The description of the model can be found in Sheppard (1956) and Kleissl et al.
(2007). The application of Sheppard’s model requires meteorological profiles at Pico,
which can be obtained using the meteorological data driving FLEXPART, and the
following libraries, which read the profiles from the meteorological data.

Wgrib2 is a library that can be used to read grib2 data in a Linux en-
vironment. The source code and instructions of Wgrib2 can be found at
(http://www.cpc.noaa.gov/products/wesley/wgrib2/). An IDL program (/IDLWork-
bench71/Grib data/cal split height.pro) is used to call Wgrib2, extract the meteo-
rological profiles and calculate the height of dividing stream line that meets the
equation of Sheppard’s model. Usually, grib2 data have 10-15 vertical levels from
ground to the height of PMO. The program does the calculation iteratively starting
from the lower layer and performs an interpolation between the layer below or ex-
ceed the requirements in Sheppard’s model. Both mechanical lifting and latent heat
released by cloud formation during lifting are considered in the calculation. /IDL-
Workbench71/Grib data/doit cal split height.pro enables users to do the calculation
for a given time period.

Planetary boundary layer (PBL) height can be obtained from a few sources, in-
cluding GFS-grib2, GDAS-binary (ftp://arlftp.arlhq.noaa.gov/pub/archives/
gdas1) and GEOS-5. /IDLWorkbench71/Grib data/extract pbl height.pro extracts
PBL height from GFS data. /IDLWorkbench71/GDAS/read gdas pblh.pro extracts
PBL height from GDAS data. When running GEOS-Chem simulations, PBL height
in GEOS-5 can be saved separately.
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Appendix C

Letters of Permission

Chapter 2 is based entierly on the (Zhang et al., 2014). The author retains copy-
right of Atmospheric Chemistry and Physics (ACP) articles, which is indicated by
the following webpage: http://www.atmospheric-chemistry-and-physics.net/

general_information/license_and_copyright.html

179



3/6/2015 ACP - License and Copyright

http://www.atmospheric-chemistry-and-physics.net/general_information/license_and_copyright.html 1/3

License and copyright agreement

The following license and copyright agreement is valid for any article published by Copernicus Publications on
behalf of the European Geosciences Union (EGU).

Author's certification 

In submitting the manuscript, the authors certify that:

They are authorized by their co-authors to enter into these arrangements.

The work described has not been published before (except in the form of an abstract or proceedings-type
publication – including discussion papers – or as part of a published lecture or thesis), that it is not under
consideration for publication elsewhere, that its publication has been approved by all the author(s) and by
the responsible authorities – tacitly or explicitly – of the institutes where the work has been carried out.

They secure the right to reproduce any material that has already been published or copyrighted elsewhere.

They agree to the following license and copyright agreement:

Copyright 

Authors retain the Copyright. Regarding copyright transfers please see below.

Authors grant Copernicus Publications a license to publish the article and identify itself as the original
publisher.

Authors grant Copernicus Publications commercial rights to produce hardcopy volumes of the journal for
sale to libraries and individuals.

Authors grant Copernicus Publications and the Swiss Association of Geography (Association Suisse de
Géographie) the right to distribute, reproduce, display, translate, and store the manuscript in all forms, as
well as to sublicense the work for commercial purposes. This right shall be exclusive by 1 January of the
year subsequent to the publication date.

Authors are explicitly permitted to post the non-peer-reviewed manuscript (pre-print) as well as the
unedited accepted manuscript (post-print) PDF of their articles (and/or supplemental material) on their
personal website or in an online institutional repository provided the article in Atmospheric Chemistry and
Physics is cited properly and a link to the original publication of the manuscript in Atmospheric Chemistry
and Physics appears.

Authors further retain the right to revise, adapt, present, or distribute the manuscript, as well as to prepare
derivative works, provided that all such distribution is for noncommercial benefit and the proper citation of
the manuscript in Atmospheric Chemistry and Physics appears together with a link to the original
publication of the manuscript in Atmospheric Chemistry and Physics.

Furthermore, the authors have the right to reprint the manuscript in any publication of which authors
serve as an author or editor, under the condition that the manuscript in Atmospheric Chemistry and
Physics is cited properly and that a link to the original publication of the manuscript in Atmospheric
Chemistry and Physics is shown.

Under this License and Copyright Agreement, authors grant to the general public, effective at the 1
January of the following year after publication of the edited manuscript in an online issue of Atmospheric
Chemistry and Physics, the nonexclusive right to copy, distribute, or display the work subject to the terms
of the Creative Commons Attribution 3.0  License:

180



3/6/2015 ACP - License and Copyright

http://www.atmospheric-chemistry-and-physics.net/general_information/license_and_copyright.html 2/3

Creative Commons Attribution 3.0 License

Anyone is free:

to Share — to copy, distribute and transmit the work

to Remix — to adapt the work

Under the following conditions:

Attribution. The original authors must be given credit.

For any reuse or distribution, it must be made clear to others what the license terms of this work are.

Any of these conditions can be waived if the copyright holders give permission.

Nothing in this license impairs or restricts the author's moral rights.

The full legal code  of this license.

Copyright transfers 

Many authors have strict regulations in their contract of employment regarding their works. A transfer of
copyright to the institution or company is usual as well as the reservation of specific usage rights. Please note that
in case of Open Access publications in combination with a Creative Commons License a transfer of the copyright
to the institution is possible as it belongs to the author anyway and is not subject to the publisher.

Any usage rights are regulated through the Creative Commons License. As Copernicus Publications is using the
Creative Commons Attribution 3.0 License, anyone (the author, his/her institution/company, the publisher, as
well as the public) is free to copy, distribute, transmit, and adapt the work as long as the original author is given
credit (see above). Therefore, specific usage rights cannot be reserved by the author or his/her
institution/company, and the publisher cannot include a statement "all rights reserved" in any published paper.

A copyright transfer from the author to his/her institution/company will be expressed in a special "Copyright
Statement" at the end of the publication rather than on the first page in the article citation header. Authors are
asked to include the following sentence: "The author's copyright for this publication is transferred to
institution/company".

Crown copyright 

The license and copyright agreement of Copernicus Publications respects the Crown copyright. For works written
by authors affiliated with the British Government and its institutions, a copyright statement will be included at the
end of the publication. Authors are asked to use the following statement, which has been approved by the
Information Policy department of The National Archives:

The works published in this journal are distributed under the Creative Commons Attribution 3.0 License. This
license does not affect the Crown copyright work, which is re-usable under the Open Government Licence
(OGL). The Creative Commons Attribution 3.0 License and the OGL are interoperable and do not conflict
with, reduce or limit each other.

© Crown copyright YEAR

181



3/6/2015 ACP - License and Copyright

http://www.atmospheric-chemistry-and-physics.net/general_information/license_and_copyright.html 3/3

Reproduction Request 

All articles published by Copernicus Publications are licensed under the Creative Commons Attribution 3.0 License
(see details above) together with an author copyright. Therefore, there is no need from the publisher's side to
allow/confirm a reproduction. We would suggest contacting the author to inform him/her about the further usage
of the material. But as the author decided to publish the scientific results under the "CC-BY" license, he/she
decided to share the work under the condition that the original authors must be given credit.

182


	CHARACTERIZATION OF TRANSPORT AND TRANSFORMATION OF AIR POLLUTANTS OBSERVED IN THE FREE TROPOSPHERE OVER THE CENTRAL NORTH ATLANTIC
	Recommended Citation

	PhDBZfinal15-1.pdf

