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ABSTRACT
Atmospheric aerosols and trace gases are a highly relevant component of the climate
system affecting atmospheric radiative transfer and the hydrologic cycle. In arid and
semi-arid regions, where cloud cover is often low and precipitation is generally scarce
and sporadic, the driving processes accounting for the production, loss and transport of
atmospheric constituents are often distinctly different from other climates.

In arid

regions, the same circulation dynamics that suppress cloud formation can be responsible
for creating strong subsidence inversions, which cap atmospheric mixing and trap
pollutants close to the surface, often placing populated arid regions high on global
rankings of air pollution concerns. In addition, low soil moisture can encourage windblown dust emissions, which can be a significant fraction of the total aerosol loading in
both coarse and fine modes on a mass basis.
Three distinct focus regions are investigated over varying time scales, using a diverse set
of techniques, and with wide-ranging primary goals. 1) the Tehran metropolitan area in
Iran over a ten-year period from 2000-2009, 2) Tucson, Arizona over 2012-2014 with
three intensive monitoring periods during summer 2014 and winter 2015 and 3) the San
Joaquin Valley in California during the NASA DISCOVER-AQ campaign during JanFeb 2013. However, in all cases, local and regional scale meteorology play a significant
role in controlling the spatiotemporal variability in trace gas and aerosol concentrations.
Particular emphasis is placed on understanding transport pathways due to the local wind
patterns and the importance of key meteorological parameters such as temperature,
humidity and solar radiation on controlling production and loss mechanisms. While low
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in magnitude, the precipitation pattern is still an important sink mechanism that
modulates gas phase and particle abundances in all three regions, either through
scavenging or by promoting vertical mixing.
The reported measurements and data analysis serve to improve the characterization of
trace gases and aerosols in populated arid regions and offer process level understanding
of dominant mechanisms for model validations and improvements.
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1. INTRODUCTION
1.1 Meteorology and global distribution of arid lands
Approximately one third of global land surface is arid (Laity, 2008) with subtropical
deserts comprising about 20% (Glennie, 1987).

The spatial distribution of deserts

towards the subtropics (25°-35°) can be explained to first order by the zonally-averaged
mean circulation of the tropical troposphere (Held and Hau, 1980; Lindzen and Hau,
1988). The Hadley cell transports energy and angular momentum poleward through a
direct thermal circulation whereby low-level air converges near the equator – the Intertropical Convergence Zone (ITCZ) – and is forced upwards releasing latent heat in the
form of deep convective clouds, diverges poleward in the upper troposphere and then
descends in the subtropics. Changes in the global temperature distribution as a result of
global warming may change the dynamics of the Hadley cell circulation (e.g., Diaz and
Bradley, 2004; Lu et al., 2007) affecting the atmospheric stability and extent of the large
scale subsidence that embodies subtropical desert regions (Hu and Fu, 2007).
The geographical distribution of continents and the seasonal insolation pattern further
refines the global distribution of arid regions. Monsoon dynamics dominate the seasonal
large-scale circulation in many regions within the subtropics, with the most significant
being associated with the Asian Monsoon (Ramage, 1971). Intense heating over the
continental interior of northern India and the Tibetan Plateau during the early summer
modifies the meridional circulation such that low level convergence becomes
significantly displaced from the equator and low level winds (Reiter and Gau, 1982).
Much of west-central Asia and the Middle East is affected by the circulation changes
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induced by the Indian and East Asian Monsoon systems, however, for the most part, the
flux of moisture is absent (e.g. Lioubimtseva et al., 2004). Although much weaker than
the Asian monsoon (Tang and Reiter, 1984), the southwestern United States is partially
affected by a monsoon pattern during the summer months from late June through
September where tropical moisture is drawn northwards from the Gulf of Mexico and
tropical eastern Pacific partly due to continental-scale heating (Douglas et al., 1993;
Adams and Comrie, 1997; Higgins et al., 1997).
The annual precipitation patterns for the three regions of interest in this study are shown
in monthly climatologies for Tehran, Tucson, and Hanford, respectively (Figure 1).
Tehran and Hanford show similar patterns with rainfall minima in the summer while
Tucson has a late summer peak associated with the North American Monsoon. All three
regions receive approximately the same annual rainfall.
1.2 Trends in urbanization and anthropogenic influences within arid regions
Fifty four percent of the global population now lives in urban areas (UN 2014). Global
urbanization is projected to continue with arid regions experiencing a faster rate of
urbanization than any other ecological zone (Baker et al., 2004). White and Nackoney
(2003) state that drylands support nearly 40% of global population, which includes arid,
semiarid and dry sub-humid aridity classifications as shown in Figure 2. The impact of
increased urbanization has implications for urban microclimates (Golden, 2004) and
changes in convective precipitation have been linked to urban heat island (UHI) effects
(Shepherd and Burian, 2003) and other classes of anthropogenic land-use change (Pielke
et al., 2007; Cotton and Pielke, 2007). Increased temperatures associated with UHIs in
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hot arid regions may have implications for air quality (Rasmussen et al., 2013) despite
stricter controls on emissions.
1.3 The role of atmospheric trace gases and aerosol particles on weather, climate
and air quality
The atmosphere is primarily composed of nitrogen (N2) and oxygen (O2), however
additional gases, including water vapor, carbon dioxide (CO2), carbon monoxide (CO),
organic gases, nitrogen and sulfur containing compounds and halocarbons, are ubiquitous
albeit in smaller concentrations. In addition, suspended solid and liquid particles – the
so-called atmospheric aerosol – are also omnipresent across global scales. While present
in relatively small concentrations, these atmospheric trace species are very important in
the global radiation balance (Stocker et al., 2013).

In addition, another challenge in

assessing the effect of trace species on climate relates to the scales in the abundance
which may vary by several orders of magnitude between polluted air and the relatively
clean upper troposphere or polar regions. The sensitivity of one region to perturbations
may be very different from another depending on the background concentration and the
potential for feedbacks with other aspects of the climate system.
CO2 remains the largest contributor to anthropogenic climate forcing, as reported by the
IPCC (Figure 3). It is emitted into the atmosphere predominantly through combustion
and respiration processes and then removed by dissolution in the oceans and
photosynthesis by the terrestrial biosphere (Ciais et al., 2013). Combustion processes
(both fossil and biomass) provide the emission source for a number of other gas species
including nitrogen oxides (NOx) and species resulting from incomplete combustion such
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as CO, and organic vapors.

Primary aerosol particles, which are emitted during

combustion, may contain an appreciable concentration of black carbon, which absorbs
visible light (Bond and Bergstrom, 2006). Condensed organic vapors and the majority of
particles formed through secondary processes (e.g. sulfate and nitrate) are colorless and
become effective at scattering visible light when grown to >100 nm (Covert et al, 1972;
Tang, 1996). The cooling effect caused by light scattering can be offset by even small
amounts of light absorbing material (Jacobson, 2000; Bond et al., 2013) and the
contribution of black carbon on climate forcing has been purported to rival methane
(Jacobson, 2001). The function of particles in the absorption and scattering of shortwave
radiation is known as the “semi-direct effect” and “aerosol direct effect”, respectively,
and has global implications as well as potential regional heterogeneities, which may
change atmospheric circulation (e.g. Menon et al., 2002).
While water vapor is also a greenhouse gas and liquid water and ice in the form of clouds
affect radiation, the combined effects are predominantly fully immersed in the climate
system and hence the hydrologic cycle controls the redistribution of atmospheric water
through evaporation and precipitation processes. The hydrologic cycle is susceptible to
change as a result of global temperature increases through the melting of land and sea ice
and through the increase in the vapor capacity of the atmosphere (Stocker et al., 2013).
Aerosol particles play an important role in the hydrologic cycle through their role as
cloud condensation nuclei (CCN) and ice nuclei (IN). CCN concentrations affect the
radiative properties of clouds (Twomey, 1977) and the cloud lifetime (Albrecht, 1989).
The role of aerosols on cloud radiative effects is documented as having the largest range
of uncertainty of all anthropogenic forcing (Stocker et al., 2013) and global
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spatiotemporal variability of CCN contributes to regional cloud cover (McFiggans et al.,
2006) with direct influences on the hydrologic cycle (Stevens and Feingold, 2009) and in
the dynamics of clouds (Feingold, 2003).
Trace gases and aerosols are monitored by national and global organizations such as the
U.S Environmental Protection Agency (EPA) and the World Health Organization (WHO)
because of the implications on human health and ecosystem damage.

Although

emissions can, in some cases be closely monitored, the development of “bottom-up”
emissions inventories is often not corroborated by ambient measurements (Fujita et al.,
2012; Brioude et al, 2013; Pollack et al, 2013; Parrish, 2006; Parrish et al., 2002; Yu et
al., 2012).

In addition, the effect of individual emissions on downstream sensitive

receptors is often difficult to determine (Lin et al., 2012; Pollack et al., 2012).
Compounding the problem is that pollutants such as ozone are not directly emitted but are
produced through the chemical conversion of precursor species. In the case of ozone,
NOx acts as a catalyst for the regeneration of hydroxyl radicals that react to oxidize
volatile organic compounds (VOCs), and in doing so produces ozone. The non-linear
dependence on the precursor species makes the task of predicting the distribution of
ozone concentration far harder than the advection-diffusion evolution of passive species,
which only depends on meteorology. Furthermore, the complexities surrounding ozone
and other secondary gas and aerosol species is passed on to the sphere of policy-making,
where the complex non-linearity presents significant challenges in determining the best
air quality strategies.
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1.4 Trace gas and aerosol patterns pertinent to urbanization in arid climates
Meteorology plays an important role in modulating air quality through the transport of
pollutants both horizontally and vertically from source but also through environmental
factors, which affect chemical and physical transformation. High solar exposure during
extended cloud-free episodes is typically a feature of arid regions. Sunlight drives the
photolysis of nitrogen dioxide (NO2), which is a principal process in the photochemical
production of ozone in the troposphere. In addition, the formation of hydroxyl radicals
(OH) is controlled through ozone and carbonyl photolysis, water vapor availability and
ozonolysis of alkenes (Atkinson, 2000) whose respective influences may be different in
urbanized arid regions compared with more temperate locations. OH concentrations
control the lifetime of VOCs in the troposphere, whose destruction fuels the catalytic
(re)production of ozone. In addition, OH plays an important role in the production of
sulfate and nitrate aerosol and in the oxidation of organic vapors, the precursors of
secondary organic aerosol (SOA).
Clear skies over arid regions can be responsible for significant long-wave nocturnal
cooling near the surface. Together with the strong daytime insolation, this leads to large
diurnal temperature changes that impact gas and particle chemistry.

Semi-volatile

species (e.g. nitrate) can partition between the gas- and particle-phase depending on the
ambient temperature. Gas species such as peroxy acetyl nitrate (PAN) and N2O5 are
thermally unstable and decompose at elevated temperatures (e.g. LaFranchi et al., 2009)
which has implications on spatial distribution of pollutants since these reservoir species
can be transported downwind before participating in further chemical transformation later
(Sillman and Samson, 1995). The diurnal cycle of near-surface temperature also has
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implications for the vertical stability of the lower troposphere. Surface inversions cause
emitted pollutants to accumulate locally and the strong stability can decouple nearsurface transport from the polluted surface layer leading to stagnation. In some regions
such as the San Joaquin Valley (SJV), nocturnal cooling is sufficiently extensive to
promote formation of radiation fog, which can interact strongly with gas and particle
chemistry (Jacob et al., 1984; Collett et al., 1999). Significant diurnal swings in relative
humidity can be observed even in the driest regions. In contrast, during warmer seasons,
peak surface heating can be sufficient to cause convective boundary layer growth, which
extends into the mid-troposphere. Mountainous regions have the additional support of
topographically enhanced buoyancy generated overturning circulations which can be a
major driver of low level winds, especially when synoptic forcing is light. During colder
seasons, snow-capped mountain ranges can inhibit ventilation in surrounding valleys by
blocking horizontal transport and strengthening capping inversions through drainage
flows. The extensive vertical development of the daytime convective boundary layer acts
as a major removal mechanism for surface pollutants. Convective cycling in the deep
boundary layer also has implications for aging processes and rates where humidification
(and potentially temperature change) is important since the circulation can involve
extreme changes in relative humidity (RH) over the depth of the boundary layer (BL).
However, by definition, precipitation is typically scarce and so removal mechanisms
involving rainout are reduced compared to other climates. Periodic “clean-out” events
are often observed to interrupt periods of winter stagnation in relation to the passage of
infrequent mid-latitude systems (Jacob et al., 1984). The removal can be attributed
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locally to the impact of wet removal of aerosol and gases together with enhanced
horizontal and vertical transport associated with the disturbance.
1.5 Research objectives and explanation of dissertation format
Three studies are included in this dissertation that have been prepared as manuscripts for
publication in peer-reviewed journals.

The three manuscripts are reproduced in

Appendices A-C, respectively.
The first of the three studies concerns aerosol climatological patterns in Tehran and its
immediate surroundings, in northern Iran. Due to the lack of available local in situ
measurements, the study focused on satellite based remote sensing data and in-so-doing
contributed towards an increased understanding of the performance of available satellite
retrievals for desert regions.
The second study was centered around ground based in situ aerosol measurements made
at the University of Arizona over a period of three years with a focus on measurements of
cloud condensation nuclei (CCN). The concentration of CCN plays an important role in
warm cloud microphysics and affects cloud dynamics and this study has helped to
constrain this for Tucson on annual scales. Measurements over comparable timescales
are somewhat lacking in the current available literature. In addition, this study has
prompted a new approach to constraining CCN predictability in urban settings where the
aerosol composition is complex. The approach separates the CCN closure into two parts:
the first constrains the drivers for CCN variability as a competition among aerosol
number concentration, size and composition and the second part concerns the ability to
predict, and constrain the effects, of hygroscopicity in the super-saturated regime using
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chemical composition measurements and sub-saturated aerosol growth. The second part
is the focus of a follow on study, currently in preparation, but beyond the scope of this
thesis.
The third and final study concerns airborne measurements of trace gases over the SJV
during the DISCOVER-AQ field campaign. The SJV is a major agricultural center in the
western United States with several of the largest beef and dairy cattle farms as well as
numerous crop and fruit production operations. In addition, there are approximately 4
million inhabitants and significant industrial presence mainly associated with oil and gas
extraction and processing.
A more detailed description of each study together with key findings is provided in
Chapter 2. Conclusions pertaining to all studies are provided in Chapter 3.
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Figure 1: Comparison of monthly mean precipitation measured at Tehran (Iran), Tucson
(Arizona) and Hanford (California).
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(a)!

(b)!

Figure 2: Global distribution of (a) aridity and (b) population density associated with
drylands (UNEP/GRID,!1991;!CIESIN!2000;!reproduced!from!White!and!Nackoney,!2003).!
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Figure 3: Comparison of components of climate radiative forcing as reported in the Fifth
Assessment Report of the IPCC (Stocker et al., 2013).
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2. PRESENT STUDY
The complete methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the most important findings.

Appendix A: A multi-year aerosol characterization for the Greater Tehran Area
using satellite, surface and modeling data.
In this study, the properties and concentrations of urban aerosol associated with Tehran
are studied using satellite-based remote sensing observations, prompted by a lack of
available in situ measurements.

Tehran is a major metropolitan area exceeding 10

million inhabitants and has frequent reports of poor visibility and hazardous air quality,
although no monitoring data are publically available to verify the severity of pollution
episodes.

The remote sensing products, which include MODIS and MISR Aerosol

Optical Depth (AOD) and TOMS Ultraviolet Aerosol Index (UVAI), are compared with
data from the GOCART global aerosol transport model, local meteorology and longrange transport from the HYSPLIT model to determine annual patterns. Monthly trends
in AOD are broadly consistent between MODIS Deep Blue products and MISR and track
the large influx of regional dust during the spring and early summer. During summer,
northerly winds bring smoke into the region from wildfires in Siberia and Kazakhstan
together with influences from agricultural burning in Ukraine that adds a component to
the observed AOD.

In winter, AOD is lowest, however, this season is the most

frequently reported for hazardous air quality and decreased surface visibility. This effect
is localized to the immediate urban area as seen in a comparison of visibility data
between Tehran and more rural locations. Polluted air stagnates over the city due to
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shallow mixing heights and the blocking effect of surrounding mountains.

Further

evidence for urban anthropogenic sources is seen in the prominent weekday/weekend
cycle in the surface visibility which is mainly observed during winter. The negative
correlation between seasonal AOD and surface aerosol concentration – as represented by
visibility – is an important finding of the study and a key feature of arid regions where
boundary layer mixing varies strongly between seasons and trapping inversions can be
persistent. This is the opposite of the effect observed in more temperate locations such as
the northeastern United States where AOD and surface PM2.5 are seasonally correlated.
Deriving surface concentrations from retrieved column observations is a critical area of
ongoing research.
While precipitation is scarce in summer, winter rain is a significant factor modulating
winter pollution episodes in Tehran. Increased precipitation was found to be correlated
with increased incremental improvements in surface visibility.

Appendix B: On the competition among aerosol number, size and composition in
predicting CCN variability: a multi-annual field study in an urbanized desert.
Two years of continuously measured CCN concentrations at a fixed 0.2% supersaturation
were presented in this study alongside measurements of the submicron aerosol size
distribution. The study took place at a rooftop site at the University of Arizona from
2012 to 2014. Long-term measurements of CCN are not common in the available
literature especially for arid regions. It was found that local urban emissions had a major
role in controlling CCN variability, especially in winter when increased particle growth,
condensation of semi-volatile species and increased particle concentration were all
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correlated on diurnal and synoptic timescales. The alignment of factors, which enhance
CCN activation (i.e. number, size, and hygroscopicity), meant that winter CCN
variability was easier to predict than other seasons. Closure of predicted winter CCN
concentrations was achievable (R2=0.82) with knowledge of only the aerosol size
distribution.
In contrast, summer CCN production pathways were complicated by secondary organic
aerosol (SOA) production, partial evaporation of primary tailpipe emissions, regional
scale nucleation of biogenic SOA associated with monsoon vegetation growth and
mesoscale meteorology associated with the monsoon. Closure could not readily be
achieved using simplifying parameterizations such as constant hygroscopicity.

The

findings of this study have implications for other urbanized arid regions.
An additional component of this study involved the analysis of patterns associated with
the aerosol size distribution. Data were clustered using a non-linear clustering method
based on geometrical proximity. The size distribution showed different patterns between
winter and summer with winter generally being more stable and with little change in the
characteristic size. The (subtle) changes in the winter were also monotonically aligned to
temperature anomalies such that higher (lower) temperatures favored smaller (larger)
particles. In contrast, summer exhibited a bifurcation in the size distribution shape,
which occurred during relatively similar meteorology. Cold anomalies favored little
change from the mean while warm anomalies either resulted in an abundance of small
nucleation-type particles or a significant shift towards an accumulation-mode-only type
distribution devoid of ultrafine particles. This phenomenon highlights the complexity of
predicting CCN during the summer since new particle formation can enhance CCN but
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there is a lag associated with the physical processes needed to grow these particles to
CCN-relevant sizes.

Appendix C: Spatiotemporal variability of trace gas species in the San Joaquin
Valley observed during DISCOVER-AQ 2013.
In this study, measurements were taken onboard the NASA P3-B platform as part of the
DISCOVER-AQ campaign in California. During the mission, the aircraft was based at
the Dryden Flight Research Center in Palmdale and flights were made into the SJV
following a repeated flight path that consisted of low-level and high-level transects and
connecting spirals.
The campaign took place between Jan 16 and Feb 6, 2013 during a period where
meteorological conditions were typical for the season. Prior to the campaign an extensive
period of lower-than-average temperatures had occurred with minimum nocturnal
temperatures in the SJV dropping below freezing levels, which is a significant concern
for crop production and fruit farms. The first five flights took place during a period of
relative stagnation with a ridge of high pressure building aloft which enhanced lower
tropospheric subsidence and strengthened the capping inversion. Between Jan 22 and Jan
27 there was a major “clear-out” event, which accompanied the passage of a Pacific lowpressure system and associated cold front. Behind the front, winds were strong and from
the northwest. After the short hiatus, flights in the SJV resumed on Jan 30, which was
two days into a second stable period with surface pollutant levels increasing that
continued until Feb 1. A number of weaker disturbances affected the region between Feb
2 and Feb 6, affecting diurnal low level wind patterns.
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Concurrent measurements of CO2, CO, methane, water vapor, oxides of nitrogen, ozone,
ammonia and VOCs were made onboard the P3-B. Above 2 km, free tropospheric
concentrations of CO2, CO, CH4 and NOy were found to be relatively constant during the
campaign and unperturbed by local emission sources. During the first 5 flights, the
influence of unperturbed free tropospheric air penetrated lower in the column as a result
of increased static stability in the inversion layer. Even through surface concentrations
were stagnant during this time, vertically integrated area-averaged concentrations did not
show a constant steady increase and the ratio of abundances was not constant, which
suggests that a significant loss mechanism still persists even during stagnation events.
Evidence for changes in urban emissions was observed during this initial build up period,
especially in Fresno, where the enhancement ratio between CO and CO2 exhibited a
steady decline.

This is suggestive of a shift in fuel type and possible temperature

sensitivities as a result of the low temperatures at the beginning of the campaign. Sources
associated with domestic heating may have been more significant during the first two
flights.
Patterns of combustion emissions, as the predominant driver for CO2 variability, were
determined by the comparison of enhancement ratios, which varied with location in the
SJV. Urban sources dominated by gasoline combustion showed the highest CO:CO2
ratios while rural and agricultural areas were lower suggestive of a contribution from
diesel fuel. The rural western valley did not support evidence for significant diesel since
NOx levels were too low; however, since this region did not have significant local sources
(other than the Interstate-5 roadway, which was at least 10 km to the southwest) the
resulting enhancements were a mix of contributions from surrounding areas. The oil
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fields in Kern County showed the lowest CO:CO2 ratio as a result of the number of power
plants located in that area. Overpasses of four power plants confirmed CO:CO2 ratios
that were between 10 and 100 times lower than Fresno. NOy:CO2 ratios for these
overpasses were quite low suggesting that NOx emission control measures were
successful for these gas-fired power plants. No other major CO2 source or sink process
was expected during the winter in the SJV.
Methane emissions were compared using a similar approach.

Wetlands are not

significant in the SJV, so the major sources of methane are linked to urban waste disposal
(including landfill and waste water treatment), dairy and beef cattle farming, and fugitive
emissions associated with oil and gas extraction and refining.

Combustion also

contributes to methane emissions but is not readily separable from other urban sources.
The enhancement ratio of CO:CH4 was found to vary with region with highest levels in
urban areas and lowest near dairy facilities and ranches due to high bovine methane.
Even in urban areas within the SJV, the ratio of CO:CH4 was lower than that found in
nearby Los Angeles by a factor of two, suggestive of the ubiquity of bovine and industrial
methane emissions in the SJV. Ammonia was used to try and separate the role of
agricultural methane from industrial and urban methane sources. The enhancement ratio
NH3:CH4 was lowest over the Kern County oilfields where fugitive methane is not coemitted with ammonia; however, ammonia emissions from catalytic converters used to
control NOx emissions makes it difficult to isolate ammonia as a bovine tracer. Further,
the interaction of ammonia with particulate ammonium is hard to depict from the dataset.
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Abstract: This study reports a multi-year (2000–2009) aerosol characterization for
metropolitan Tehran and surrounding areas using multiple datasets (Moderate Resolution
Imaging Spectroradiometer (MODIS), Multi-angle Imaging Spectroradiometer (MISR), Total
Ozone Mapping Spectrometer (TOMS), Goddard Ozone Chemistry Aerosol Radiation and
Transport (GOCART), and surface and upper air data from local stations). Monthly trends in
aerosol characteristics are examined in the context of the local meteorology, regional and local
emission sources, and air mass back-trajectory data. Dust strongly affects the region during the
late spring and summer months (May–August) when aerosol optical depth (AOD) is at its peak
and precipitation accumulation is at a minimum. In addition, the peak AOD that occurs in July
is further enhanced by a substantial number of seasonal wildfires in upwind regions.
Conversely, AOD is at a minimum during winter; however, reduced mixing heights and a
stagnant lower atmosphere trap local aerosol emissions near the surface and lead to significant
reductions in visibility within Tehran. The unique meteorology and topographic setting makes
wintertime visibility and surface aerosol concentrations particularly sensitive to local
anthropogenic sources and is evident in the noteworthy improvement in visibility observed on
weekends. Scavenging of aerosol due to precipitation is evident during the winter when a
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consistent increase in surface visibility and concurrent decrease in AOD is observed in the days
after rain compared with the days immediately before rain.
Keywords: aerosol; Iran; MODIS; MISR; wet scavenging; visibility

1. Introduction
Aerosol particles impact the planet’s energy balance, the hydrological cycle, atmospheric visibility,
and public health. The relative strength of particles in imparting these effects depends largely on their
abundance and physicochemical properties, which are governed by emission sources, transport, and
meteorology. Particulate matter has been extensively monitored in several major urban centers of the
world such as Beijing, Mexico City, and Los Angeles, but one area that has received disproportionately
less attention in terms of examining the nature and character of aerosol is in the arid Middle East. This
area is of importance with regard to air pollution owing to the large population, unfavorable topography
for ventilation, and substantial sources of natural and anthropogenic emissions. In addition, this region is
an important aerosol source for downwind receptors such as India, Pakistan and Afghanistan [1–3];
however, the relative contribution of Iranian sources to pollution in these receptor sites is unknown.
The capital city of Iran is Tehran (Figure 1) and the metropolitan area covers an area over
2300 square kilometers in the northern part of the country. The population of the Tehran metropolitan
area has grown from 11.3 million in 2006 to 12.2 million in 2011 (United Nations Population Fund;
http://iran.unfpa.org/). Air pollution problems are exacerbated in this major metropolitan area due to
surrounding mountains, which extend to over 5000 m and inhibit ventilation of pollutants, especially
during wintertime. The Alborz Mountains provide a more prominent meteorological barrier to many
other urban regions, which suffer topographical blockage in the presence of a subsidence inversion
(e.g., San Gabriel and San Bernardino Mountains/Los Angeles, Wasach Mountains/Salt Lake City and
Cordillera Neovolcánica/Mexico City). The growing population and extensive anthropogenic
emissions result in major air quality issues and uncertain effects on the region’s microclimate and
hydrological cycle. Visibility data from the last 50 years indicate a long-term trend in visibility
reduction and suggest that worsening air quality is attributable to emissions rather than meteorological
factors [4]. Vehicular emissions are of particular concern in the region owing to more than two million
vehicles, many of which are more than two decades old [5]. Dust has a substantial impact on the region
owing to internal sources [6–8], including numerous dry lakes (e.g., Hamun-e Jaz Murian,
Hamun-i-Mashkel, Daryacheh-ye Mamak) and the larger Dasht-e Kavir Desert, and external sources
due to its location near the Arabian Peninsula to the south and the Euphrates and Tigris Basins to the
west [8–11]. PM10 concentrations in parts of Iran can reach more than 5 mg·m 3, which consequently
contribute to enhanced mortality [10]. It was reported that in the city of Zanjan, just to the northeast of
Tehran, the dominant aerosol type was dust and that only 20% of all particles were smaller than 1 µm [12].
Dust has also been shown to be more abundant in parts of Iran during spring and summer, while motor
vehicles are more influential during fall and winter and during weekdays [13].
Owing to limited surface measurements of particulate matter in the Tehran metropolitan area,
satellite remote sensing data are highly valuable in examining spatiotemporal patterns of air pollution
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in this area [14]. A number of aerosol climatology studies have been conducted in different global
regions (e.g., Greece, Israel, Pakistan, China, Egypt, southwestern United States, South Africa, India)
to critically examine temporal aerosol characteristics [2,15–23], including the relationship with air
mass source origins and seasonality [24,25]. Concerted efforts to combine satellite data with available
surface measurements, air mass back-trajectory data, and chemical transport model results do not exist
for the Tehran area and its surroundings, a fact that motivates the current study.
The goal of this work is to report a multi-year (2000–2009) aerosol characterization for
metropolitan Tehran and surrounding areas with an aim to extend upon previous studies examining air
pollution characteristics in Iran. This work addresses the following questions: (i) what are monthly
trends in aerosol-related parameters and others that potentially influence them such as meteorology and
air mass source regions? (ii) What is the role of precipitation in modulating aerosol-related
parameters? And (iii) can the datasets provide any indication of the weekly aerosol cycles and the
relative strength of dust versus other aerosol types? In addressing these questions, we will determine
the degree of correspondence between satellite data, chemical transport modeling, and surface
measurements of visibility.
2. Data and Methods
Direct surface measurements of aerosol are not publicly available for Tehran during the study
period. In light of this limitation this study leverages a combination of remotely-sensed data, local
meteorological observations and model data.
2.1. Remotely-Sensed Aerosol Data
A summary of spatial areas and time durations of satellite data collection, downloaded from the
NASA GES DISC Giovanni online data system, is reported in Table 1. Daily Level 3 data were
obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) Version 5.1 [26], Total
Ozone Mapping Spectrometer (TOMS) Version 8 [27], Ozone Monitoring Instrument (OMI)
Version 3 [28,29], and the Multi-angle Imaging Spectroradiometer (MISR) Version 31 [30,31]. Data
from MODIS include the daily 1° × 1° gridded Deep Blue AOD (0.55 m) [32]. The Deep Blue
algorithm is appropriate for desert land surfaces as it is sensitive to particles over bright surfaces [33],
with AODs being within 20%–30% of those measured by sun photometers [33]. The Deep Blue
algorithm has also been extensively tested for purposes of aerosol data assimilation over North Africa
and Southwest Asia [34], and furthermore, MODIS Deep Blue AOD data were found to compare well
with sun-photometer measurements at Zanjan, Iran between 2006 and 2008 during dust events [12].
MISR AOD data (0.555 m) are used between 2000 and 2009 at a resolution of 0.5° × 0.5° [35].
Ultraviolet Aerosol Index (UV AI) data are used from TOMS (1° × 1.25°) and OMI (1° × 1°) for a
representation of the relative abundance of absorbing aerosols [36], including dust and smoke.
A minimum UV AI threshold of 0.5 is applied in this study to account for instrumental uncertainties [37].
To account for cloud contamination over land, remotely sensed aerosol data are only used when the
MODIS cloud fraction is less than 70% [38]. The aim of this work is to use these datasets to examine
patterns in retrieved parameters and for inter-comparison with other observational and model data.
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2.2. Meteorology
Meteorological data were obtained from the National Climatic Data Center (NCDC) for three
surface stations in northern Iran (Figure 1, Table 1): Mehrabad International Airport (35.68°N,
51.32°E), Gharakhil (36.45°N, 52.82°E), and Semnan (35.55°N, 53.38°E). Data include dry bulb
temperature, dew point temperature, visibility, wind speed, and precipitation. Relative humidity (RH)
was subsequently calculated from the surface dry bulb temperature and dew point temperature. The
three sites were selected for their respective microclimates in the context of the local topography and
proximity to urbanization. The sites are summarized as follows: (i) Mehrabad is located at Tehran’s
main international airport within the city metropolitan area in the southwest quadrant; (ii) Gharakhil is
in the Mazandaran province, which is situated on the north slopes of the Alborz mountain range near
the southern coast of the Caspian Sea; and (iii) Semnan is an industrial area east of Tehran. They
provide a range of conditions especially since Gharakhil is on the other side of a major topographical
feature to contrast to Mehrabad, which is the most urban-impacted site within the Tehran metropolitan area.
Table 1. Summary of temporal and spatial characteristics of datasets used.
Latitude

Longitude

Altitude

(°)

(°)

(m AMSL)

Met/Visibility

35.68

51.32

1191

1/1/2000–12/31/2009

NCDC: Semnan

Met/Visibility

35.55

53.38

1131

1/4/2000–12/31/2009

NCDC: Gharakhil

Met/Visibility

36.45

52.82

14

1/25/2000–12/31/2009

Radiosonde

35.68

51.32

1191

1/1/1980–12/31/2012

35–36

51–52

N/A

3/1/2000–12/31/2009

35–36

51–52

N/A

7/4/2002–12/31/2009

Data Source
NCDC: Tehran
Mehrabad

NCDC: Mehrabad
MODIS TERRA
MODIS AQUA

Data Type

Deep Blue AOD,
Cloud Fraction
Deep Blue AOD,
Cloud Fraction

Date Range

MODIS

FIRMS

20–55

20–70

N/A

3/1/2000–12/31/2009

MISR

AOD

35–36

51–52

N/A

2/25/2000–12/31/2009

TOMS

UV Aerosol Index

35–36

51.25–52.5

N/A

2/24/2000–12/14/2005

OMI

UV Aerosol Index

35–36

51–52

N/A

2/24/2000–12/14/2005

GOCART

Speciated AOD

34–36

50–52.5

N/A

2/24/2000–12/31/2007

HYSPLIT

Back-trajectories

35.7

51.42

500, 1000, 3000

1/1/2000–12/31/2009

35.5–36.5

51.33–52.67

N/A

1/1/2001–12/31/2009

MERRA

Gridded
Reanalysis

In addition to surface data, radiosonde data were obtained from Mehrabad International Airport.
Data were analyzed at twice daily intervals (00:00 UTC and 12:00 UTC) between 1980 and 2012.
Archived data from the Modern-Era Retrospective Analysis for Research and Applications (MERRA)
from NASA Goddard GMAO [39] provided additional data, specifically integrated column water
vapor (CWV) and planetary boundary layer height (PBLH). Model grid spacing is 0.5° latitude and
0.67° longitude and data at hourly time increments were used in order to understand diurnal and
seasonal cycles.
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Figure 1. Geographic locations of the ground-based meteorological monitoring stations.

2.3. Air Mass Back-Trajectory Data
To determine air mass source origins impacting Tehran, five-day back-trajectories were computed
using the NOAA HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model [40],
which was run using the NCAR/NCEP reanalysis data with the isentropic vertical velocity method.
Six-hourly trajectories from 2000 to 2009 were obtained ending at Tehran (35.70°N, 51.42°E) at 500,
1000, and 3000 m above the surface. The HYSPLIT data were used to construct seasonal (DJF, MAM,
JJA, SON) trajectory frequency maps for the 2000–2009 period, which present the most frequent
transport pathways of air ending in Tehran. Trajectories are also classified by source region denoted by
regions A–E: A = desert region southwest of Tehran; B = Europe; C = Siberia/Russia; D = countries
which are east of Iran; E = representation of local sources in and around Tehran.
2.4. Satellite Fire Data
Fire data from MODIS Fire Information for Resource Management System (FIRMS) were collected
from 2000 to 2009 over a domain spanning 20°N to 58°N and 30°E to 73°E. Fire Radiative Power
(FRP) is related to the burn intensity of the fire pixel and is provided for each identified fire per
overpass. For purposes of estimating aerosol emissions related to biomass burning the FRP is
integrated over the area within each 0.5° × 0.5° grid box within the entire domain. Data are presented
as a time average of the area integrated FRP for each season.
2.5. Goddard Ozone Chemistry Aerosol Radiation and Transport (GOCART) model
Daily predictions of the total optical depth (0.55 m) associated with various aerosol components
(sea salt, sulfate, dust, organic carbon, and black carbon) were provided by the GOCART model [41]
at a resolution of 2° × 2.5° from 2000 to 2007.
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3. Results
3.1. Local Meteorology
The local meteorology is examined using surface station data at Tehran (Mehrabad) and compared
with data from the nearby stations at Gharakhil and Semnan to understand the impact of local
microclimatic variability within the context of the region. In addition, twice daily long-term radiosonde
data from Mehrabad are used to provide a characterization of the vertical profile of the atmosphere
(dry-bulb and dew-point temperature) throughout the annual cycle. Global reanalysis data from
MERRA are used in conjunction with the radiosonde soundings to determine the monthly trends in
mixing layer heights, which have important consequences for the seasonal changes in the vertical
transport and mixing of aerosols.
Figure 2. Monthly summary of surface meteorological data at three sites near Tehran
(see Figure 1 for locations) between 2000 and 2009 for (a) dry bulb temperature (T),
(b) relative humidity (RH), (c) wind speed, (d) accumulated precipitation, and
(e) visibility. Monthly summary of upper air data for the same sites: (f) mixed layer height
derived from Mehrabad radiosonde data (1980–2012; 00Z and 12Z soundings shown as
triangle markers) and MERRA reanalysis data (2000–2009; square markers represent daily
mean and whiskers represent average daily range) at grid points near Tehran (35.50°N,
51.33°E), Semnan (35.50°N, 53.33°E) and Gharakhil (36.50°N, 52.67°E); (g) Same as (f)
except for average total column water vapor (CWV).
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A summary of the monthly average surface station data at Mehrabad, Gharakhil and Semnan is
shown in Figure 2a–e. The region is characterized by a semi-arid climate, with hot and dry summers,
cold winters, and mild conditions in the spring and fall. The annual cycle of ambient surface
temperature is expectedly very similar at Mehrabad and Semnan ranging from as low as 3.7 °C in
January to 32.2 °C in July and with monthly averages deviating by approximately 1 °C between the
sites. Gharakhil has a slightly lower seasonal variability, because of its proximity to the Caspian Sea,
with temperatures ranging from 7.2 °C in January to 26.6 °C in August. At Mehrabad, wind speeds at
the surface are lowest in the winter months and peak in the spring and early summer. Semnan has
comparable wind speeds during the summer but in the other seasons the wind speed is lower.
Gharakhil has lower wind speeds overall with minimal seasonal variability. Precipitation accumulation
at Mehrabad and Semnan is generally low throughout the year with minimal rainfall from May to
October. April is the wettest month for both stations with 45 mm at Mehrabad and 30 mm at Semnan.
Both of these stations receive 80% of their annual precipitation between November and April.
Gharakhil experiences a markedly different precipitation regime with comparable totals during the
early part of the year followed by a large upswing starting late summer and extending through the fall
to early winter with precipitation peaking at 132 mm in November. The surface RH at Mehrabad and
Semnan follows a very similar seasonal pattern with the driest conditions found during the summer
months because of the high ambient temperatures. Gharakhil is humid throughout the year with little
seasonal variability.
Monthly patterns in mixing layer height (Figure 2f) and CWV (Figure 2g) were calculated using the
radiosonde data at Mehrabad in conjunction with the values derived from the MERRA dataset at grid
points near Tehran (35.50°N, 51.33°E), Semnan (35.50°N, 53.33°E) and Gharakhil (36.50°N,
52.67°E). The mixing layer height was calculated from the radiosonde data using a threshold where the
gradient in the potential temperature exceeded 0.02 K/mb. There is a noticeable increase in the daily
maximum mixing layer height during the summer compared with the winter and increased mixing
layer heights are found on the south side of the mountains (Tehran and Semnan) consistent with
expectations for a semi-arid sub-tropical climate. The diurnal cycle of the mixing layer (not shown)
shows the characteristic maximum in the afternoon driven by solar heating at the surface and overnight
surface inversion typical of desert environments. Gharakhil shows a similar diurnal pattern with
slightly less variation and has the signature of the influence of afternoon sea breezes. CWV (Figure 2g)
is at a maximum during the summer at all locations, consistent with higher temperatures and hence
higher saturation vapor pressures. The peak monthly values occur in July for all three locations
reaching 20 mm at Tehran, 19 mm at Semnan, and 33 mm at Gharakhil.
The average visibility (Figure 2e) at Semnan is highest in July at 13.9 km with a moderate reduction
observed during the winter, reaching a minimum of 11.9 km in December. Mehrabad also follows the
same annual pattern; however, the visibilities are systematically lower for all months with a
considerable reduction during the winter with minima of 6.3 km in December and 6.8 km in January.
In both cases, local aerosol emissions are trapped within the surface layer leading to higher surface
concentrations and lower visibility in the winter. The contrast between the two stations highlights the
magnitude of the local aerosol sources in Tehran, which strongly affect the Mehrabad data but have a
smaller effect on Semnan. In complete contrast, the annual visibility profile at Gharakhil follows a
different pattern with minimal variability throughout the year (range ~1.2 km versus ~3.8 km at
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Mehrabad). This is likely due to the different meteorological conditions north of the Alborz Mountains
where reduced visibility may be associated with phenomena other than an increase in aerosol
concentration, such as fog or rain.
Figure 3. Monthly pattern in air mass source region as determined by analysis of daily
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) data between 2000
and 2009. Back-trajectories are classified by time spent in each region. The region totals
are shown, by month, for end points at 500 m, 1000 m and 3000 m above ground level
(AGL) (Right).

3.2. Air Mass Source Origin
An important factor governing aerosol characteristics in the greater Tehran area is the seasonal air
mass transport pathways ending at this location. Trajectories ending below 1000 m show qualitatively
similar patterns with altitude (Figure 3) and during the majority of the year, the most dominant source
region (defined in Section 2.3) is found to be in the desert regions to the west and southwest (Region A).
In summer the circulation pattern of the region is significantly different and trajectories from Region C
prevail at low levels. Low-level trajectories in winter (DJF) included a significant contribution from
Region E (34%), which is indicative of stagnant low-level air. While HYSPLIT may not resolve these
features entirely, the stagnation at the surface would be further enhanced by shallow mixing heights
with stable air aloft which would trap air below the mountain tops. The least important source regions
were from Regions B (northwest) and D (east). The importance of trajectories originating from the
dust-rich region between the west and south of Tehran increased for the upper levels. At an ending
altitude of 3000 m AGL, the air mass origins were in Region A for 57% of trajectories annually and
reached a peak fraction during the spring (MAM) of 73%. For trajectories ending below 1000 m, there
was no significant change in the attribution of source region when only surface influenced (<500 m)
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fractions of the trajectory were considered (not shown). Low-level (ending altitude 500 m AGL)
trajectory density is presented as an average residence time (hours per trajectory) within each cell in a
0.5° × 0.5° grid to supplement the apportionment of source regions (Figure 4). Consistent with
Figure 3, all seasons except summer (Figure 4c) exhibit similar trajectory maps with air mass source
regions in a quadrant from the south through to the west and a secondary source region to the
northeast, although many of these trajectories were likely classified as Region E. The summer source
region is predominantly to the north and northeast, which accounts for the abundance of Region C
trajectories during these months.
Figure 4. Decadal (2000–2009) summary of seasonal HYSPLIT five-day back-trajectory
frequencies, ending at 500m above Tehran (35.70°N, 51.42°E) for (a) winter (DJF),
(b) spring (MAM), (c) summer (JJA), and (d) fall (SON). Frequency is defined as the
number of trajectory-hours spent in each 0.5° × 0.5° grid box divided by the total number
of trajectories analyzed. Source regions, as illustrated in Figure 3, are overlaid.

3.3. Regional Fire Patterns
Using the FIRMS data from 2000 to 2009, a FRP climatology has been developed for four seasons
for a region spanning eastern Europe, central Asia and the Middle East (Figure 5). FRP across the
region increases in spring and summer. In particular, the region to the north of the Caucasus Mountains
extending into Ukraine, southwest Russia and further northeast into Kazakhstan experiences a
substantial number of fires during the summer. The fires in Ukraine and southwest Russia are
predominantly associated with agricultural burning. During spring, there is a maximum in fire density
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shifted farther east into Kazakhstan. The number of fires during fall and winter is significantly lower
than other seasons and is likely to have little impact on aerosol concentrations in the study region.
Figure 5. Seasonal patterns in Fire Radiative Power (FRP) derived from Moderate
Resolution Imaging Spectroradiometer (MODIS) Fire Information for Resource
Management System (FIRMS) data from 2000 to 2009. FRP is shown as integrated
seasonal average power (megawatts per 0.5° × 0.5° grid box) for (a) winter (DJF),
(b) spring (MAM), (c) summer (JJA), and (d) fall (SON).

Tehran

Tehran

Tehran

Tehran

3.4. Remotely-Sensed Aerosol Data
MODIS Deep Blue (Terra and Aqua) and MISR all show that AOD is largest between April and
August (Figure 6a). Although not presented quantitatively, the MODIS Angstrom Exponent (AE)
monthly averages were also considered as a qualitative method of assessing coarse mode versus fine
mode aerosol. Lower AE values are generally found in the spring and summer months, which suggests
a shift towards coarser aerosol such as dust. This point is further supported by Figure 6c where it is
shown that the highest UV AI values are observed in the spring and summer (May–July), especially for
the TOMS sensor. However, there are two possible mechanisms for the significant upswing of UV AI
levels during the summer: an increase in the abundance of absorbing aerosol (i.e., dust and smoke) or a
change in the column distribution of the absorbing aerosol. While an increase in overall dust
concentration is the likely contributor to the increase in UV AI, it may also be driven by an increase in
elevated dust and/or smoke layers. Some caution must be employed when considering the mean AOD
and UVAI values during the winter, since during this time of year there were fewer data points
available, because of cloud contamination. To qualitatively assess the significance of the seasonal
cycle we evaluate monthly mean values against the standard deviation of interannual variability
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(shown as error bars on Figure 6). Winter AOD is generally more variable than summer; however, in
summer the range of variability is amplified, particularly for the TOMS data, in part due to extreme
dust events, which occur in some years and not in others.
Figure 6. Monthly summary of remotely-sensed and model data for the greater Tehran area
(see Table 1) for different satellite products (a and b): (a) aerosol optical depth (AOD)
from MODIS Deep Blue (Terra and Aqua) and Multi-angle Imaging Spectroradiometer
(MISR); (b) Total Ozone Mapping Spectrometer (TOMS) and Ozone Monitoring Instrument
(OMI) ultraviolet aerosol index; (c) monthly summary of fractional AOD from Goddard
Ozone Chemistry Aerosol Radiation and Transport (GOCART).

3.5. GOCART
Data from GOCART simulations were used to quantify the relative importance of different aerosol
constituents. The monthly average fractional AOD for fine and coarse dust, black carbon, organics,
sulfate, and sea salt are shown in Figure 6d. In examining these data, we focus on the relative fraction
of the constituents and their seasonal trends instead of considering the absolute values to reduce
sensitivity to model limitations.
Throughout the entire annual cycle, dust optical depth (which includes coarse and fine dust),
accounts for the largest fraction of the total optical depth at 68% of the average annual aerosol with
highest levels during April. Sulfate contributes the next highest fraction with an annual average of 25%
with little variability through the year. Black carbon and organics are responsible for a relatively small
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fraction of the total AOD at 2.8% and 3.6%, respectively; however, the peak occurs during July and
August and is suggestive of a biomass-burning source due to wildfires mainly in Ukraine, Russia and
Kazakhstan. The peak AOD from GOCART occurs during spring, which is consistent with the influx
of regional and local dust; however, the model may be under predicting the role of black carbon and
organics associated with biomass burning due to uncertainties in the emissions inventory. In addition,
GOCART does not include gas phase chemistry and hence cannot suitably model secondary
production of aerosol that is not approximated at the source. Sea salt is also a very low impact
contributor to the total AOD (approximately 0.6% annual average) with the peak occurring during
winter and early spring where upper air trajectories are from the west and southwest. The HYSPLIT
trajectories suggest that sea salt aerosol sources include the Persian Gulf and the Mediterranean Sea
and perhaps the Caspian Sea, although its salinity is far lower. The high terrain and lack of local sea
salt sources suggests that marine air intrusions do not affect the lower troposphere and this is
confirmed by the contrast in meteorology at Mehrabad and Semnan as compared to Gharakhil (see
Section 3.1) and justifies the lack of sea salt aerosol.
4. Discussion
4.1. Seasonal Climatology
Many of the patterns found in the surface data conform to the expected seasonal variability, which
is characteristic of a sub-tropical desert environment such as temperature, humidity, and visibility. The
observed meteorology at Mehrabad, Gharakhil and Semnan can be explained by the influence of local
topography, land surface, urbanization, and large-scale atmospheric circulation pattern of the region.
Further analysis of the data suggests mechanisms for variability in aerosol quantified using satellite-derived
AOD and surface visibility. Since satellite AOD was available only on days with low cloud fraction,
there was a potential sampling bias associated with the comparison of seasonal visibility and AOD
cycles. However, the difference between the visibility statistics derived on days when satellite data
were available and the entire dataset was found to be negligible, and so this bias was not relevant to
this study.
Using the visibility data at Mehrabad as a proxy for surface-layer aerosol concentration reveals that
the reduced visibility during winter is aligned well with recurring reports of hazardous air quality
within the city being more prevalent during this season. MODIS Deep Blue and MISR data indicate
that AOD is lowest during winter. For this to happen the distribution of aerosol through the column is
more weighted towards the near-surface layer. The local meteorology supports this conclusion, since
average mixing layer heights are far lower in winter and stable air above the mixing layer traps air
below the mountains causing a high incidence of stagnant air at the surface, which is infrequently
ventilated. In contrast, the summer exhibits a maximum in the satellite-derived AOD and the highest
visibilities at Mehrabad. Mixing heights are highest mainly due to the high incident solar radiation,
which vigorously mixes aerosol in the lower troposphere and helps to relieve the accumulation of
aerosol near the surface. The AOD is highest during this season, which suggests a higher columnar
aerosol concentration, and is likely attributed to dust transport in the mid- to upper-troposphere from
source regions in the deserts to the west of Iran (Arabia, North Africa, and the Levant), although it is
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unclear exactly which dust source regions are most influential for Tehran. While data for AOD and
perhaps TOMS and OMI UV AI indicate that dust is most important during spring and summer, the
trajectory analysis only supports the argument for regional dust transport during spring. Nonetheless,
there is evidence from individual cases that regional dust transport can contribute to extreme events
during the summer. In addition, there is an abundance of local sources of dust within Iran, in relative
proximity to Tehran, and these sources may be most impactful during summer due to higher surface
wind speeds and potentially lower soil moisture. One possible method for isolating local and regional
dust sources is the ratio of PM2.5 to PM10, with lower ratios suggestive of greater influence from local
dust sources [42]; that study suggested 0.35 as a threshold value, above which data are contaminated
by non-local dust sources. Results from [10] for PM2.5 and PM10 concentrations measured at a site in
western Iran during 2010, suggest a range of PM2.5:PM10 between 0.18 and 0.32 (based on ratios of
monthly-averaged values) indicating that local dust sources make a significant contribution.
Another mechanism for the enhancement of satellite-derived AOD during the summer may be the
swelling of aerosol due to uptake of water vapor (i.e., hygroscopic growth). Higher CWV in the
summer (Figure 2g) supports the occurrence of hygroscopic growth, and even though surface relative
humidity values are suppressed (Figure 2b), the relative humidity in the upper parts of the (deep)
mixing layer (not shown) is sufficient for significant water vapor uptake. Later in the summer, upper
air trajectories imply that air mass origins from the north are prevalent, which may indicate a
contribution from biomass burning sources due to smoke from wildfires in Ukraine and Russia.
Although the magnitudes are too small to be of major significance, if taken in a relative sense,
GOCART generally supports this with an increase in black carbon optical depth during the summer.
4.2. Precipitation
The discussion above suggests that the combination of local and regional aerosol sources is stronger
during the summer, however, the mechanism for the removal of aerosol can be equally as important.
An essential mechanism for modulation of aerosol loading is the scavenging of aerosol by
precipitation. Summer (JJA) rain in Tehran is rare, and the average interval between rain events at
Mehrabad during 2000–2009 is 23.5 days compared with 4.5 days for winter (DJF), 5.0 days for spring
(MAM), and 8.2 days for fall (SON). To understand the importance of this interaction for the
climatology of Tehran, we investigate the difference in aerosol immediately before and after rainy
days, which are defined as days with observed rainfall at Mehrabad. We focus only on the winter
months, since this is the season with the most rain days and also is the most critical season in terms of
aerosol effects on public health owing to a shallower mixing layer accumulating a higher concentration
of pollutants near the surface. Figure 7a shows the composite average change in visibility at Mehrabad
between the mean visibility during the two days before and two days after rainfall stratified by the
severity of the rainfall event and Figure 7b shows the same comparison for AOD. Since the number of
rain events is small and there is considerable loss of AOD data surrounding rain events due to cloud
contamination, a “consolidated” AOD is generated using the three satellite products used in this study
(MODIS Deep Blue (Terra and Aqua) and MISR). We take the available data from the three products,
and for instances where more than one measurement exists, we take the (unweighted) mean.
Consequently this alleviates the fact that each product is not available for the entire study period. There
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is a significant increase in visibility and concurrent reduction in AOD at all rain rates and furthermore,
there is a general trend showing that the magnitude of the change in visibility and AOD increases as
the severity of the rainfall increases. Overall, this finding suggests that rainfall events tend to have a
beneficial impact on the extreme aerosol concentrations found in Tehran during the winter.
Figure 7. Change in (a) visibility and (b) satellite-derived AOD immediately before and
after rain days. The plots show the composite average difference between the mean
visibility/AOD during the two days after rain and the two days before rain. The composite
is taken for rain events, which exceed the given threshold daily rainfall rate and is
presented as a percentage with respect to the mean visibility/AOD before the rain.

4.3. Trajectory Analysis of Extremes
The spring season exhibits a significant increase in AOD, and it is of interest to investigate the
mechanisms responsible for this. The effect of precipitation washout is certainly in favor of this trend
since monthly-accumulated precipitation at Mehrabad decreases rapidly from April into May.
Trajectory analysis shows that the prevailing upper air origins are the deserts to the west of Iran
(Region A) during the winter and spring; however, there is a more preferential bias for Region A
against Region B (Europe) during spring compared to winter. This result would indicate that there was
the potential for increased long-range dust transport into Tehran and the surrounding areas during
spring. The distribution of air mass origin during this season was further refined by considering a
subset of trajectories corresponding to the extremes of the consolidated AOD data (see Section 4.2).
The top and bottom 10% of observed daily AOD were analyzed to identify if there was a change in the
distribution of upper air origins for “high” versus “low” AOD days (Figure 8a). It is clear that there is
a higher-than-average fraction of back-trajectories that originate in the dust-rich Region A during high
AOD days compared with low AOD days.
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A similar analysis is also performed for surface trajectories during the winter and is also shown in
Figure 8b. The main finding is that the “high” AOD days contain an abundance of stagnant trajectories
(Region E) compared with low AOD days, which show a higher prevalence of trajectories from the
west (Regions A and B). Whilst this result may appear to conflict with the postulation that regional
dust transport from Region A at higher levels leads to an increase in AOD during spring and summer,
the presence of westerly winds near the surface has the beneficial effect of ventilating the lower
atmosphere, which is typically plagued by stagnation during the winter. Additionally, the advection of
dust from Region A is dependent on surface emission within the source region, which is reduced
during winter because of increased soil moisture. Finally, the scenario of low-level westerlies in the
winter is typical during the passage of a mid-latitude system, which may promote precipitation and
vertical mixing and hence act as an aerosol sink.
Figure 8. Air mass source origin for all days, high AOD days (>90th percentile) and low
AOD days (<10th percentile) for (a) spring upper air trajectories (ending altitude of 3000 m
AGL) and (b) winter low level (500 m AGL) trajectories. High and low AOD days were
identified using the consolidated MODIS Deep Blue (Terra and Aqua) and MISR AOD data.

4.4. Weekly Cycle of Visibility
Another potentially important modulator of local aerosol concentrations is the weekly cycle of
human activity, since anthropogenic emissions are expected to vary between workdays and weekends.
It should be clarified that typically only Friday is the weekend in Iran; for some industries Thursday is
also a reduced working day. Figure 9 shows the average visibility anomaly at Mehrabad for each day
of the week. The anomaly is calculated as the average deviation from the seasonal mean visibility for
each of the four seasons, which allows an independent comparison of the weekly cycle to be made
without incorporating the significant seasonal variability in visibility. In all seasons, Friday exhibits a
strong increase in visibility, which is aligned with an expected reduction in anthropogenic emissions.
In addition, the visibility on Thursday is also anomalously high which would be supported by reduced
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working hours. With minor exceptions, the other days show broadly consistent visibilities. Another
notable feature in these data is that the increased visibility on Friday is stronger in winter and fall
compared with spring and summer. If the weekly cycle were used as an indicator of the relative
importance of local (anthropogenic) sources compared to regional and meteorologically driven sources
(e.g., dust), then this result would support the conclusion that local sources are more important in
winter and fall for modulating aerosol concentrations. Conversely, during the spring and summer,
regional dust transport, local dust sources and possibly biomass burning overshadow local
anthropogenic emissions, which are strongly mixed in the deep summer mixing layer and so the
apparent importance of the weekly cycle is reduced. The weekly cycle was also analyzed for the
satellite AOD data (not shown) and no significant pattern emerged. This further supports the argument
that urban sources play a secondary role to regional transport and meteorology in modulating the column
aerosol properties, even though they are an important local influence for conditions at the surface.
Figure 9. Average visibility anomaly in Tehran (Mehrabad) filtered by day-of-week for
each season of the year. The visibility anomaly is calculated as the average deviation for
each day-of-week from the climatological mean for each season. Note that the weekend in
the study region is Friday, although some industries also observe Thursday as a reduced
working day.
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5. Conclusions
This study has presented a multi-year aerosol characterization for metropolitan Tehran and
surrounding areas using a combination of surface station data, satellite data, reanalysis data, and the
GOCART model data. The scope of this paper was outlined in three questions posed earlier, and here
we conclude by briefly responding to each in order:
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(i) The local meteorology is shown to be strongly influenced by the presence of significant topography
in the region and has a fundamental role in modulating the seasonal patterns of aerosol-related parameters.
In winter, the mountains help trap air at low levels causing stagnant air to build near the surface
resulting in poor visibility in the city. The reduced visibility is not as significant in areas outside the
city and is suggestive of the influence of local emissions from the city. Even though visibility is poor
during winter, the satellite-derived AOD values are at a minimum, which confirms that aerosols are
trapped in the lowest layers and hence this promotes an increased sensitivity to local anthropogenic
sources. The inverse seasonal variation of AOD and visibility is a major finding of this study. The
satellite-derived AOD values increase during the late spring and summer due to a combination of local
and regional dust sources and (perhaps) biomass burning.
(ii) While precipitation is relatively low throughout the year, the summer is particularly dry and the
lack of wet scavenging is partly responsible for the high AOD seen in the summer. During winter,
processes associated with rain (e.g., wet scavenging, vertical mixing, and advection) appear to
decrease AOD and provide a transient increase in visibility. The data show a consistent decrease in
AOD and increase in surface visibility at Mehrabad during the two days after rain compared with the
two days before rain.
(iii) There is a positive visibility anomaly observed on Friday and, to a lesser extent on Thursday,
which points to reductions in local emissions during the weekend. The size of the anomaly increases
during winter and fall, which further strengthens the argument that low level aerosols are more
sensitive to local anthropogenic sources during these seasons compared to spring and summer when
dust transport, fires, and increased mixing overshadows local emissions.
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A two-year dataset of measured CCN concentrations at 0.2 % supersaturation is combined with aerosol size distribution and aerosol chemistry data to probe the e◆ects
of aerosol number concentrations, size distribution and composition on CCN patterns.
Data have been collected over a period of two years (2012–2014) in central Tucson,
Arizona: a significant urban area surrounded by a sparsely populated desert. Aver3
age CCN concentrations are typically lowest in spring (233 cm ), highest in winter
3
(430 cm ) and have a secondary peak during the North American Monsoon season
(July to September; 372 cm 3 ). There is significant variability outside of seasonal patterns with extreme concentrations (1 and 99 % levels) ranging from 56 to 1945 cm 3 as
measured during the winter, the season with highest variability.
Modeled CCN concentrations based on fixed chemical composition achieve better
closure in winter, with size and number alone able to predict 82 % of the variance in
CCN concentration. Changes in aerosol chemistry are typically aligned with changes
in size and aerosol number, such that composition can be parameterized even though
it is still variable. In summer, models based on fixed chemical composition explain at
best only 41 % (pre-monsoon) and 36 % (monsoon) of the variance. This is attributed
to the e◆ects of secondary organic aerosol (SOA) production, the competition between
new particle formation and condensational growth, and the complex interaction of meteorology, regional and local emissions, and multi-phase chemistry during the North
American Monsoon. Chemical composition is found to be an important factor for improving predictability in spring and on longer timescales in winter.
Regimes where parameterized models exhibit improved predictive skill are typically
explained by strong relationships between CCN concentrations and the prevailing meteorology and dominant aerosol chemistry mechanisms suggesting that similar findings
could be possible in other locations with comparable climates and geography.
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scription of the cloud system involves a two-way coupling of aerosol microphysics with
circulation dynamics (Feingold, 2003). Modeling studies have shown that typically the
supersaturation adjusts to large changes in aerosol properties (i.e., number, size and
composition) to dampen the resulting variability observed in cloud droplet number concentration (Feingold, 2003); however, it has also been found that the distribution of CCN
can have a significant impact on the cloud microphysics by a◆ecting the droplet distribution (Feingold et al., 1999; McFiggans et al., 2006). The dynamics of initial droplet
growth are a◆ected by CCN properties (Feingold and Chuang, 2002; Raymond and
Pandis, 2002, 2003; Chuang, 2003) and interstitial gas chemistry (Nenes et al., 2002;
Lim et al., 2005) a◆ecting gas-particle partitioning through cloud processing.
Excluding the environmental factors that regulate supersaturation and droplet growth
kinetics, and focusing only on aerosol related properties, which drive the initial activation, yields important information relating to the physical and chemical processes.
CCN closure studies typically attempt to model the CCN concentration from measured
aerosol number, size and composition and then compare the modeled CCN to direct
measurements under a controlled set of supersaturated conditions (e.g., Dusek et al.,
2006; Ervens et al., 2007, 2010; Cubison et al., 2008; Bougiatioti et al., 2009; Lance
et al., 2009; Jurányi et al., 2011; Martin et al., 2011; Levin et al., 2012; Moore et al.,
2012; Lathem et al., 2013; Wu et al., 2013; Almeida et al., 2014). The respective importance of composition and size distribution on CCN activation remains an outstanding
question. Closure studies have generally been successful for background and remote
sites (e.g., Jurányi et al., 2010), but less so in urban areas (e.g., Burkart et al., 2012).
The complexity of the aerosol composition and variability in the aerosol mixing state
are often the explanation for unsatisfactory closure (Cubison et al., 2008; Ervens et al.,
2010). The single hygroscopicity parameter -Köhler Theory (Petters and Kreidenweis,
2007, 2008) is based on a volume weighted mixing rule to describe the solute e◆ect of
an internally mixed aerosol population; however, this may not be suitable for particles
with complex morphology (e.g., Dusek et al., 2011; Hersey et al., 2013).
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The influence of atmospheric aerosol particles on cloud properties and the consequential changes in radiative forcing carry the largest source of uncertainty in climate change
prediction (IPCC, 2013). Cloud condensation nuclei (CCN) are the subset of aerosol
particles that activate into droplets at a given supersaturation and their concentration
therefore governs the microphysical and optical properties of clouds (Twomey, 1977;
Albrecht, 1989). The global spatial and temporal variability of CCN concentrations consequently hold significant weight in predicting the droplet distribution in clouds and the
ensuing microphysical and radiative properties (McFiggans et al., 2006; Andreae and
Rosenfeld, 2008). Ultimately, CCN have been found to be a major factor in modulating
cloud dynamics in both clean and polluted environments, with direct consequences on
the hydrological cycle (Andreae et al., 2004; Altaratz et al., 2008; Stevens and Feingold,
2009).
While laboratory experiments involving the activation of single salt species (e.g. ammonium sulfate) or simple mixtures of organic compounds have o◆ered satisfactory
experimental validation (e.g. Brechtel and Kreidenweis, 2000) of the original underlying physical theory of droplet activation (Köhler, 1936), the extension to ambient atmospheric aerosol has proven more elusive (Covert et al., 1998; Chuang et al., 2000;
Roberts et al., 2002; McFiggans et al., 2006; Ervens et al., 2010). Recent field studies
(e.g., Broekhuizen et al., 2006; Dusek et al., 2006; Ervens et al., 2007, 2010; Hudson, 2007; Cubison et al., 2008; Quinn et al., 2008; Burkart et al., 2011), spanning
a range of aerosol scenarios, have not yet provided a comprehensive agreement on
the relative importance of factors which a◆ect CCN and the cloud droplet distribution,
namely the following: the aerosol number, size distribution, composition and supersaturation (Lance et al., 2004; Rissman et al., 2004; McFiggans et al., 2006; Andreae and
Rosenfeld, 2008; Partridge et al., 2012).
During cloud formation, the supersaturation is driven by a combination of the aerosol
related properties and dynamics (i.e., the updraft velocity) and therefore a complete de-

|

10

Introduction

Discussion Paper

1

3868

|

Discussion Paper
|
Discussion Paper
|
Discussion Paper

50

|

25

Discussion Paper

20

|

15

Discussion Paper

10

The degree to which compositional and mixing state variation a◆ects the hygroscopic
properties of an aerosol population in polluted air masses seems to be strongly dependent on location and proximity to emissions (Covert and Heintzenberg, 1993; Cubison
et al., 2008; Ervens et al., 2010). The study of CCN activation within an urban environment o◆ers unique opportunities to address the challenges associated with the
inhomogeneity of sources and aerosol aging, which gives rise to diculties in predicting water uptake behavior. Field studies purporting to quantify the influences of aerosol
number, size and compositional factors on CCN activity are often carried out over a limited, but intense, period and hence o◆er a worthy characterization of the duration of the
study but perhaps lack climatological context, even related to sub-seasonal variability.
We present long-term measurements of bulk CCN and submicron size distributions
taken jointly over multiple years in an under-studied type of environment, specifically
a populated desert.
The present study takes place at a rooftop location in central Tucson. Tucson, Arizona
is located in the heart of the Sonoran Desert in the semi-arid southwestern United
States. This location o◆ers some unique opportunities for the study of CCN activation
primarily since there have been comparatively fewer documented measurements of
CCN in arid regions. In addition, southern Arizona is situated in the region a◆ected by
the North American Monsoon (NAM) and as a result the highest monthly rainfall occurs
during July and August and is accompanied by a strong influx of tropical moisture. The
onset of the NAM in late June or early July leads to a rapid change from very hot
and dry pre-monsoon conditions to the humid conditions associated with the monsoon
and leads to changes in the aerosol properties (Sorooshian et al., 2011; Youn et al.,
2013). Aside from the NAM, southern Arizona is situated in a relatively stable synoptic
weather pattern, which gives rise to generally clear skies and light surface winds. The
strong insolation produces a deep convective boundary layer in the afternoon and clear
conditions lead to significant nocturnal cooling which together produce a significant
but predictable diurnal cycle in temperature, humidity and convective boundary layer
mixing.
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Physical aging processes such as coagulation and condensational growth impact
CCN concentrations by changing the size distribution of aerosol particles in the range
critical to droplet activation, which, in combination with chemical processing, shifts the
aerosol population towards a more uniform mixing state when compared to fresh emissions (Covert and Heintzenberg, 1993; Weingartner et al., 2002; Ervens et al., 2007;
Andreae and Rosenfeld, 2008). While condensational growth processes increase CCN
concentration by growing ultrafine particles into the critical range for droplet activation,
coagulation may result in either increasing or decreasing CCN concentration since
increased size comes at the expense of aerosol number (Riipinen et al., 2011). Uncertainties in nucleation rates and primary emissions have been shown to have significant
impacts on global estimates of CCN concentration (Pierce and Adams, 2009).
With regard to chemical factors, one of the largest uncertainties in predicting CCN
concentration is the nature of the organic fraction of aerosol, which typically comprises
many hundreds of compounds with a wide range of chemical structures, a◆ecting solubility, volatility and water uptake (Saxena and Hildemann, 1996; Marcolli et al., 2004;
Kanakidou et al., 2005). Furthermore, the existence of low-solubility organic species
can, in parallel, cause surface tension depression (the surfactant e◆ect) which enhances droplet activation more than their low solubility would suggest (Shulman et al.,
1996; Facchini et al., 2000; Raymond and Pandis, 2002; Hartz et al., 2006; Moore et al.,
2008). The photochemically driven oxidation of organic species in the particle phase
(Rudich, 2003; Molina et al., 2004; Kanakidou et al., 2005), oligomerization of unsaturated hydrocarbons and carbonyls (Gao et al., 2004; Kalberer et al., 2004) and the
partitioning of semi-volatile species from the gas phase (Pankow, 1994a, b; Seinfeld
and Pankow, 2003) leads to changes in aerosol properties over timescales from hours
to days and may enhance or suppress hygroscopicity (Petters et al., 2006; Michaud
et al., 2009). Organics can also cause liquid phase separation with the formation of hydrophobic organic film coatings (Gill et al., 1983; Gilman et al., 2004) or metal-organic
interactions which form hard shell insoluble coatings (Drozd et al., 2014), both of which
would tend to oppose the surfactant e◆ect, in terms of droplet activation.
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The paper is subdivided as follows: (i) experimental methods and data collection are
provided in Sect. 2, (ii) an overview of the “climatological” results is given in Sect. 3,
(iii) the influence of size distribution and its relationship with composition is discussed
in Sect. 4, (iv) CCN closure analysis is presented in Sect. 5, and (v) conclusions are
presented in Sect. 6.
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PM2.5 aerosol composition measurements were obtained from two sites in the Interagency Monitoring of Protected Visual Environments (IMPROVE) network of filter
samples (Malm et al., 1994). The Saguaro National Monument site (32.1742 N,
110.7372 W, 933 m a.s.l.) is located within the foothills of the Rincon Mountains at
the eastern extent of the Tucson metropolitan area and approximately 21 km east of
TACO. The Saguaro West site (32.2486 N, 111.2178 W, 718 m a.s.l.) is located on the
western side of the topographically less prominent Tucson Mountains approximately
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25

EPA IMPROVE
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Collocated measurements of basic meteorological variables (including temperature,
pressure, humidity, wind speed, wind direction and rainfall) were obtained at 5 s time
resolution and archived as 1 min and hourly averages. In addition, 1 min direct normal irradiance (DNI) was obtained from the NREL Observed Atmospheric and Solar
Information System (OASIS; http://www.nrel.gov/midc/ua_oasis/) site on an adjacent
building on the university campus. SuomiNet GPS derived precipitable water vapor
(PW) (Ware et al., 2000) data were obtained from the University of Arizona SA46 site
(32.2298 N, 110.9539 W, 762 m a.s.l.) resolved to 30 min mean estimates. Finally, radiosonde data from the nearby National Weather Service were obtained from twicedaily balloon launches at 4 a.m. and 4 p.m. LT.
2.4

20

Local meteorology

|

measured hourly organic carbon (OC) and elemental carbon (EC) concentrations in
3
PM2.5 . Limits of detection were 0.2 and 1. µg m for EC and OC, respectively. Watersoluble organic carbon (WSOC) was measured in PM2.5 using a particle-into-liquid
sampler (PILS, Brechtel Manufacturing Inc.) coupled to a total organic carbon analyzer
(TOC; Sievers Model 800) (Sullivan et al., 2006; Duong et al., 2011; Wonaschütz et al.,
2011). The overall measurement uncertainty associated with the reported WSOC con3
centrations is estimated to be approximately 10 % with a limit of detection of 0.1 µg m .
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Bulk CCN concentrations were measured using a CCN counter at fixed 0.2 % supersaturation (CCN-100 Droplet Measurement Technologies; Roberts and Nenes, 2005).
Particle size resolved number concentrations were obtained using a scanning mobility
particle sizer (SMPS 3080, TSI Inc.) coupled to a condensation particle counter (CPC
3772, TSI Inc.). The SMPS operated at 10 : 1 sheath-to-sample flow ratio and with
a mobility diameter range from 13–748 nm. The integration of the size resolved data
over the entire range provided a measure of total condensation nuclei (CN). The CCN
counter was calibrated twice during the study period using the method described in
Rose et al. (2008) and exhibited a supersaturation of 0.192 % ±0.005 % at the nominal
0.2 % set-point value. A semi-continuous OC/EC analyzer (Sunset Laboratories Inc.)
3869
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The study site is located at a rooftop location (approximately 30 m above ground) on the
University of Arizona campus (32.2299 N, 110.9538 W, 720 m a.s.l.) in central Tucson
(metro population ⇠ 1 million; US Census Bureau, 2011). The sample inlet was located
at rooftop level, approximately at the same height as nearby buildings, and 2 km northeast of downtown Tucson. The study period spanned more than two years (April 2012–
August 2014) and comprised long-term continuous measurements of CCN and related
quantities, with a constant experimental setup.
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Data and methods

Discussion Paper

All TACO data (CCN, SMPS, OC/EC and meteorology) are time synchronized and
archived as averages at hourly increments. Sub-hourly variability in both the CCN concentration and the aerosol size distribution is highly influenced by localized intermittent sources, atmospheric turbulence and measurement related lags and noise. Since
many of the metrics used in the interpretation of CCN variability involve ratios (or other
non-linear functions) combining CCN and SMPS data, pre-filtering data to 1 h reduces
extraneous influences caused by sub-hourly covariance. All meteorological fields (except PW and radiosonde data) were additionally archived at 1 min resolution. SMPS
data from May and June 2013 are removed owing to sub-optimal data quality resulting
from an instrument malfunction.

|

20

Data organization and quality control

Discussion Paper

15

2.5

|

10

Discussion Paper

5

25 km west of TACO. 24 h filter samples are collected at each site every three days.
Data were obtained to coincide with as much of the study period as possible and
were available up to December 2013 at the time of writing. Filter samples were analyzed for ions, metal and non-metal elements, and carbon (elemental and organic).
Details on the extraction and analysis methodology are provided extensively elsewhere
(http://vista.cira.colostate.edu/improve/Publications/IMPROVE_SOPs.htm). In addition
to direct measurement, the IMPROVE network reports empirically derived concentrations relevant to atmospheric aerosol including fine soil, sea salt, ammonium sulfate
and ammonium nitrate (Malm et al., 1994).
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has two distinct peaks with a primary peak in December and a secondary peak in August. April has the lowest average CCN and also the lowest variability, as indicated
by the interquartile range in Fig. 1 for both CN and CCN. Conversely the interquartile
range in CN for April is one of the highest, although in general CN exhibits significant
sub-monthly variability when compared to the mean annual trends. OC and EC mass
concentrations (Fig. 1c) exhibit similar annual cycles, which suggests that aerosol related to urban combustion sources are ubiquitous; however, in summer the contribution
is diluted by higher mixing heights (Fig. 1f). Seasonal temperature (T ; Fig. 1d), relative
humidity (RH; Fig. 1e) and direct normal irradiance (DNI; Fig. 1f) illustrate the impact of
the NAM on local meteorology, where strong increases in moisture are accompanied
by slight temperature reductions and increased cloud cover.
Henceforth, data are grouped seasonally rather than monthly to analyze the annual
cycle. Five seasons are defined to reflect the significant di◆erence in meteorology between the pre-monsoon summer and the onset of the NAM. These are winter (W =
DJF), spring (S = MA), pre-monsoon (PM = MJ), monsoon (M = JAS), and fall (F =
ON). Table 1 provides a summary of seasonal CN and CCN statistics and includes only
periods when both measurements are available. Winter and fall have the highest mean
CN concentrations (⇠ 5200 cm 3 ), while pre-monsoon has the lowest with a mean just
below 3900 cm 3 . Extremes are quantified by 1 and 99 % statistics and range between
3
749 and 14 406 cm with winter showing the highest variability. Average CCN concen3
3
trations are typically lowest in spring (233 cm ), highest in winter (430 cm ) and have
3
a secondary peak during the monsoon (372 cm ). Extremes in CCN range between
56 and 1945 cm 3 and winter variability far exceeds that of any other season.
Fine mode aerosol composition may help to explain the seasonal patterns in CCN
and are illustrated using the IMPROVE data (Fig. 2). Data are presented as an average of the two sites to the east and west of Tucson and can be interpreted as
a suburban/semi-rural background reflecting regional scale aerosol composition onto
which local urban sources are superimposed. Aerosol loading is highest during the premonsoon (PM) season, mainly due to the combined increase in the fine soil fraction,
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Monthly statistics of CN and CCN concentrations (henceforth referred to as CN and
CCN) illustrate di◆erent trends as CN reveals a more stable annual cycle with minor
reduction towards a minimum in June (Fig. 1). CCN is more variable annually, and
3871
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reduction in the rate of decrease in CN (Noon to 2 p.m.) is suggestive of nucleation and
growth of new particles which contribute as a source of CN. This is supported by the following: (i) concurrent enhancement in WSOC : OC ratios (Fig. 4c), which can be used
as a proxy for secondary organic aerosol (SOA) away from biomass burning sources
(Miyazaki et al., 2006; Kondo et al., 2007; Weber et al., 2007), (ii) increasing OC : EC
ratios (Fig. 4c); and (iii) a second dip in the mean aerosol diameter (Fig. 4b). The latter
two results are particularly clear on weekends when the morning trac signature is
suppressed.
By mid-afternoon (2 p.m. to 4 p.m.), the convective boundary layer reaches its peak
depth and photochemical processes begin to slow down, leaving transport (vertical and
horizontal) and coagulation as the dominant mechanisms, producing a net reduction in
CN concentrations (Fig. 3a) and increase in mean diameter (Fig. 4b) while integrated
aerosol volume concentration (used as a proxy for relative trends in PM1 ) remains flat
(Fig. 4b). By late afternoon (4 p.m. to 6 p.m.) the convective boundary layer decouples
from the surface and aerosol number and mass concentrations build again in the surface layer due to the evening peak in trac emissions, with accompanying increases
in EC and OC and reductions in mean diameter. During this time, secondary aerosol
processes may still be influential once the boundary layer is decoupled, since residual
ozone concentrations near the surface may still be sucient to drive SOA production
in the now thin surface layer.
The annualized diurnal cycle of CCN (Fig. 3b) is less pronounced than that of CN
mainly since CCN are typically una◆ected by contributions from ultrafine particles with
diameters less than 50 nm, which are highly variable. There is an increase in CCN during the evening, reaching a daily maximum at 10 p.m. and, interestingly, concentrations
on weekends (429 cm 3 ) are higher than on weekdays (380 cm 3 ). There is a large
range of CCN variability observed within each hour when compared to the hourly composite mean trend which is partially explained by the seasonal di◆erences in the CCN
diurnal cycle (Fig. 3c). During winter, there is a significant diurnal cycle in CCN, while
in other seasons the diurnal pattern is relatively flat. Due to reduced winter temper-
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The diurnal cycle of CN illustrates a clear pattern involving a complex interaction
of sources and sinks (Fig. 3a). During weekdays, early mornings (7 a.m. to 9 a.m.)
are characterized by trac emissions, which increase the CN and EC concentrations
(Fig. 3d) indicative of fresh fossil combustion aerosol. Mean CN concentrations at
8 a.m. on weekdays (7925 cm 3 ) are more than 160 % of the equivalent weekend con3
centrations (4887 cm ). During the late morning, the convective boundary layer develops and dilutes the surface layer with relatively clean air from the free troposphere
and/or residual layer leading to a marked drop in EC, OC (Fig. 3d) and CN. Through
the middle of the day, the convective boundary layer is still growing; however, a subtle
3873
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from windblown dust which occurs mainly in the spring and pre-monsoon seasons,
and from the increase in sulfate during the pre-monsoon and monsoon (Sorooshian
et al., 2013). Regional wildfire emissions are also most significant during pre-monsoon
(Sorooshian et al., 2013). While dust particles may themselves act as CCN, they can
also enhance the removal of CN and CCN by coalescence, while contributions from
regional wildfire smoke may periodically enhance CN and CCN concentrations. Nitrate
is more abundant in winter (⇠ 14 %) compared to other seasons and may be a factor in
the observed winter maximum in CCN concentrations. Sea salt contributes a modest
fraction (⇠ 4.5 %) of pre-monsoon aerosol when mid-tropospheric air originates mainly
from the sub-tropical Pacific. The sum of the constituents presented in Fig. 2 constitute between 93 and 101 % of the seasonal average PM2.5 as reported by gravimetric
analysis.
The strong influence of urban sources on the fine mode carbonaceous aerosol in
central Tucson is demonstrated by the elevated seasonal mean OC and EC mass concentrations at TACO vs. the IMPROVE data (Table 2). This result is consistent with
comparisons made by Sorooshian et al. (2011) for urban and rural sites in Arizona,
which showed that carbonaceous mass concentrations varied strongly between urban
and rural sites, whereas sulfate was more regionally homogenous.
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is not described by composite mean hourly trends, at least in an annual sense, and
thus, as will be examined in the forthcoming section, a more rigorous treatment of the
size distribution is needed to better explain overall CCN variability.
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Several studies (e.g., Conant et al., 2004; Dusek et al., 2006; Ervens et al., 2007) have
suggested that the size distribution alone can explain CCN variability, however there
are other examples (e.g., Hudson, 2007; Burkart et al., 2011), which refute this particularly in cases where the aerosol is externally mixed. If the physical and chemical
processes which govern size and composition changes are intrinsically tied to a single
governing mechanism, a parameterization involving one component may suitably capture the variability in the other, at least when considering a fixed supersaturation. Furutani et al. (2008) reported the activation diameter to be well correlated with activation
ratio during a ship-borne study in the eastern North Pacific, suggesting compositional
changes as a result of aging (where size also increases) to be the major driver for CCN
variability. In contrast, Burkart et al. (2011) examined the same relationship but found
poor correlation between activation ratio and activation diameter in Vienna, Austria,
suggesting a more complex relationship between size and composition.
The shape of the size distribution can be used to interpret physical processes (e.g.,
condensation, evaporation, nucleation, coagulation), while relative changes in CN concentration, combined with changes in shape, o◆er insight into atmospheric processes
(e.g., advection and di◆usion) and emissions. The well-established “K-means” clustering algorithm (Hartigan and Wong, 1979; Lloyd, 1982) was used here as a statistical
tool to group size distributions by shape. The method was implemented with four clusters and the resulting four cluster centroids denoted archetypal size distribution shapes
(Fig. 5), to which the observations were assigned, according to their degree of association. Cluster associations were “fuzzy”, and therefore an observation could be partially
assigned to multiple clusters to reflect the continuity of transitions between clusters in
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atures, semi-volatile organics are more likely to partition to the particle phase, which
may incrementally shift the size distribution of freshly emitted particles associated with
morning trac towards larger sizes. In addition, nitrate also forms a larger component
of the regional aerosol than in other seasons, which helps to increase the hygroscopicity and to reduce the diameter required for droplet activation. Both factors likely work
in tandem with the diurnal emissions cycle, which results in a CCN pattern which more
closely follows CN than other seasons. The other notable feature is that the peak CCN
concentration occurs during the night in winter while it occurs during the afternoon in
summer. In addition to partitioning of semi-volatiles, emissions from domestic wood
burning are another potential contributor to CCN in the winter, while in summer it is
likely SOA production, driven by photochemistry and moisture during the day (Youn
et al., 2013).
A bulk hygroscopicity parameter () is derived using the method of Petters and Kreidenweis (2007) and by assuming total activation above a critical activation diameter,
such that the CCN concentration exactly matches the concentration of particles exceeding this critical diameter (Furutani et al., 2008; Burkart et al., 2011; Wonaschütz
et al., 2013). Hygroscopicity decreases concurrently with the morning trac signature
(Fig. 4a) and then rebounds through the day to produce a peak between 2 p.m. and
4 p.m. matching expectations of organic aging and condensational growth by photochemically oxidized organics and sulfate. As expected, the morning minimum is less
extreme on weekends (0.15) compared to weekdays (0.10) due to reduced trac and
this trend remains through the day with weekend maxima (0.21) exceeding weekday
values (0.19). During the evening and night, the o◆set is far smaller (⇠ 0.005). The
 parameter tracks the diurnal pattern of activation ratio (Fig. 4a), defined as the ratio of CCN to CN, which on first glance, together with the rather modest changes in
mean aerosol diameter (Fig. 4b), would indicate that chemical composition is driving
the CCN variability at least on diurnal scales. However, two corollaries should be highlighted: (a) the mean aerosol diameter is a rather simplistic representation of changes
in the size distribution, and (b) as mentioned earlier, the majority of the CCN variability
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winter, there is no monotonic relationship between meteorology and size. Instead, hotter conditions with higher solar exposure tend to bifurcate the size distribution more
between N and CC clusters with cooler and cloudy conditions favoring the retention
of the intermediate FF or WN clusters. This suggests that the N and CC clusters are
partially driven by photochemically produced secondary aerosol. Higher temperature
and stronger direct normal irradiance (DNI) are likely coupled with higher hydroxyl concentrations, and ozone concentrations are typically 30–40 % higher for N and CC clusters (Table 3), which accelerates the production of reduced volatility oxidized organic
vapors from precursor volatile organic compounds (VOCs). The partitioning of these
vapors between condensation on existing particles and nucleation of new particles is
likely a function of the aerosol surface area and the production rate of the low-volatility
organics. Anomalously dry conditions are a feature of the N cluster, suggestive of reduced aerosol water reducing the available surface area. Another possible mechanism
a◆ecting the N cluster during the summer (PM and M) is the evaporation, or lack of
condensation, of semi-volatile organic compounds associated with trac emissions
(Robinson et al., 2007) such that the FF cluster takes on some of the features of the N
cluster. This mechanism would be supported by the anomalous contribution of EC to
the N cluster during the PM and M seasons. Further analysis of the aerosol and gas
phase composition is needed, before and during the monsoon, in order to fully understand the balance of regional and local processes in driving the preference of N and
CC clusters.
Tucson often is under the influence of very light mean surface winds and so during
the day, the predominant mechanism for ventilation of urban aerosol is through vertical mixing of the convective boundary layer, which is supported by measurements at
a nearby mountain site (Shaw, 2007). Furthermore, the climatological mesoscale surface wind pattern, particularly in summer, is light southeasterly winds during the night
and morning, followed by northwesterlies in the afternoon and evening, induced by
regional topography (Philippin and Betterton, 1997). It is therefore possible for urban
aerosol particles and precursor gases to be recycled over the site during the course of
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the dataset. A full description of the clustering method and the method by which associations are made is provided in the Supplement. The mean diurnal cycle of cluster
associations (Fig. 5) and their mean properties (Table 3) provide a physical description
of the clusters and are hereafter given the following identifiers, which are indicative of
the physical process or “regime” that is suggested by the cluster properties: nucleation
(N), fresh fossil (FF), winter/nocturnal (WN), and coagulation/condensation (CC).
Winter (W) and summer (PM and M) exhibit substantially di◆erent patterns in cluster
associations on diurnal scales, while the transition seasons (S and F) contain features of both winter and summer and are therefore more mixed in terms of the driving
mechanisms. During winter (W), large swings in the size distribution shape are uncommon; however, with activation at 0.2 % supersaturation occurring at diameters as
low as 100 nm, the growth that accompanies a shift from FF to WN is sucient to significantly increase the activation ratio. Unlike other seasons, it is likely that the main
driver for size distribution changes occurring during winter is the equilibrium partitioning of semi-volatile species between gas and particle phase (e.g., nitrate). An additional
contributor may result from the o◆set in emissions patterns between trac (day) and
domestic wood burning (night). Anomalously colder or more humid conditions tend to
result in larger and more hygroscopic particle distributions and are typically also associated with more stable near-surface conditions leading to suppressed mixing and
higher aerosol loading as seen in the WN CN, EC and OC concentrations (Table 3). In
the extreme, the infrequent winter occurrence of the CC cluster is merely an extension
of this trend occurring during the coldest winter nights where average hygroscopicity
reaches  = 0.23 and average CCN concentrations are 811 cm 3 . The fact that number, size and hygroscopicity tend to act in association is perhaps the reason why CCN
variability is highest in winter on both synoptic and diurnal scales.
Conversely, in summer (PM and M) the shape of the size distribution is very variable
and exhibits large swings between N and CC clusters (Fig. 5). After primary emissions associated with the morning trac peak (FF cluster) have been diluted through
boundary layer mixing, competition between the N and CC cluster takes over. Unlike
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the day, through both these mechanisms. Processes which control the cluster associations may be also dependent on regional (e.g., nucleation of biogenic SOA) as well
as local e◆ects (e.g., recycling of urban emissions), which happened at an earlier time.
The complex influences of this “memory e◆ect”, together with the interaction of meteorology and emissions may be one of the contributing factors which cause evening and
overnight CCN concentrations to be higher on weekends (Fig. 3b).
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parameters (a reconstruction, for reference only). The inclusion of models (v) and (vi)
assesses whether the predictive skill can be improved by the use of a reduced order
representation of the size distribution and hygroscopicity parameter (). Models (v)
and (vi) can be considered an incremental refinement to models (ii) and (iii) where the
assumption is that there is prior knowledge of expected cluster properties and associations.
Predicted CCN concentrations are compared to those measured and two performance metrics are evaluated: (i) “percentage variance explained” (VE) metric, which is
the variance of the measured CCN explained by the model as determined by mean
square residuals; and (ii) a “normalized mean error” (NME) metric, defined as the
root-mean-square residual between modeled and measured CCN concentrations expressed as a percentage of the mean measured CCN concentration for the epoch.
While both these metrics are connected, the VE is a better descriptor of how well the
model represents the process whereas the NME puts the model in the context of overall predictability. Models are first tested using (i) the cumulative dataset and (ii) for the
five predefined seasons with model parameters set using seasonal best-fit values. The
models (except (v) and (vi)) are then tested, using the same methodology, on data that
have been filtered using a 24 h running average and seven day average, with the underlying motivation to determine if environmental factors which control CCN predictability
di◆er between diurnally and synoptically driven timescales.
The results (Table 4) show that when all seasons are considered, a constant hygroscopicity assumption explains more of the measured variance (⇠ 63 % VE) than
a constant size distribution (⇠ 44 % VE) suggesting that overall the size distribution is
generally a more important driver for CCN variability than composition. However, the
goodness-of-fit (VE) is far lower than that presented by Dusek et al. (2006) and is
probably associated with the complexity of the aerosol mixing state and spatiotemporal variability in composition, due to the proximity of the TACO site to fresh emission
sources as compared to the Dusek et al. (2006) study site. In the daily and weekly
filtered cases, the relative balance between size and composition is also similar. Using
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Studies aimed at achieving a predictive model of CCN concentrations from measured
number, size and composition (i.e., CCN closure) have shown mixed ability to predict
CCN concentrations across a range of aerosol scenarios. To examine these dependencies, in the context of the present study, we consider the e◆ect that simplifying assumptions have on the ability to predict CCN. Traditionally, closure studies aim to predict the
hygroscopic properties from measured composition or sub-saturated growth factors,
which are then combined with size distribution measurements to predict CCN (e.g.,
Ervens et al., 2010). With this method the inter-comparison of various scenarios, and
the resulting degree to which CCN concentrations are predicted, is a◆ected by both the
model assumptions and the accuracy by which aerosol physicochemical properties are
measured. Our focus here is to study the degree of CCN variability explained by incremental simplifications in a predictive model considered across a range of timescales.
Forthcoming work will separately study the degree of correspondence of hygroscopicity
between the sub- and supersaturated regimes.
Seven, highly simplified, predictive models are used to estimate CCN over the entire
study period: (i) constant CCN (baseline), (ii) constant activation ratio (assesses the
e◆ect of number only), (iii) constant hygroscopicity (e◆ect of number and size distribution), (iv) constant size distribution (e◆ect of number and hygroscopicity), (v) measured
number with size distribution shape and hygroscopicity derived from cluster associations, (vi) measured size and number with cluster derived hygroscopicity, and (vii) all
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longer timescales and is perhaps a consequence of regional sources associated with
long-range transport competing with local emissions.
Regional scale transport is also an important feature of spring, which is a transition
season where mid-latitude meteorology still a◆ects the region, boundary layer mixing
becomes more vigorous and surface winds are strongest on average. Dust loading
is highest and temperature changes on diurnal and synoptic scales are also greatest
which a◆ects the partitioning of semi-volatile species (e.g., nitrate). The complex mixing
state and highly variable aerosol chemistry makes CCN prediction dicult as reflected
in the poor performance of the simplified models. The modeled predictability indicates
that composition is far more important than size during spring and in fact the dailyfiltered data suggests that using the size distribution (Model (iii)) to predict CCN is
worse than assuming a constant seasonal average concentration, indicative of complex
aerosol mixing states, morphology and scale-dependent mechanisms.
The pre-monsoon summer reveals a steady improvement in the model performance
towards longer timescales (i.e., weekly) and the increasing relative importance of hygroscopicity. Intense solar radiation during this season increases the importance of
VOC and SO2 chemistry to form secondary aerosol species. Aerosol number may be
strongly influenced by nucleation and therefore knowledge of the size distribution becomes essential on sub-diurnal scales. Over longer timescales all simplified approximations become reasonable suggesting a more stable meteorological pattern, which is
typical of this season: as the jet migrates northward, synoptic steering becomes lighter
and the circulation pattern becomes more driven by mesoscale circulations. The increased importance of hygroscopicity on timescales longer than a week is perhaps
indicative of the influence of wildfire smoke and intermittent regional dust transport
which periodically a◆ect southern Arizona during this season.
The monsoon season exhibits the poorest performance of the simplified models out
of all seasons, which is perhaps expected given the very complex meteorological pattern and the interplay between secondary aerosol processes at the regional (e.g.,
biogenic SOA and sulfate) and local scale (e.g., urban SOA). Knowledge of the size
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the submicron number concentration as a predictive model for CCN (i.e., a constant activation ratio assumption) performs poorly in all annual cases (and all seasonal cases
except winter) since it is strongly a◆ected by variability in nucleation and small Aitken
mode particles from fresh emissions that do not contribute to CCN at the supersaturation levels considered here.
Compared to other seasons, the simplified predictive models perform the best in winter in terms of VE, however, this season also has far higher variability in CCN than any
other season across the three timescales considered. Winter is also the only season
where a constant activation ratio assumption o◆ers any skill in CCN predictability suggesting that the modulation of CCN is more tied to bulk aerosol sources and sinks than
compositional or size dependent changes or that these processes are strongly interlinked. Winter aerosol is mainly controlled by an interplay of urban emissions balanced
by transport and mixing such that there is a strong correlation between the diurnal cycle
of CN and EC, which serves as a combustion tracer. Strong nocturnal surface inversions, in conjunction with a lack of surface wind induced mixing, trap urban emissions
close to the surface before the convective boundary layer develops, which happens
later in the day than other seasons. Intermittent synoptic scale influences, such as
frontal passages, a◆ect aerosol sinks directly through wet scavenging, although this
e◆ect is presumably much weaker than less arid regions, and drive regional transport
in the lower troposphere, which ventilates the urban plume. Synoptic systems a◆ect
column stability, which indirectly a◆ects aerosol loading by regulating the extent of diurnally driven vertical mixing. Chemical aging processes and photochemically driven
secondary aerosol formation are suppressed in winter compared to other seasons simplifying the diurnal changes in hygroscopicity and size distribution, although size and
hygroscopicity appear to be tied to the diurnal cycle through temperature changes. Both
size (constant , Model (iii)) and hygroscopicity (constant size distribution, Model (iv))
simplified models explain 82 and 73 % of the CCN variance, respectively, reiterating
that size and hygroscopicity changes are strongly coupled. The weekly filtered data indicate that hygroscopicity becomes marginally more influential than size changes over
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distribution is essential since it is highly variable across all scales driven by both meteorological influences, in the form of monsoon thunderstorms, and secondary aerosol
processes. Even considering size variability alone does not yield very satisfactory results implying that aerosol chemistry is very closely tied to changes in size distribution
during the monsoon season. However, CCN variability is also lowest of all seasons,
while the mean CCN concentration is relatively high implying partial cancellation in the
e◆ects caused by changes in size, number and composition. The consequence is that
the NME metric is actually lowest in monsoon when a constant hygroscopicity model is
used, which is the opposite of the situation during winter. Fall shows the opposite pattern to spring and pre-monsoon in that hygroscopicity has decreasing influence over
longer timescales, and for the weekly filtered case, the constant hygroscopicity model
provides a very satisfactory model of CCN variability.
The inclusion of the cluster associations to estimate  (Model vi) provides an incremental improvement in the predictive skill (+3 to +15 % additional %VE) when compared to a seasonally constant  (Model iii), with the exception of the pre-monsoon
summer season, where a reduction in %VE was observed (⇠ 7 %). Annually, the increase was approximately +5 % on %VE. The comparison between the cluster-derived
activation ratio (Model v) and a constant activation ratio (Model ii) was far more significant with an annual increase of +59 % on %VE suggesting that a low-order representation of the size distribution shape, where other data is unavailable (e.g., from remote
sensing methods), may o◆er a worthwhile improvement to the estimation of CCN concentration.
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been achieved. Seasonally, the average CN concentration exhibits a moderate trend
towards a minimum during summer, while CCN concentrations exhibit significant winter and summer peaks. Weekday and weekend CN concentrations track the respective
diurnal weekday and weekend EC and OC mass concentrations, indicating a strong
influence of local combustion aerosol, predominantly from vehicle emissions but also,
in winter, from domestic biomass burning. Activation ratio and hygroscopicity, as estimated by , track the morning peak in fossil fuel emissions, by concurrently showing
a marked reduction, particularly on weekdays. This helps to support the notion that
CCN concentrations are not significantly enhanced by fresh fossil emissions. The effects of local emissions are typically o◆set by those of boundary layer mixing; however,
during the warmer and more photochemically active seasons, secondary aerosol processes become more influential.
During winter, the interplay between chemistry and dynamics is such that increasing
size is accompanied by increasing hygroscopicity. This occurs most commonly at night
and during anomalously cold periods, when boundary layer mixing is suppressed and
aerosol loading is high, thus increasing CCN concentrations. Conversely, during the
day and particularly during anomalously warm and dry periods, there is sucient convective mixing to dilute the aerosol, evaporate hygroscopic semi-volatile species and
generally promote the abundance of smaller particles, reducing CCN concentrations.
The combined result of these e◆ects is to increase the variability in CCN, since each
of these contributing factors act together to enhance or suppress CCN concentrations.
The added consequence is that simplified models o◆er substantial predictive skill for
CCN variability even though the observed changes in the size distribution are relatively
subtle.
The summer is divided by the arrival of the North American Monsoon (July–
September), which rapidly increases the abundance of moisture compared to the very
hot and dry months that precede it (May-June). Secondary production of sulfate and
organics becomes more influential during both summer seasons, and photochemically
produced aerosol appears to be the mechanism responsible for an afternoon maxi-
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This study investigates the respective importance of aerosol number concentration,
size distribution and composition in driving CCN variability in Tucson, Arizona. In doing so, a long-term characterization of the seasonal, weekly and diurnal patterns in
aerosol number concentration, size distribution and selected particle chemistry has
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gest that in certain regimes (e.g., during winter), where composition, size and number
concentration have a more deterministic relationship, there are still opportunities for
parametric simplifications to be successful even when aerosol chemistry is relatively
complex. Since the relationship can be explained by somewhat broad environmental
mechanisms not entirely specific to Tucson, similar conclusions can be drawn for other
urban areas with comparable geographical and climatological settings.
Future work will focus on the predictability of  using measurements of composition,
patterns in the environmental conditions (e.g., emissions, meteorology and other auxiliary measures), and sub-saturated aerosol hygroscopicity with the primary goal being
to determine if a single-parameter representation of CCN activation is suitable for this
environment. In addition, we will focus on addressing the factors which control the
summertime size distribution bifurcations and the extent to which they are influenced
by biogenic and anthropogenic SOA production pathways.
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mum in CCN concentration, compared to a nocturnal maximum in winter. The diurnal
cycle of the boundary layer follows a similar pattern to other seasons, except that mixing heights are generally higher and nocturnal surface inversions are less pronounced,
especially during the monsoon. While CN concentrations drop o◆ during the day similar to other seasons, CCN concentrations remain relatively more stable indicating that
condensed SOA and sulfate play a significant role in o◆setting the loss in CCN caused
by dilution.
Another important feature of the summer is the bifurcation in the size distribution
shape, where the pattern swings back and forth from (i) an abundance of ultrafine particles that are potentially tied to a nucleation event to (ii) a deficiency of Aitken mode
particles, and a growth in the number of particles larger than 100 nm that are more
in line with a background aerosol population. While the meteorological conditions favoring both regimes are similar and likely explained by SOA and sulfate production,
the mechanisms responsible for the bifurcation are still unclear. Possible mechanisms
include aerosol water uptake, leading to increased aerosol surface area for condensation, which is supported by lower humidity on days when ultrafine particles are present,
particularly before the monsoon. During the monsoon, regional biogenic SOA produced
as a result of increased vegetation may explain the periodic import of small SOA particles into the urban plume. Finally, the role of the monsoon thunderstorms may also
be responsible for erratic changes to the size distribution simply through the sporadic
disruption of the local and regional circulation pattern.
The sensitivities of CCN concentration to changes in aerosol number, size and composition can be well represented in a theoretical framework as described by Köhler
Theory and its various refinements. However, the extent to which these driving components vary, and the mechanisms through which they interact, is the primary limitation
in consolidating parametric representations suitable for predictive models. Achieving
satisfactory CCN closure using measurements of aerosol chemistry and size has generally been most successful with background aerosol where substantial changes in
composition are dampened by aging processes. However, the results of this study sug-
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S

PM

M

F

CN

Mean
Max (99 %)
Min (1 %)

5189
14 406
749

4853
13 799
686

3872
10 869
807

4200
11 606
1070

5200
13 682
853

CCNSS=0.2 %

Mean
Max (99 %)
Min (1 %)

430
1945
56

233
809
59

301
667
101

372
741
100

303
951
81
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Concentration (cm 3 )
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Table 1. Seasonal mean and extreme CN and CCN concentrations from hourly averaged data.
Seasons are defined as follows: winter (W = DJF), spring (S = MA), pre-monsoon (PM = MJ),
monsoon (M = JAS), fall (F = ON).
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Site

S

PM

M

F

TACO

EC
OC

SAGUARO
NM

EC
OC

0.69 ± 0.66
6.96 ± 3.40

0.38 ± 0.38
5.05 ± 2.25

0.27 ± 0.36
4.87 ± 1.98

0.40 ± 0.34
4.40 ± 1.60

0.54 ± 0.46
5.31 ± 2.20

SAGUARO
WEST

EC
OC

0.22 ± 0.13
0.61 ± 0.30

0.12 ± 0.06
0.49 ± 0.17

0.11 ± 0.05
0.74 ± 0.32

0.13 ± 0.04
0.69 ± 0.28

0.18 ± 0.08
0.55 ± 0.20

0.15 ± 0.07
0.51 ± 0.18

0.11 ± 0.05
0.50 ± 0.17

0.10 ± 0.05
0.63 ± 0.33

0.12 ± 0.04
0.63 ± 0.27

0.13 ± 0.07
0.45 ± 0.20
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W

|

Concentration
(µg m 3 )
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Table 2. Seasonal mean OC and EC concentrations, and associated SDs, at the TACO and
IMPROVE sites.
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(0.38)
(0.19)
0.29
0.38
0.20

(37)
(45)
44
36
33

(2.60)
(0.97)
0.53
0.44
0.68

( 3.8)
( 1.7)
0.3
2.6
0.9

(35)
(75)
23
38
40

0.75
0.36
⇤
0.10
0.46
0.56

7.20
5.35
5.32
5.09
5.55

0.23
0.18
0.20
0.32
0.26

25
32
33
29
19

0.85
0.30
0.77
0.64
0.16

1.7
0.8
1.4
1.7
1.2

0.19
0.16
(0.15)
(0.16)
0.16

1.79
0.36
(0.07)⇤
(0.40)
0.62

11.
5.63
(5.09)
(5.33)
5.94

0.18
0.18
(0.20)
(0.34)
0.33

16
29
(35)
(29)
16

0.42
0.25
( 0.72)
( 0.96)
1.06

0.1
2.
(0.5)
(5.8)
0.9

4
43
( 40)
( 60)
26

(0.23)
(0.18)
0.15
0.17
(0.20)

(1.08)
⇤
(0.17)
⇤
0.09
0.27
(0.33)

(9.15)
(4.63)
5.03
4.43
(4.93)

(0.27)
(0.19)
0.28
0.37
(0.27)

(18)
(44)
46
38
(30)

( 0.39)
(1.30)
0.41
0.26
(1.48)

(5.6)
( 0.3)
1.3
0.2
(0.9)

( 13)
( 21)
17
24
( 25)

(4007)
(4966)
4328
5687
6674

(195)
(228)
276
351
249

(0.065)
(0.057)
0.076
0.086
0.067

(0.19)
(0.16)
0.15
0.17
0.17

(0.21)
⇤
(0.17)
0.23
0.38
0.33

FF

W
S
PM
M
F

4985
5161
4935
5536
7256

249
198
278
360
282

0.064
0.050
0.067
0.084
0.058

0.17
0.13
0.12
0.15
0.14

WN

W
S
PM
M
F

6337
4980
(4042)
(4382)
7743

490
278
(334)
(392)
363

0.093
0.071
(0.098)
(0.106)
0.080

CC

W
S
PM
M
F

(6203)
(2659)
2412
2884
(3964)

(811)
(267)
349
414
(356)

(0.153)
(0.124)
0.166
0.173
(0.145)
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4
3
49
41
15
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(iii)
Const. 

(iv)
Const. SD

(v)
Clus. only

(vi)
Clus. 

(vii)
Ref.

63.2
81.6
25.3
40.5
35.5
40.3

43.9
72.5
55.3
–
–
31.1

62.3
78.4
3.5
43.1
–
3.4

68.4
84.1
37.5
34.2
42.3
54.6

99.6
99.7
99.7
99.4
99.1
99.4

Daily

ALL
W
S
PM
M
F

–
–
–
–
–
–

6.1
35.9
6.5
0.2
–
–

70.0
81.2
–
52.5
64.0
59.9

47.0
71.6
62.1
15.4
–
17.8

–
–
–
–
–
–

–
–
–
–
–
–

99.4
99.5
99.0
98.7
98.5
98.1

Weekly

ALL
W
S
PM
M
F

–
–
–
–
–
–

7.1
15.8
6.0
45.4
–
3.9

67.7
66.4
33.7
72.9
43.9
89.5

43.3
77.8
74.1
75.8
–
0.3

–
–
–
–
–
–

–
–
–
–
–
–

99.0
98.8
98.3
96.9
96.3
97.9
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3.7
44.9
–
–
–
–

|

–
–
–
–
–
–
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ALL
W
S
PM
M
F

|

All
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(ii)
Const. AR

|

Model (%VE)
(i)
Const. CCN
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Table 4. Closure model performance as quantified by variance explained (top) and normalized
mean error (bottom). Models (i)–(iv) include holding constant either CCN, activation ratio (AR),
, or size distribution (SD). Model (v) uses the cluster properties and associations (see Fig. 5
and Table 3), Model (vi) uses the same assumptions as Model (iii) except that  is determined
from cluster associations, and Model (vii) is a reconstruction for reference only. A dash (–)
indicates that the result is not available or performed so poorly it cannot be quantified by the
metric.
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(4.81)
(4.51)
4.48
4.35
4.35

W
S
PM
M
F

N

OC
µg m

3

|

…DNI
2
Wm

EC
µg m
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…RH
%


–

|

…T
C

AR
–

Discussion Paper

O3
ppb

CCN
3
cm

Season

|

WSOC : OC
–

CN
3
cm

Cluster

Discussion Paper

Table 3. Seasonally derived mean cluster properties and associated environmental conditions
(AR = activation ratio). Meteorological variables (T , RH and direct normal irradiance (DNI))
are presented as anomalies, based on departure from hourly means for each month. Entries
in parentheses indicate that the cluster occurs less than 15 % of the time in that season. An
asterisk (⇤ ) next to EC denotes a case when the concentration is below LOD. O3 data are
obtained from a surface pollutant monitoring site (⇠ 9 km from TACO) operated by the Pima
County Department of Environmental Quality (Children’s Park Station).
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Table 4. Continued.

|

Model (%NME)
(ii)
Const. AR

(iii)
Const. 

(iv)
Const. SD

(v)
Clus. only

(vi)
Clus. 

(vii)
Ref.

ALL
W
S
PM
M
F

73
94
70
46
34
53

72
70
73
59
58
60

45
40
60
36
27
41

55
49
47
53
58
44

45
44
69
35
36
52

41
38
55
38
26
36

4.4
5.2
4.0
3.7
3.3
4.0

Daily

ALL
W
S
PM
M
F

53
63
48
33
26
31

52
51
47
32
37
34

29
27
60
22
16
20

40
34
30
30
37
28

–
–
–
–
–
–

–
–
–
–
–
–

4.2
4.6
4.7
3.7
3.2
4.2

Weekly

ALL
W
S
PM
M
F

36
36
27
22
16
21

35
33
26
16
20
21

20
21
22
11
12
6.8

27
17
14
11
25
21

–
–
–
–
–
–

–
–
–
–
–
–

3.6
4.0
3.5
3.8
3.1
3.1

|

All
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Figure 1. Monthly statistics of (a) CN, (b) CCN (0.2 %), (c) OC and EC, (d) temperature, (e)
RH, and (f) direct normal irradiance (DNI). Circles, diamonds, and the lines connecting them
represent monthly averages. For (a) CN and (b) CCN, bars represent median and interquartile
range of sub-monthly variability of the 1 h averaged data. For (d) temperature and (e) relative
humidity, bars represent monthly extremes, as measured by 5 and 95 % levels of the 1 min
average data. DNI is presented using 24 h averages so that it includes the e◆ect of the changing
length of day with season, and peak mixing depth is calculated using the 4 p.m. radiosonde
data.
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Figure 2. Seasonal PM2.5 speciation from the averaged Saguaro National Park and Saguaro
West IMPROVE sites. Six major groupings comprising the PM2.5 mass are shown: FS = fine
soil, OA = organic aerosol, EC = elemental carbon, AS = ammonium sulfate, AN = ammonium
nitrate, SS = sea salt.
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Figure 3. Hourly trends of (a) CN and (b) CCN (0.2 %). Bars indicate median and interquartile
range of the variability within each hour. Mean CN and CCN concentrations are shown for
both weekdays (red) and weekends (blue). Hourly trends of CCN are shown in (c) for each
season. Mean EC (solid) and OC (dashed) concentrations (d) are shown for weekdays (red)
and weekends (blue).
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Figure 4. Hourly trends of activation related properties, OC : EC ratio, and WSOC : OC ratio
for weekdays (red) and weekends (blue). Note the applicability of the OC : EC ratio starts to
become less well defined on weekends above 25 since EC concentrations are typically below
LOD.
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Figure 5. Size distribution cluster centroids, as derived by the K-means algorithm, and the
hourly distribution of cluster associations separated by season. Clusters are assigned the following identifiers: Nucleation (N; blue), Fresh Fossil (FF; red), Winter/Nocturnal (WN; green)
and Condensation/Coagulation (CC; black).
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Explanation*of*size*distribution*shape*clustering*method*
*
Each* size* distribution* observation* comprises* 112* number* concentrations,* n,*
corresponding*to*the*discrete*bins*reported*by*the*SMPS*software*on*a*logarithmic,*
regularly* spaced* grid.* * Each* observation* is* considered* as* a* vector,* xi,* normalized*
using*the*root*sum*of*squared*distance*(Euclidean*norm)*to*isolate*the*effect*of*size*
distribution*shape*from*the*(strong)*variability*in*total*CN:*
*
!∗! = !! , !! , … , !!!" *
*
!! = !∗! / !∗! ! *
*
The*KImeans*algorithm*seeks*the*optimal*position*of*a*predetermined*number,*k,*of*
centroid* vectors,* cj* which* minimizes* the* residual* distance* of* observation* vectors*
assigned*to*that*cluster*set,*Cj,*from*the*centroid.**Centroids*are*initially*randomly*
assigned* to*observations*and*then*temporary*cluster*assignments*are*made*to*the*
closest*centroid*for*each*observation,*xi.**The*centroid*is*then*recalculated*based*on*
the*cluster*members*and*the*process*is*iterated*until*convergence.**The*method*is*
known* to* sometimes* converge* on* local* optima* rather* than* global* optima* in* some*
cases* and* so* the* operation* is* repeated* many* times* (>100)* with* different* random*
starting*observations*to*check*for*global*convergence.*
*
!
!
!! ! = !! : !! − !! !
≤ !! − !! ! ! ∀! *
!
*
1
!! !!! =
!! *
!! !
!
!! ∈!!

*
The* resulting* cluster* centroids* after* convergence* represent* the* mean* size*
distribution* shape* of* the* subset* of* observations* attributed* to* that* cluster.**
Observations* show* a* quasiIcontinuous* nearest* neighbor* density* in* the* regions*
between* the* centroids,* hence* using* the* “hard”* cluster* associations* (as* per* the*
traditional*KImeans*algorithm)*creates*an*abrupt*transition*for*observations*which*
lie* close* to* the* cluster* boundary.* * Instead* the* cluster* association* is* made* “fuzzy”*
using* cluster* assignment* weights,* wj.* Weights* are* based* on* inverse* squared*
Euclidean*distance*to*each*centroid,*cj,*except*where*the*square*distance*is*greater*
than* the* sum* of* squared* distances* via* any* other* centroid,* cp,* in* which* case* the*
weight,*wj,*is*zero.***Weights*are*normalized*such*that*wj*=1.*
*
!!,! = !! − !! ! *
*
∗
!!,!
=

!!,! !! ; !!,! ! ≤ !!,! ! + !! − !!
0;

!

!

!

!

!!,! > !!,! + !! − !!

*
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!

*

∗
!!,! = !!,!

∗
!!,!
*
!

*
The*chosen*number*of*cluster*centroids*(4)*was*selected*subjectively*to*balance*the*
improvement* in* model* performance* by* increased* numbers* of* clusters* with* the*
simplicity*of*retaining*as*few*as*possible.**The*quality*of*the*KImeans*model*as*the*
number*of*centroids*is*changed*can*be*visualized*by*the*sum*of*residual*distances*
between*observations*and*closest*cluster*centroid.**This*is*shown*in*Figure*S1.**The*
cluster*centroids*were*also*identified*using*only*the*data*from*the*summer*seasons*
(PM* and* M)* since* these* seasons* contain* the* largest* range* of* variability* in* the* size*
distribution*shape.**Repeating*the*KImeans*algorithm*using*the*entire*dataset*finds*
the*clusters*common*in*winter*(FF*and*WN)*but*finds*a*hybrid*of*the*more*extreme*
summertime*clusters*(N*and*CC)*with*the*FF*and*WN*clusters,*respectively.**Since*
the*goal*is*to*be*able*to*isolate*features,*the*clusters*based*on*the*summer*“training”*
data* are* retained.* * Associations* based* on* the* fuzzy* logic* described* above* are* then*
assigned*to*all*data.*
*

Figure*S1:*Performance*of*the*KImeans*method*as*a*function*of*the*number*of*
centroids,*k.**The*residual*is*measured*as*the*Euclidean*norm*of*the*vector*
difference*between*the*observation*and*its*allocated*centroid*and*the*mean*is*
generated*over*all*“training”*observations.**For*comparison,*the*performance*of*the*
KImeans*model*is*shown*for*uncorrelated*random*noise*and*highlights*the*latent*
structure*of*the*observations.*
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13"

"

14"

Abstract(

15"

Trace" gas" measurements" from" the" NASA" P3AB" aircraft" are" reported" for" the" San"

16"

Joaquin" Valley" during" DISCOVERAAQ" between" January" and" February" of" 2013." " The"

17"

regional"meteorology"during"the"campaign"was"characterized"by"two"periods"of"lowA

18"

level" stagnation" that" facilitated" the" accumulation" of" surface" pollutants." " Coincident"

19"

measurements" of" CO2," CO," CH4," NOy" and" NH3" were" used" to" identify" emissions"

20"

patterns"and"source"types,"while"the"relationship"between"CO"and"NOy"was"used"in"a"

21"

comparison" with" the" National" Emissions" Inventory" (NEI)" and" California" Air"

22"

Resources"Board"(CARB)"emissions"inventories"for"CO"and"NOx."""The"enhancement"

23"

ratio" of" CO:NOy" for" Fresno" (10.9±1.4" ppbv" ppbvA1)" exceeded" the" CARB" emissions"

24"

inventory" by" approximately" a" factor" of" 3" but" was" in" good" agreement" with" recent"

25"

topAdown" measurements" in" an" environment" dominated" by" mobile" sources." " The"

26"

NOy:CO2" enhancement" ratio" decreased" as" combustion" efficiency" increased"
"
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27"

(measured" by" CO2:CO)" suggesting" successful" emissions" control" measures" for" NOx"

28"

particularly"for"gasAfired"cogeneration"power"plants"in"Kern"County."""

29"

"

30"

1.(Introduction(

31"

The"global"and"regional"budgets"of"atmospheric"trace"gases"have"direct"influence"on"

32"

climate"and"air"quality.""Emissions"of"trace"gases"can"have"direct"impacts"on"human"

33"

health" but" also" act" as" precursors" to" secondary" pollutants," such" as" ozone," and" the"

34"

formation"of"particulate"matter."Increasing"greenhouse"gas"concentrations"continue"

35"

to" dominate" global" climate" forcing" (IPCC," Stocker" et" al.," 2013)" with" the" largest"

36"

contributions"attributed"to"carbon"dioxide"(CO2)"and"methane"(CH4).""

37"

Due"to"its"long"atmospheric"lifetime"freeAtropospheric"CO2"is"often"approximated"as"

38"

spatially"homogeneous"with"small"perturbations"when"compared"against"the"zonally"

39"

averaged" background." " However," the" spatial" distribution" of" CO2" across" multiple"

40"

scales"has"implications"for"assessing"the"carbon"budget"at"a"regional"level"and"in"the"

41"

prediction" of" temporal" evolution" of" global" atmospheric" carbon" and" the" respective"

42"

influences" of" anthropogenic" and" natural" sources" and" sinks." " NearAsurface" CO2"

43"

concentrations" are" modulated" seasonally" by" emissions" due" to" combustion" and"

44"

respiration," which" are" balanced" by" biospheric" uptake" during" the" growing" season"

45"

(Kheshgi"et"al.,"1996)"and"uptake"by"oceans"(Sabine"et"al,"2004).""Recent"pressure"to"

46"

reduce"global"carbon"emissions"has"led"to"increased"attention"at"the"local"level"such"

47"

as" the" California" Air" Resources" Board" (CARB)" statewide" greenhouse" gas" emissions"

48"

inventory" and" high" resolution" national" estimates" of" CO2" emission" from" products"

"
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49"

such"as"the"Vulcan"inventory"(Gurney"et"al.,"2009).""Meteorological"processes,"such"

50"

as" deep" convection" and" largeAscale" ascent" associated" with" midAlatitude" weather"

51"

systems" and" fronts" can" facilitate" the" rapid" exchange" of" perturbed" air" masses" from"

52"

the"boundary"layer"(BL)"into"the"free"troposphere"(FT)"where"long"range"transport"

53"

can"affect"the"spatial"distribution"of"CO2"over"widespread"regions"(Choi"et"al.,"2008;"

54"

Vay"et"al.,"2011)"

55"

Oxides"of"nitrogen"(NOx"="NO"+"NO2),"volatile"organic"compounds"(VOCs)"and"carbon"

56"

monoxide" (CO)" contribute" towards" production" of" tropospheric" ozone" and" are"

57"

precursors" for" secondary" aerosol" formation," which" can" comprise" a" significant"

58"

fraction"of"fine"particulate"matter."The"U.S."Environmental"Protection"Agency"(EPA)"

59"

monitors" surface" level" CO," NO2," ozone" and" PM2.5" to" assess" episodes" of" excess"

60"

concentration," which" are" considered" hazardous" to" health." " The" trends" in" CO," VOCs"

61"

and"NOx"have"been"shown"to"be"strongly"influenced"by"emission"control"strategies"

62"

affecting" their" respective" abundances" and" impacting" the" chemistry" of" secondary"

63"

pollutants" (Pollack" et" al." 2013;" Bahreini" et" al.," 2012)." " Vehicular" emissions"

64"

comprised"more"than"half"the"annual"emissions"of"NOx"and"CO"in"the"U.S"according"

65"

to" the" National" Emissions" Inventory" (NEI," 2011," downloaded" 2014)." " Trends" in"

66"

vehicular"emissions"have"been"extensively"studied"(e.g."Parrish"et"al."2002;"Parrish"

67"

2006;" Pollack" et" al," 2012)" together" with" numerous" comparisons" between"

68"

observations" and" regional" emissions" estimates" of" regulated" pollutants" from"

69"

“bottomAup”"inventories,"such"as"NEI"(e.g."Anderson"et"al"2014)."

70"

The" San" Joaquin" Valley" (SJV)" is" located" in" central" California" and" is" populated" by"

71"

approximately"4"million"people"(U.S."census"bureau,"2010).""The"SJV"is"also"a"major"
"
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72"

agricultural"center"with"extensive"crop"and"fruit"growing"together"with"widespread"

73"

dairy" facilities" and" beef" cattle" ranching." " In" addition," the" Kern" County" oilfields" are"

74"

located" in" southwestern" extreme" of" the" SJV," accounting" for" approximately" 10%" of"

75"

U.S." oil" production" and" also" contain" a" large" number" of" gas" cogeneration" power"

76"

production" facilities." " The" nearby" city" of" Bakersfield" contains" a" major" industrial"

77"

component" including" refineries" and" gas" power" production." " Finally," the" SJV" is" a"

78"

major" arterial" transport" link" between" the" Los" Angeles" metropolitan" area," the" San"

79"

Francisco"Bay"Area"and"SJV"industry"and"agriculture.""The"SJV"is"regularly"identified"

80"

for"EPA"nonAattainment"during"winter"despite"the"predominantly"rural"distribution"

81"

of" the" valley’s" residents." " A" combination" of" regional" meteorology" and" the"

82"

topographical" prominence" of" the" surrounding" mountains" exacerbates" the"

83"

accumulation" of" pollutants" in" a" shallow" surface" layer" (Jacob" et" al.," 1984)." " Vertical"

84"

mixing"is"inhibited"by"the"climatological"subsidence"which"is"a"principal"feature"of"

85"

the" synoptic" circulation" pattern" of" the" region" with" cool" BL" temperatures" due" to"

86"

limited"winter"insolation,"clear"sky"nocturnal"longAwave"cooling"and"drainage"flows"

87"

from" surrounding" ranges." During" interruptions" to" this" pattern" caused" by" Pacific"

88"

troughs," the" enhanced" BL" concentrations" are" rapidly" ventilated" from" the" SJV.""

89"

Transport"out"of"the"SJV"has"been"shown,"during"summer,"to"affect"nearby"air"basins"

90"

such"as"Los"Angeles"(Angevine"et"al"2013).""Between"disturbances,"surface"trace"gas"

91"

concentrations"often"accumulate"associated"with"stagnant"lowAlevel"conditions."

92"

During"January"and"February"2013,"the"second"deployment"of"Deriving"Information"

93"

on"Surface"Conditions"from"Column"and"Vertically"Resolved"Observations"Relevant"

94"

to" Air" Quality" (DISCOVERAAQ)" airborne" science" mission" was" conducted" in" the" SJV.""

"
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95"

We" present" airborne" observations" pertaining" to" the" spatiotemporal" distribution" of"

96"

selected" trace" gases" together" with" derived" characterization" of" emissions" and"

97"

transport"patterns"during"the"campaign."

98"

"

99"

2.(Data(and(methods(

100"

2.1(Study(region(

101"

Research" flights" (RFs)" presented" here" were" conducted" solely" in" the" SJV" (35A37°N,"

102"

118.9A120.5°W)"with"short"transits"from"Palmdale,"California"(flight"map"in"Figure"

103"

1)." " Each" flight" comprised" two" or" three" repetitions" of" a" predetermined" circuit" that"

104"

comprised" spiral" descents/ascents" at" Bakersfield," Porterville," Hanford," Huron,"

105"

Tranquility"and"Fresno.""Connecting"legs"were"made"at"highAlevel"(2A3"km)"and"lowA

106"

level" (300A400" m)" and" included" “low" approach”" overpasses" at" Bakersfield"

107"

Municipal,"Bakersfield"Meadows,"Porterville,"Corcoran,"Hanford,"Fresno"and"Visalia"

108"

airports."""

109"

"

110"

2.2(Trace(gas(measurements(

111"

High" temporal" resolution" measurements" of" CO2," CO," CH4," total" reactive" nitrogen"

112"

(NOy)," NOx," NH3" and" selected" speciated" VOCs" were" considered" in" this" study.""

113"

Extensive" descriptions" of" the" instrument" operation" are" provided" elsewhere,"

114"

however," the" following" serves" as" a" brief" summary:" CO2" was" measured" using" a"

115"

modified"LiACOR"6252"infrared"gas"analyzer"(Anderson"et"al.,"1996;"Vay"et"al.,"1999);""

"
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116"

CO" and" CH4" were" measured" using" a" tunable" diode" laser" absorption" technique"

117"

(Sachse" et" al.," 1987);" " NOy," NO" and" NO2" were" measured" using" a" 4Achannel"

118"

chemiluminescence" technique" (Ridley" et" al.," 2004);" and" NH3" and" VOCs" were"

119"

measured" using" a" proton" transfer" reaction" mass" spectrometer" (PTRAMS;" Hansel" et"

120"

al.,"1995;"Lindinger"et"al.,"1998)"

121"

"

122"

2.3(Surface(meteorology(

123"

Fourteen" ground" stations" operated" by" the" SJV" Air" Pollution" Control" District" were"

124"

located" within" the" study" region" (Figure" 1)" and" included" measurements" of"

125"

temperature,"humidity,"solar"radiation"and"wind"at"oneAminute"time"resolution.""For"

126"

the" purposes" of" this" analysis," data" were" consolidated" into" a" composite" mean" with"

127"

wind" observations" consolidated" using" zonal" and" meridional" components" derived"

128"

from"the"speed"and"direction.""

129"

"

130"

3.(Meteorological(setting(

131"

A"summary"of"the"surface"temperature"and"wind"during"the"campaign"is"provided"in"

132"

Figure" 2" with" flights" indicated" by" grey" bars" numbered" according" to" the" RF." " The"

133"

campaign"was"split"into"two"windows"by"a"major"“clean"out”"event"which"occurred"

134"

in"associated"with"the"passage"of"a"midAlatitude"system"associated"with"a"cold"front"

135"

that"brought"rain"and"increased"winds"between"24A27"January.""Prior"to"this"event,"a"

136"

prolonged" stable" pattern" had" prevailed" with" light" surface" winds" and" a" consistent"

137"

diurnal" temperature" pattern" indicative" of" clear" skies." " The" slow" upward" trend" of"
"
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138"

surface"temperature"between"15A22"January"was"the"result"of"a"ridge"building"aloft"

139"

(not" shown)." " Before" the" start" of" the" campaign," the" region" had" been" under" the"

140"

influence"of"much"cooler"surface"temperatures.""After"the"passage"of"the"major"midA

141"

latitude"system,"a"stable"pattern"developed"(28"January"–"1"February)"with"a"similar"

142"

trend" in" temperature" and" consistent" light" surface" flow." " A" moderate" increase" in"

143"

surface"winds"was"observed"during"the"afternoon"and"evening"of"5"February"prior"

144"

to"RF12."

145"

"

146"

4.(Free(troposphere(

147"

The" longAlived" gas" species" considered" here" (CO2," CO," CH4," and" NOy)" have" an"

148"

appreciable" free" tropospheric" (FT)" background" concentration" and" hence" surface"

149"

concentrations" are" modulated" with" respect" to" this" background" level." " However,"

150"

concentrations"in"the"FT"are"also"variable"on"long"timescales"as"a"result"of"seasonal"

151"

patterns" of" net" hemispheric" production" and" loss" as" well" as" short" timescales"

152"

resulting" from" the" longArange" transport" of" plumes." " Background" and" fluctuation"

153"

magnitudes" are" quantified" by" the" mean" and" standard" deviation" of" each" species"

154"

calculated" on" each" flight" day" for" altitudes" above" 2" km" and" then" consolidated" to"

155"

define"a"campaign"FT"background"(Table"1).""The"threshold"of"2"km"is"a"conservative"

156"

filter" for" FT" air" since" the" observed" potential" temperature" is" approximately" 10" K"

157"

greater"than"the"surface"in"the"SJV"and"trajectory"analysis"conducted"at"the"Langley"

158"

Research" Center" confirms" a" subsiding" air" mass" over" the" previous" 48" hours.""

159"

Background"concentrations"were"stable"during"the"first"five"flights"(16A22"January)"

"

7"
80

160"

with"less"than"0.3"ppm"change"in"the"mean"CO2"concentration.""A"slight"increase"in"

161"

CO2"and"CO"concentrations"(~1"ppm"and"~10"ppb)"was"observed"during"the"last"five"

162"

flights" (30" January" –" 6" February)" with" two" outlier" flights" RF9" and" RF12" with"

163"

concurrent" mean" CO2" (and" CO)" increases" reaching" 1.6" ppm" (29" ppb)" and" 2.2" ppm"

164"

(24" ppb)," respectively." " CH4" showed" very" little" departure" (<0.5%)" from" a"

165"

background" concentration" of" 1848" ppb" except" for" RF12" when" there" was" a" 24" ppb"

166"

increase"in"the"mean"concentration.""NOy"showed"very"little"variability"from"the"500"

167"

ppt" background" concentration," and" although" in" this" case" not" central" to" large" scale"

168"

free" tropospheric" background" variability" there" were" a" number" of" highly" localized"

169"

instances" of" NOx" rich" plumes" throughout" the" campaign" that" were" potentially"

170"

associated"with"aircraft"emissions."""

171"

All" observations" were" then" tested" against" the" FT" background" using" a" statistical"

172"

criterion.""Each"of"the"four"species"(CO2,"CO,"CH4,"and"NOy)"were"first"expressed"as"an"

173"

anomaly" (i.e." ΔXi" =" Xi" –" Xi,FT)" with" respect" to" the" campaign" FT" background" and"

174"

normalized" anomalies" (with" respect" to" the" FT" standard" deviation)" were" then"

175"

summed" in" quadrature" to" yield" a" normalized" deviation." " Observations" less" than" 3"

176"

normalized" deviations" (3σFT)" were" considered" as" FT" air" masses." " The" process" was"

177"

then" repeated" using" daily" FT" background" concentrations" and" their" respective"

178"

standard" deviations." " Finally," to" account" for" interAspecies" correlation" in" the" FT,"

179"

which"may"result"from"mixing"of"multiple"air"masses"or"longArange"plume"transport,"

180"

data"from"each"flight"sampled"above"2"km"was"reanalyzed"for"interAspecies"patterns"

181"

using" an" extension" of" the" orthogonal" distance" regression" (ODR)" method.""

182"

Observations" (>2" km)" are" again" expressed" as" normalized" anomalies" and" then"
"
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183"

regressed" against" the" 4Aspecies" principal" axis" as" derived" using" a" singular" value"

184"

decomposition"(SVD),"such"that"orthogonal"residuals"are"minimized.""When"reduced"

185"

to"twoAdimensions,"this"method"is"identical"to"the"standard"ODR"with"the"standard"

186"

deviation" of" the" observations" used" as" a" normalization." " An" aspect" ratio" (AR)" is"

187"

defined" as" the" ratio" of" the" plume" deviations" to" the" largest" deviations" in" an"

188"

orthogonal" direction" and" serves" as" a" metric" for" the" model" fit" for" the" regression"

189"

performed" in" higher" dimensions." " Analogous" to" the" FT" background," data" are"

190"

compared" against" a" threshold" 3σ" boundary," except" that" in" the" case" of" the" plume"

191"

regression,"the"hyperAsurface"defining"the"boundary"is"stretched"in"accordance"with"

192"

the"plume"axis.""Classifications"are"made"sequentially"such"that"observations"which"

193"

can" be" explained" by" the" campaign" FT" background" are" assigned" first," and" then" the"

194"

remainder" are" tested" against" the" daily" FT" background" before" finally" being" tested"

195"

against"the"FT"plume"method."

196"

Vertical" structure" of" the" classification" (Figure" 3)" confirms" that" the" majority" of" the"

197"

observations"above"2"km"are,"indeed,"well"represented"by"this"method.""Particularly"

198"

during"RF2"and"RF8"through"RF12,"the"inclusion"of"a"daily"background"improves"the"

199"

representation" of" the" FT;" however," the" distinct" lack" of" observations" which"

200"

necessitates" the" use" of" a" plume" “model”" implies" that" the" sampled" FT" was"

201"

predominantly" homogeneous" and" wellAmixed." " The" extent" to" which" FT" air" is"

202"

observed"below"2"km"is"a"measure"of"the"interaction"between"local"and"regional"BL"

203"

enhancements" and" the" FT." " During" the" first" set" of" five" flights," the" influence" of"

204"

unperturbed"FT"air"gradually"increased"reaching"a"peak"during"RF4"where"at"least"

205"

90%"of"the"observations"in"the"layer"between"1"km"and"2"km"were"FT"background.""
"
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206"

The"lowering"of"the"influence"of"unperturbed"FT"air"was"coincident"with"increasing"

207"

atmospheric"stability"at"the"top"of"the"BL"and"reduced"peak"BL"heights"suggestive"of"

208"

increased"subsidence"in"the"FT.""A"similar"pattern"was"observed"during"RF7A9,"under"

209"

similar" synoptic" conditions," although" the" variability" in" the" FT" was" a" little" more"

210"

pronounced"as"evidenced"by"the"increased"role"of"daily"backgrounds"and"plumes.""A"

211"

final"comment"in"connection"with"this"analysis"is"the"distinct"lack"of"undisturbed"FT"

212"

air"in"the"BL"which"is"not"unexpected"given"that"none"of"the"flights"were"conducted"

213"

during" a" major" clearAout" event." " However," the" FT" plume" classification" is" also" not"

214"

seen" in" the" BL" suggesting" that" FT" plume" enhancements" observed" during" the"

215"

campaign"are"not"a"result"of"local"surface"emissions."

216"

"

217"

5.(Temporal(source(patterns(

218"

FlightAspecific"statistics"of"the"enhancements"of"CO2,"CO,"CH4"and"NOy"are"shown"in"

219"

Figure" 4" for" data" that" was" not" classified" as" FT" by" the" three" designations" given" in"

220"

Section"4."""Flight"average"CO2"enhancements"reach"peaks"of"17.5"ppm"and"15"ppm"

221"

during"the"first"and"second"stagnation"events,"respectively."CO"enhancements"were"

222"

approximately" 125" ppb" and" 80" ppb" for" the" same" periods" although" the" pattern" of"

223"

respective"enhancements"was"not"consistent"between"the"two"species.""The"relative"

224"

change" in" the" bulk" enhancements" of" CO" and" CO2," as" measured" by" the" flight" mean"

225"

departure" from" the" FT" concentration," is" indicative" of" the" aggregate" effects" of"

226"

emissions," the" buildAup" of" pollutants" during" these" stagnation" periods" and" loss"

227"

mechanisms"through"valley"ventilation"and"vertical"eddy"diffusion.""The"fact"that"the"

"
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228"

CO"enhancement"drops"relative"to"CO2"is"suggestive"of"possible"changes"in"emissions"

229"

resulting" from" changes" in" meteorology" (e.g." domestic" heating" demands" during"

230"

colder" weather)." " Alternatively," surface" sinks" and" nonAcombustion" sources"

231"

associated"with"the"biosphere"may"play"a"role"even"though"this"was"not"the"growing"

232"

season.""It"is"expected"that"gross"methane"emissions"in"the"SJV"are"relatively"stable"

233"

during" the" duration" of" the" campaign" and" hence" the" concentration" pattern" of"

234"

methane"between"flights"serves"as"a"useful"indicator"of"the"effects"of"emissions"and"

235"

meteorological"loss"through"ventilation.""The"similarity"between"the"CO2"pattern"and"

236"

the" CH4" pattern" (bulk" enhancement" ratio" showed" 4.3%" variability" between" flights"

237"

based" on" geometric" statistics)" suggests" that" CO2" emissions" were" not" strongly"

238"

affected" by" the" changing" meteorology," however," combustion" patterns" and"

239"

potentially"efficiencies"were"affected."

240"

"

241"

6.(Regional(source(patterns(

242"

Five"focus"regions"are"designated"in"support"of"expected"types"of"emissions"patterns"

243"

(Figure" 1)" and" are" labeled:" Fresno" (F)," Bakersfield" (B)," Agricultural" (A)," Rural" (R),"

244"

and"Oil"fields"(O).""As"shown"in"Figure"1,"these"areas"encompass"the"majority"of"the"

245"

spiral"locations"and"low"level"transects"made"by"the"P3AB"flight"path."""

246"

Each"transect"of"a"region"is"analyzed"separately,"with"data"classified"as"FT"removed.""

247"

The" SVDAODR" method," as" described" in" Section" 4," is" applied" to" each" transect" to"

248"

determine" the" collective" linear" relationship" between" CO2," CO," CH4" and" NOy." " The"

249"

linear"relationship"provided"by"the"SVDAODR"allows"the"transect"to"be"analyzed"in"

"
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250"

terms" of" relative" enhancements" between" species" and" yields" enhancement" ratios"

251"

between"any"two"species,"however,"the"interpretation"of"this"in"terms"of"emissions"

252"

is"made"difficult"by"the"multitude"of"concurrent"processes."""

253"

An" example" at" Bakersfield" (region" B;" Figure" 5)" shows" the" four" transects" made" on"

254"

RF4"(21"January).""The"vertical"profile"(Figure"5a)"shows"the"clear"enhancement"of"

255"

CO2" observed" in" the" BL" but" there" was" significant" variability" in" the" concentration"

256"

between"transects.""In"addition,"there"was"additional"vertical"mixing"which"occurred"

257"

in"the"last"transect"(around"4pm"local"time),"which"was"not"seen"in"other"transects.""

258"

The"relationship"between"CO2"and"NOy"(Figure"5b)"shows"a"change"in"slope"for"CO2"

259"

concentrations" greater" than" 425" ppm," yet" the" linear" relationship" on" either" side" is"

260"

clearly" evident." " The" gradients" in" both" species" represent" mixing" processes"

261"

associated" with" eddy" diffusion" vertically" together" with" the" injection" of" fresh"

262"

emissions"into"a"BL"background.""The"relationship"between"CO"and"CH4"(Figure"5c)"

263"

shows" a" similar" tight" relationship" for" lower" concentrations" but" at" higher"

264"

concentrations"it"becomes"difficult"to"justify"a"linear"model.""This"is"likely"due"to"the"

265"

fact"that"the"same"BL"export"processes"are"dominating"the"lower"concentration"data"

266"

found"in"more"locally"wellAmixed"parcels,"however,"urban"sources"of"CO"and"CH4"are"

267"

not" coAemitted" or" are" coAemitted" but" in" greatly" differing" ratios" and" so" higher"

268"

concentrations"that"are"likely"closer"to"source"show"greater"departure"from"a"single"

269"

linear"fit.""Yokelson"et"al."(2013)"summarized"difficulties"in"applying"ratios"when"the"

270"

background" is" not" clearly" defined" relative" to" the" plume" air" mass" and" this" example"

271"

serves"to"confirm"this;"however,"the"interpretation"of"the"linear"SVDAODR"fit"should"

272"

be" to" capture" the" firstAorder" combined" effects" of" local" enhancements" into" a"

"
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273"

(dynamic)" BL" background" with" larger" scale" diffusion" into" the" FT" and" could" be"

274"

interpreted"as"a"measure"of"regional"scale"bulk"emissions."""

275"

The" regional" patterns" in" the" enhancements" of" CO2," CO" and" NOy" are" predominantly"

276"

influenced" by" combustion" emissions" from" onAroad" mobile" sources." " The" emission"

277"

characteristics"were"compared"between"regions"(Figure"6)"using"the"enhancement"

278"

ratios" CO:CO2" and" NOy:CO2." " The" highest" CO:CO2" ratios" were" found" within" urban"

279"

regions"(Fresno"and"Bakersfield)"with"the"lowest"associated"with"the"oil"fields.""This"

280"

reduction" is" likely" explained" by" the" presence" of" a" significant" number" of" power"

281"

plants." " Point" source" overpass" measurements" made" near" power" plants" in" Kern"

282"

County"are"also"included"in"Figure"6"and"indicate"far"higher"CO2"content.""The"peak"

283"

measured" CO2" concentration" in" a" power" plant" plume" was" 642" ppm." " NOy:CO2"

284"

includes" both" the" effect" of" combustion" temperature" and" emissions" controls." " Since"

285"

the" majority" of" the" combustion" is" associated" with" vehicles," heating" and" industrial"

286"

processes" including" power" production," the" concurrent" decrease" in" NOy:CO2" with"

287"

CO:CO2"suggests"increasing"levels"of"emission"control"for"more"efficient"combustion"

288"

mechanisms,"particularly"in"regard"to"the"Kern"County"power"plants."""

289"

The" CO:NOy" ratio" can" be" inferred" from" Figure" 6" along" diagonal" isopleths" and"

290"

suggests"relative"similarly"between"regions.""The"lowest"CO:NOy"ratio"is"found"in"the"

291"

Agricultural" region" and" is" perhaps" indicative" of" increased" use" of" diesel." " Regional"

292"

patterns" are" compared" to" the" CARB" emissions" inventory" (CARB," 2013)," which"

293"

includes" CO" and" NOx." " The" CO:NOx" emission" ratio" can" be" compared" to" the" CO:NOy"

294"

enhancement" ratio" since" NOy" concentration" is" a" more" conserved" tracer" for" NOx"

295"

emissions" because" it" accounts" for" further" oxidation" of" NOx." " This" comparison"
"
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296"

suggests"that"the"CO:NOx"is"underestimated"in"CARB"by"a"factor"of"three,"although"a"

297"

number"of"factors"may"affect"the"validity"of"this"comparison.""The"CARB"emissions"

298"

represent" an" annual" estimate" and" the" campaign" was" restricted" to" winter" where"

299"

emissions" patterns" may" be" different." " The" interaction" between" gasAphase" NOy" and"

300"

particulate"nitrate"represents"a"source"of"uncertainty"in"the"measurement"and"NOy"

301"

may" be" lost" faster" than" CO" by" deposition." " Nonetheless," the" average" CO:NOy" ratio"

302"

mesaured" in" this" study" for" urban" areas" (10.9±1.4" Fresno;" 10.4±1.6" Bakersfield)" is"

303"

similar" to" the" CO:NOy" ratio" reported" by" Anderson" et" al." (2014)" for" data" measured"

304"

during"DISCOVERAAQ"in"Maryland"(CO:NOy"="11.2±1.2),"which"is"an"area"dominated"

305"

by"vehicular"emissions.(

306"

Sources" of" methane" are" widespread" within" the" SJV" and" it" is" desirable" to" separate"

307"

agricultural" sources" from" urban" sources" and" fugitive" emissions" from" drilling" and"

308"

refining" operations." " Methane" emission" characteristics" are" assessed" by" comparing"

309"

the" CO:CH4" and" NH3:CH4" ratios" in" a" similar" manner" to" the" comparison" for"

310"

combustion" described" above." " A" separate" SVDAODR" analysis" was" conducted," using"

311"

the" NH3" concentration" measured" by" PTRAMS," which" incorporated" just" CO," CH4" and"

312"

NH3."This"was"done"because"the"NH3"was"not"available"on"some"flights"and"so"it"was"

313"

not" desirable" to" incorporate" that" impact" into" the" 4Away" SVDAODR" analysis" of" CO2,"

314"

CO,"CH4"and"NOy.""Overlapping"CO"and"CH4"in"both"analyses"allowed"a"cross"check"to"

315"

be" carried" out" for" consistency." " An" analysis" of" the" emission" characteristics" of"

316"

methane"(Figure"7)"shows"that"the"highest"CO:CH4"enhancement"ratios"occurred"in"

317"

Fresno"in"agreement"with"the"relatively"low"urban"sources"of"methane.""In"contrast,"

318"

both"region"A"and"region"O"contain"significant"CH4"emissions"associated"with"cattle"
"
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319"

and" drilling," respectively." " The" highest" NH3:CH4" enhancement" ratio" is" observed" in"

320"

region" R," which" suggests" that" there" are" local" sources" that" influence" the" local"

321"

enhancement"characteristics,"in"addition"to"the"combined"effect"of"the"other"regions.""

322"

Differences"in"agriculture"compared"with"region"A"may"explain"the"shift"between"the"

323"

two" regions" and" highlights" the" ubiquity" of" NH3" sources" across" the" SJV." " In" urban"

324"

areas," NH3" is" emitted" from" vehicles" as" a" byproduct" of" catalytic" conversion" of" NOx"

325"

(Livingston" et" al.," 2009)." NH3" was" measured" during" flights" over" Los" Angeles" by"

326"

Nowak" et" al." (2012)" and" is" shown" in" Figure" 7" as" a" NH3:CO" enhancement" ratio," for"

327"

comparison." " Likewise," Hsu" et" al." (2010)" showed" comparisons" of" urban" methane"

328"

with"CO"at"Mt."Wilson,"a"site"which"periodically"is"a"impacted"by"urban"plumes"from"

329"

the"Los"Angeles"basin."

330"

"

331"

7.(Conclusions(

332"

During"DISCOVERAAQ,"FT"concentrations"of"CO2,"CO,"CH4"and"NOy"were"found"to"be"

333"

relatively"constant"and"unperturbed"by"vertical"transport"of"local"emissions.""During"

334"

the"first"five"flights,"free"tropospheric"air"penetrated"lower"in"the"column"as"a"result"

335"

of"increased"static"stability.""This"was"repeated"during"RF6A8"during"a"second"stable"

336"

period." " During" periods" of" stagnation," the" buildAup" of" surface" pollutants" was" not"

337"

consistent" with" constant" emission" and" negligible" ventilation" assumptions,"

338"

suggesting"that"even"though"bulk"advection"is"low,"vertical"eddy"diffusion"may"still"

339"

be"a"significant"removal"mechanism."

"
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340"

Patterns"of"combustion"emissions"showed"that"during"stagnation"periods,"the"urban"

341"

CO:CO2" enhancement" ratio" decreased" and" may" be" indicative" of" combustion"

342"

sensitivity" to" air" temperature" or" differences" in" fuel" usage" (e.g." domestic" heating).""

343"

NOx"emissions"from"gas"power"plants"in"Kern"County"were"low"with"respect"to"CO2"

344"

showing"effectiveness"of"emission"control"strategies.""Enhancement"ratios"of"CO:CH4"

345"

exhibited"highest"values"in"urban"areas"and"lowest"in"agricultural"areas"due"to"the"

346"

high" levels" of" bovine" CH4." " Urban" CO:CH4" enhancement" ratios" in" Fresno" and"

347"

Bakersfield" were" found" to" be" lower" than" other" reported" measurements" in" nearby"

348"

Los"Angeles"suggesting"that"CH4"emissions"due"to"bovine"sources"are"widespread"in"

349"

the"SJV"and"readily"incorporated"into"urban"plumes."""

350"
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Table" 1:" Free" troposphere" abundance" and" variability" of" CO2," CO," CH4," and" NOy"
calculated"by"flight"and"as"a"derived"background"for"the"entire"campaign."
"
!
FLT!
1!
2!
3!
4!
5!
7!
8!
9!
11!
12!
Consol.!

431"
432"

"
"

"

!
DATE!
01/16/13!
01/18/13!
01/20/13!
01/21/13!
01/22/13!
01/30/13!
01/31/13!
02/01/13!
02/04/13!
02/06/13!
F!

CO2!(ppmv)!
Mean!
σ!
396.0!
0.20!
395.9!
0.31!
395.7!
0.34!
395.9!
0.19!
395.9!
0.21!
396.5!
0.29!
396.6!
0.33!
397.7!
0.31!
396.8!
0.30!
398.3!
0.23!
396.1!
0.41!

CO!(ppbv)!
Mean!
σ!
87.5!
1.90!
92.4!
6.64!
89.3!
1.13!
87.7!
1.42!
87.4!
1.20!
89.8!
2.59!
94.5!
6.52!
117.7!
3.09!
93.4!
3.37!
113.4!
1.91!
89.2!
3.11!

"
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CH4!(ppbv)!
Mean!
σ!
1847.8! 2.75!
1851.4! 4.84!
1847.0! 2.71!
1845.7! 2.11!
1845.6! 2.06!
1848.0! 3.46!
1848.3! 5.33!
1863.1! 3.59!
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0.49!
0.21!
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Figure"1:"Geographical"extent"of"the"flight"path"(white)"and"locations"of"ground"sites"
used" for" surface" meteorology" (purple" markers)." Designated" boundaries" of" spatial"
regions"for"Fresno"(F;"orange),"Bakersfield"(B;"blue),"Agricultural"(A;"red),"Rural"(R;"
green)"and"Oil"(O;"black)"are"also"shown."Image:"Google"Earth."
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"
Figure"2:"Surface"wind"speed"(a),"wind"direction"(b)"and"temperature"(c)"observed"
by" the" SJV" Air" Pollution" Control" District" surface" stations." " Data" shown" are" a"
composite"average"of"the"stations"shown"in"Figure"1.""Timings"of"flights"are"shown"
as"grey"bars."
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"
Figure" 3:" Vertical" distribution," in" 200" m" increments," of" the" fraction" of" sampled" air"
masses" which" are" explained" by" (i)" campaign" FT" background" (red)," (ii)" daily"
perturbed"FT"background"(blue)"and"(iii)"FT"plumes"(green)."
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"
Figure"4:"Variability"of"CO2,"CO,"CH4,"and"NOy"below"2"km"pressure"altitude"by"flight"
expressed"as"an"enhancement"over"FT"background.""Mean"enhancements"are"shown"
as"dots,"medians"as"horizontal"bars,"the"interquartile"range"(25A75%)"is"shaded"and"
the"whiskers"indicate"the"5%"and"95%"extremes."
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"
Figure"5:"Example"transect"through"the"Bakersfield"sector"(B)"during"RF4"(January"
21)"showing"(a)"vertical"profile"of"CO2"with"colors"showing"flight"time,"comparison"
of"(b)"CO2"with"NOy"and"(c)"CO"with"CH4"with"colors"showing"pressure"altitude."
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"
Figure"6:"NOy:CO2"against"CO:CO2"enhancement"ratios"clustered"by"region"using"the"
same"color"schemes"as"in"Figure"3.""Diagonal"lines"indicate"lines"of"constant"CO:NOy"
ratio."Also"shown"are"enhancement"ratios"for"power"plant"overpasses"southwest"of"
Bakersfield" (purple)" and" the" CO:NOx" emission" ratio" for" cumulative" contributions"
from"Kern,"Tulare,"Kings"and"Fresno"counties"according"to"CARB"(dark"grey)."
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"
Figure"7:"NH3:CH4"against"CO:CH4"enhancement"ratios"as"per"Figure"6.""CO:CH4"for"
Los"Angeles"urban"plumes"measured"at"Mt."Wilson"from"Hsu"et"al"(2014)"is"shown"
(grey" dash)" together" with" the" NH3:CO" enhancement" ratio" from" airborne"
measurements"over"Los"Angeles"(grey"solid,"Nowak"et"al.,"2012)"
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