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Carbonaceous particles and their organic component are
one of the major combustion by-products and they are
recognized to play a relevant role in radiative transfer, air
quality, and human health, due to their fine-submicrometric
nature. These effects are magnified by transboundary air
masses transport of natural fires plumes or anthropogenic
emissions from domestic heating and industrial activities,
affecting not only the source areas. In fact, analysis on snow
samples from different arctic sites revealed the presence
of carbonaceous particulate matter, with biomass burning
identified as responsible for more than 90% of these particles.
As a consequence of this deposition, snow albedo variations
are added to the other factors influencing Earth’s radiative
budget.

For these reasons, there is a growing interest toward
the above-mentioned arguments, but there is also a need to
assess the role of carbonaceous particles [1] and to review
the different measurements techniques, highlighting their
limitations and uncertainties [2].

The papers included in this special issue improve the
comprehension of processes involving carbonaceous particles
considering themunder different points of view because both
experimental and modeling approaches are examined.

S. Byčenkienė et al., starting from one-year continuous
aethalometer measurements of black carbon (BC) content
at a background site in Lithuania, were able to study the
transport of different air masses. In particular, air masses

from Ukraine and the volcanic plume from the Grimsvotn
eruption were characterized by estimating the alpha absorp-
tion parameter at shorter and longer wavelengths. In this way,
they demonstrate that grass burning was the major source
of carbonaceous particles in the atmosphere. Moreover, new
secondary particle formation from volcanic gas emissions,
occurred within the lower troposphere, was detected even at
a large distance from the eruption site.

Y. Aboel Fetouh et al. use long-term series of parameters
from the Tropospheric Emission Spectrometer (TES) on
board the Aura satellite to assess the dominant component
below the inversion layer. Time series analysis, autocorrela-
tions, and cross correlations were useful to understand the
connections between those parameters and their local effect.
In particular, they were able to identify different pollution
episodes known as Black Clouds over Cairo city and their
climatic origin, confirming biomass burning to be a serious
problem affecting air quality in that area.

J. L. Hand et al. aggregated OC and EC data from 2007
to 2010 at over 300 sites from the rural/remote IMPROVE
(interagency monitoring of protected visual environments)
network and the Environmental Protection Agency’s urban
chemical speciation network to characterize the spatial and
seasonal patterns in rural and urban carbonaceous aerosols.
From the interpolation of these data, they found large
spatial patterns from which local and regional impacts of
carbonaceous aerosols across the United States were inferred.
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In particular, they found urban impact the highest and
more localized in the West in winter. Eastern particulate
organic matter (POM) concentrations were the highest in the
Southeast in spring, during prescribed fires, and were more
regional during summer with a major influence of secondary
sources.

M. Ruppel et al. compared sedimentary measurements of
spheroidal carbonaceous particles (SCP), obtained from lake
sediments in Northern Europe from 1850 to 2010, to model
data from the chemistry transport model OsloCTM2. To
determine the origin of SCPs, they generated back trajectories
of air masses to the study sites. In general, they found
a good agreement between trends of SCP deposition and
modelled results but, on a smaller geographical scale, they
highlighted the lack of detailed information on air mass
transport patterns in the model, suggesting the need for
numerous observational records to reliably validate model
results.

J. Y. Lee and L. M. Hildemann studied the hygroscopic
behavior at 12∘C over aqueous bulk solutions containing
dicarboxylic acids (malonic, glutaric, and succinic). They
compared their results to Peng’s modified UNIFAC model
results. They observed systematic differences between mea-
sured and modelled hygroscopic behavior for mixtures of
dicarboxylic acids couples, over a range of concentrations.
These results suggest considering interactions between differ-
ent organic components in order to accurately model aerosol
hygroscopicity and, for this reason, furthermeasurements are
strongly requested.

A. Singh et al. measured the mass concentrations of both
black carbon (BC) and elemental carbon (EC) in the Indo-
Gangetic Plain (IGP), using both optical and thermooptical
techniques, with the objective to assess the characteristics
of BC and EC from various kinds of biomass burning
emissions. They observed BC/EC ratios greater than 1.0
during paddy-residue burning emissions associated with
high mass concentrations of EC, OC, and OC/EC ratio and
estimated the value of the Ångström exponent (𝛼), derived
from aethalometer data, that is, approximately 1.5, for the
postharvest agricultural-waste burning emissions. This value
was so far unknown for the IGP.
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We compare the mass concentrations of black carbon (BC) and elemental carbon (EC) from different emissions in the Indo-
Gangetic Plain (IGP), using optical (Aethalometer; 880 nm) and thermooptical technique (EC-OC analyzer; 678 nm), respectively.
The fractional contribution of BCmass concentrationmeasured at two different channels (370 and 880 nm), OC/EC ratio, and non-
sea-salt K+/EC ratios have been systematically monitored for representing the source characteristics of BC and EC in this study.
The mass concentrations of BC varied from 8.5 to 19.6, 2.4 to 18.2, and 2.2 to 9.4𝜇gm−3 during October-November (paddy-residue
burning emission), December–March (emission from bio- and fossil-fuel combustion) and April-May (wheat-residue burning
emission), respectively. In contrast, the mass concentrations of EC varied from 3.8 to 17.5, 2.3 to 8.9, and 2.0 to 8.8 𝜇gm−3 during
these emissions, respectively. The BC/EC ratios conspicuously greater than 1.0 have been observed during paddy-residue burning
emissions associated with high mass concentrations of EC, OC, and OC/EC ratio. The Ångström exponent (𝛼) derived from
Aethalometer data is approximately 1.5 for the postharvest agricultural-waste burning emissions, hitherto unknown for the IGP.
The mass absorption efficiency (MAE) of BC and EC centers at ∼1–4m2 g−1 and 2-3m2 g−1 during the entire study period in the
IGP.

1. Introduction

Black carbon (BC) and elemental carbon (EC) are primary
constituents of atmospheric aerosols produced from incom-
plete combustion of fossil fuel vis-à-vis biomass burning
emission [1]. The atmospheric significance of BC and EC
is due to their potential light absorption characteristics and
recognition as a driver of the global warming demands for
their spatial distribution and temporal variability records [2,
3]. Furthermore, the assessment of global climate change also
reports a large uncertainty in the estimation of aerosol radia-
tive forcing, arising mainly due to complexity in absorbing
and scattering particles characteristics [4]. In addition, the
impact of these light-absorbing aerosols on Indian summer
monsoon and heating rates of the elevated regions of the
Himalayan-Tibetan plateau has been realized [5, 6].Thus, the
records on atmospheric variability of BC as well as EC are

significantly important for assessing its impact on climate. A
couple of earlier studies suggest the assessment of the role
of organic aerosols when assessing the impact of absorbing
aerosols (BC, EC) on the radiative forcing estimations [2, 7].
To assess the characteristics of BC and EC from various kinds
of biomass burning emissions, we have conducted a campaign
from a source region in the Indo-Gangetic Plain (IGP).

The terminology of black carbon and elemental carbon
(BC, EC) has originated from their measurement technique.
The BC refers to the light-absorbing part of the carbonaceous
aerosols and is determined using optical method. In contrast,
the EC is a refractory constituent of the aerosols and is
determined using thermooptical technique under oxidizing
condition. In this study, we also adhere to this conven-
tional terminology and report that BC concentrations are
measured optically by Aethalometer at 880 nm, whereas EC
concentrations aremeasured using thermoopticalmethod on
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EC-OC analyzer at 678 nm. The optical method monitors
the attenuation of light through aerosol-loaded filter at a
given wavelength (here 880 nm by Aethalometer) and uses
a constant attenuation cross section (𝜎ATN) of 16.6m

2 g−1
to determine the BC mass concentrations. However, several
studies have addressed the issue on the spatial variability of
𝜎ATN [8–11]. In contrast, the thermooptical method (EC-OC
analyzer at 678 nm) determines the mass concentrations of
organic and elemental carbon (OC, EC) in aerosols based on
their chemical properties [10, 11].

The main objective of this study is to assess the charac-
teristics of elemental and black carbon (EC and BC) based
on their mass absorption efficiency (MAE). The fractional
contribution of BC at 370 nm and 880 nm exhibits a typical
signature of biomass burning emission during the paddy-
and wheat-residue burning. In contrast, during wintertime
the BC from mixed sources (fossil-fuel combustion and
biomass burning) is observed. A similar characteristic for
EC is also observed based on the chemical tracers such as
the OC/EC and nss-K+/EC ratios (non-sea-salt: nss-K+). Our
study shows that BC/EC ratios are conspicuously greater than
1 during the postharvest paddy-residue burning emission
(associated with relatively high concentration of EC, OC,
andOC/EC ratio). Furthermore, we document the Ångström
exponent (𝛼) for entire range (370–950 nm) utilizing the
Aethalometer data and also provide the absorption coefficient
(𝑏abs) and mass absorption efficiency (MAE: 𝜎abs) of these
absorbing aerosols (BC and EC) for the study period from
October 2008 to May 2009 in the IGP.

2. Materials and Methods

2.1. Site Description. The sampling site at Patiala (30.2∘N;
76.3∘E; 250m above mean sea level) is located upwind of
major population and industrial polluting sources in the
Indo-Gangetic Plain (IGP; Figure 1). The site is strategically
surrounded by agricultural fields (nearest distance ∼1 km)
and located in the state of Punjab, where over 84% of the
land area is in use under the cultivation [12]. The present
study has been carried out from October 2008 to May 2009.
The entire study period from October to May is subdivided
into three emission phases: October-November, referred to
as postmonsoon, is influenced by emissions from posthar-
vest paddy-residue burning; December–March, referred to
as wintertime, is dominated by emissions from biofuel
burning and fossil-fuel combustion [13]. Furthermore, the
wintertime period in the IGP is associated with shallower
atmospheric boundary layer and fog formation events. The
time period from April to May, referred to as premonsoon, is
influenced by postharvest wheat-residue burning emissions
[13]. The period from June to September (SW-monsoon) is
associated with frequent rain events that keep the ambient
atmosphere relatively clean. For further details related to the
site description, reference is made to our earlier publications
[13, 14]. The important information on the assessment of
emission budget of carbonaceous species (EC, OC, and poly-
cyclic aromatic hydrocarbons) and determination of organic

Figure 1: Map showing the sampling site at Patiala in the Indo-
Gangetic Plain (IGP) in Northern India.

mass-to-organic carbon (OM/OC) ratio for these aerosol
samples has been documented elsewhere [15, 16].

2.2. Methodology. The mass concentrations of BC from the
sampling site at Patiala were determined by an Aethalometer
(model: AE-31, Magee Scientific, USA). It monitors the
optical attenuation (absorbance) of light at sevenwavelengths
(370, 470, 520, 590, 660, 880, and 950 nm) with a typical half-
width of 20 nm [17]. However, the BC mass concentration
is assessed at 880 nm wavelength. While determining the
BC mass concentration using Aethalometer, the change in
attenuation of light passing through the filter is monitored
for a given interval of time. Assuming that BC is the only
absorbing component in the atmospheric aerosols, a linear
relationship of BC mass concentration with the change
in attenuation of light is used to determine the BC mass
concentration [8, 18]. In this study, the attenuation signal has
been integrated for 5minutes and flow rate wasmaintained at
3.4 Lmin−1. The analytical uncertainty in BC measurements
is ∼±2% (as reported in the manual). However, it has also
been reported that sometimes the BC mass concentrations
can be overestimated due to presence of other absorbing
aerosols in the atmosphere [19].More details on the analytical
technique of the Aethalometer can be found elsewhere [20,
21]. The Aethalometer uses a constant attenuation cross sec-
tion (𝜎ATN) of 16.6m

2 g−1, in determining the BC mass con-
centrations. The attenuation coefficient (𝑏ATN-AETH; Mm−1)
of BC from Aethalometer (at 880 nm) can be represented
mathematically by the following equation:

𝑏ATN-AETH = BC (𝜇g/m
3

) × 16.6 (m2/g) . (1)

For the simultaneous determination of EC mass con-
centration from the same site, the ambient aerosols with
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aerodynamic diameter less than 2.5 𝜇m (PM
2.5
) were col-

lected onto the precombusted tissuquartz filters by filtering
ambient air at a flow rate of ∼1.2m3min−1 using a high
volume sampler (Thermo Scientific). During the first phase
(October-November) of sampling, aerosols were collected
for nearly 24 h continuously, whereas, during rest of the
period, the sampling was integrated for 10–12 h for adequate
aerosol collection. The EC mass concentrations were deter-
mined from a filter aliquot (1.5 cm2 rectangular punch) using
EC-OC analyzer (model 2000, Sunset Laboratory, USA),
by NIOSH (National Institute for Occupational Safety and
Health) thermooptical transmittance (TOT) protocol [22,
23]. Briefly, employing the thermooptical method on EC-
OC analyzer, the organic carbon (OC) and elemental carbon
(EC) are oxidized to CO

2
separately, by heating the aerosol

sample in inert (helium) and oxidizing conditions (helium
+ oxygen), respectively. Subsequent conversion of CO

2
to

methane (CH
4
) by a methanator facilitates the quantification

of OC and EC using a flame ionization detector (FID). The
simultaneous monitoring of optical attenuation (ATN) from
a laser source (at 678 nm) determines the split point between
OC and EC and facilitates the correction for pyrolyzed
carbon. Duplicate analysis of aerosols (𝑛 = 45) provided
the uncertainty on OC and EC measurements to be within
±3% and ±7%, respectively [13]. Analytical accuracy in deter-
mining total carbon is assessed by analyzing known amount
of potassium hydrogen phthalate (KHP) solution (𝑛 = 16);
the average ratio of measured carbon to expected carbon is
1.05 ± 0.04 (Av ± sd). Analysis of several field-based samples
(𝑛 = 10), spiked with sucrose, further ascertained the OC-EC
split point and provides uncertainty on OC measurements
of ±10% at most. The optical attenuation (ATN, a unitless
parameter) of EC at 678 nm can be represented by the
following equation:

ATN = ln(
𝐼
0

𝐼

) . (2)

The attenuation coefficient from EC-OC analyzer
(𝑏ATN-ECOC; Mm−1) can be estimated from the ATN signal
measured at 678 nm using the following equation:

𝑏ATN-ECOC (Mm−1) = ATN × (𝐴
𝑉

) . (3)

The terms 𝐴 and 𝑉 represent the aerosol loaded tis-
suquartz filter area (400 × 10−4m2 for present study) and
volume of air filtered for each sample collection (m3), respec-
tively. The attenuation cross section (𝜎ATN-ECOC, m

2 g−1) can
be directly obtained by correcting the measured ATN signal
for shadowing effect [𝑅(ATN); explained later] and dividing
by the EC concentration per unit area of the quartz filter (EC

𝑆

in 𝜇g cm−2; surface loading of EC) as shown in the following
equation:

𝜎ATN-ECOC = (
ATN

𝑅 (ATN) ∗ EC
𝑆

) . (4)

The absorption coefficient of EC (𝑏abs-ECOC, Mm−1; 1𝑀 =
10
−6) is calculated by the following equation:

𝑏abs-ECOC = (
𝐴

𝑉

∗

ATN
𝑅 (ATN) ∗ 𝐶

) , (5)

where 𝐶 and 𝑅(ATN) are the two empirical constants to cor-
rect the measured absorption signal for multiple scattering
and shadowing effects, respectively. The value of 𝑅 = 1 and
𝐶 = 2.827 has been adopted as the correction factor for
shadowing andmultiple scattering effects for EC, respectively
[24, 25].

Furthermore, the mass absorption efficiency of EC (MAE
in m2 g−1; 𝜎abs-ECOC) is calculated by the following equation:

MAE = (
𝑏abs

EC (𝜇gm−3)
) . (6)

It is important to state here that (5) and (6) are also
applicable for BC, since filter substrate is of quartz fiber. For
Aethalometer data, the values of 𝑅 = 1 and 𝐶 = 2.355,
2.656, 2.677, 2.733, 2.827, 2.933, and 2.925 have been used for
seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm)
[24, 25].

3. Results and Discussion

Thetemporal variability records in themass concentrations of
BC and EC and the BC-to-EC ratio are shown in Figures 2(a)
and 2(b). The primary objective of this study is to assess the
characteristics of elemental and black carbon (EC and BC)
based on their mass absorption efficiency (MAE). This study
has been conducted fromanupwind site in the Indo-Gangetic
Plain. The source characteristics of BC and EC are discussed
below.

3.1. Aethalometer-Based BC. The average concentrations of
BC are 15.4, 8.5, and 4.2 𝜇gm−3 during the paddy-residue
burning emissions (October-November), bio- and fossil-fuel
combustion, and wheat-residue burning emission, respec-
tively. To assess the impact of different emission sources
on Aethalometer-based BC at the measurement site, we
have utilized a literature based approach [26, 27]. Basically,
the method utilizes the percentage difference of BC mass
concentrations measured at two different channels [i.e.,
(BC
370

–BC
880

)/BC
880

]. The positive ratio is indicator for the
dominant contribution of biomass burning emissions [26].
Whereas, the negative ratio suggests for the dominant con-
tribution of fossil-fuel combustion sources [27]. In our study,
as evident from Figure 2(c), the (BC

370
–BC
880

)/BC
880

ratio
is positive for almost all the data points during the paddy-
residue burning emission (October-November) and wheat-
residue burning emission (April-May). During wintertime
(December–March), this ratio varying between positive and
negative indicates for the mixed contribution from fossil-
fuel combustion sources and biomass burning emissions to
BC mass concentration. A recent study has also estimated
the percentage difference of BC mass concentration at two
different stations during wintertime in India namely Delhi
and Manora peak [28]. Their study reports positive ratio of
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Figure 2: Temporal variability in the: (a) mass concentrations of BC
and EC; (b) BC-to-EC ratio and; (c) percentage contribution of BC
measured at 370 nm and 880 nm for different emissions during the
study period from October 2008 to May 2009.

(BC
370

–BC
880

)/BC
880

at both the stations during wintertime
and attributes to dominant contribution of biomass burning
emissions.

The variation of spectral absorption coefficient (𝑏abs)
of BC during different emissions is shown in Figure 3. A
power law is preferentially used to express the wavelength (𝜆)
dependence of absorption coefficient (𝑏abs), as follows:

𝑏abs ∝ 𝜆
−𝛼

. (7)
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Figure 3: The spectral variation of averaged absorption coefficient
(𝑏abs) of BC during different emissions in this study.

The Ångström exponent (𝛼) is determined empirically
using the Aethalometer based 𝑏abs at multiwavelength (370–
950 nm), from the power law (7), serving for comparisonwith
other studies. In this study, the value of 𝛼 is found to be
1.52 for paddy-residue burning emission, 1.25 for emissions
from bio- and fossil-fuel combustion, and 1.32 from the
wheat-residue burning emission in the Indo-Gangetic Plain.
This information is hitherto unknown in the literature. In
an earlier study [29], the authors report 𝛼 value of 1.02
from a downwind location at Kanpur in the IGP. Another
study distinguishes aerosol source based on differences in
the wavelength dependence in light absorption [30]. The
study reports for light absorption varying approximately as
𝜆
−1 (weak wavelength dependence) by the vehicular aerosols,

indicating for BC to be the dominant absorbing component.
In contrast, the aerosols from savanna biomass burning were
found to have much stronger wavelength dependence, nearly
𝜆
−2 [30]. Literature based values suggest that 𝛼 varies from

1 to 2.9 for BC derived from residential bio-fuel [31]. From
our study in the Indo-Gangetic Plain, we document that
light absorption by aerosol from postharvest agricultural-
waste burning emissions exhibits wavelength dependence of
approximately 𝜆−1.5.

3.2. EC-OC Analyzer Based EC. The organic carbon (OC)
and non-sea-salt potassium (nss-K+, a tracer of the biomass
burning emission; Table 1) have been determined to assess
diagnostic ratios of OC/EC and nss-K+/EC in these emis-
sions. The K+ concentrations measured in aerosols using
Ion-Chromatograph [23] have been corrected for the con-
tribution from sea salts using the Na+ tracer method and
represented as nss-K+ [32]. The PM

2.5
concentrations varied

from 110 to 390 𝜇gm−3 during October-November during
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Table 1: Ambient concentration and optical characteristics of black carbon (BC) and elemental carbon (EC) from different emissions in the
Indo-Gangetic Plain (IGP).

Concentration Paddy-residue burning Bio- and fossil-fuel combustion Wheat-residue burning
(𝜇gm−3) (October-November; 𝑛 = 33) (December–March; 𝑛 = 28) (April-May; 𝑛 = 10)
BC 8.5–19.6 (15.4 ± 3.0) 2.4–18.2 (8.5 ± 3.9) 2.2–9.4 (4.2 ± 2.7)
EC 3.8–17.5 (7.3 ± 2.7) 2.3–8.9 (5.3 ± 1.6) 2.0–8.8 (3.9 ± 2.6)

Characteristic ratios [range (Arithmetic average ± stdev)]
OC/EC 4.6–25.7 (13.0 ± 4.6) 1.9–10.1 (5.6 ± 2.1) 2.5–6.5 (4.0 ± 1.1)
nss-K+/EC 0.2–2.0 (0.8 ± 0.4) 0.1–0.8 (0.3 ± 0.2) 0.2–0.8 (0.4 ± 0.2)
BC/EC 1.0–3.4 (2.2 ± 0.6) 0.9–2.9 (1.6 ± 0.6) 0.8–1.2 (1.0 ± 0.1)
𝑏abs-AETH (at 880 nm) 8–18 (13 ± 3) 7–64 (27 ± 17) 11–28 (16 ± 6)
𝑏abs-ECOC (corrected for 880 nm) 8–55 (15 ± 9) 8–28 (15 ± 5) 7–20 (13 ± 5)
𝑏abs-AETH/𝑏abs-ECOC 0.3–1.6 (1.0 ± 0.3) 0.3–5.7 (2.0 ± 1.6) 1.0–1.5 (1.2 ± 0.2)

the postharvest paddy-residue burning emissions and 18
to 123 𝜇gm−3 during the wheat-residue burning emissions
(April-May). The average concentration of OC is 92 𝜇gm−3
during the paddy-residue burning emission and 15 𝜇gm−3
during the wheat-residue burning emission. The PM

2.5
con-

centrations varied from 33 to 220𝜇gm−3 andOC varied from
9 to 58𝜇gm−3 during the bio- and fossil-fuel combustion
period (December–March). The average concentrations of
EC are 7.3, 5.3, and 3.9 𝜇gm−3 during October-November,
December–March, and April-May, respectively (Table 1).The
OC/EC ratio varied from 4.6 to 25.7 (Av: 13.0) during
paddy-residue burning emission, 1.9 to 10.1 (Av: 5.6) during
bio- and fossil-fuel combustion, and 2.5 to 6.5 (Av: 4.0)
for the wheat-residue burning emission. The large temporal
variability in the concentrations of particulate species and
OC/EC ratio during the first (October-November: paddy-
residue burning period) and third emission periods (April-
May: wheat-residue burning) is attributable to the difference
in the type of two biomass burning emissions and their source
strength. Furthermore, the moisture contents in the two
biomasses burned are also significantly different: moisture
content of paddy-residue is 40–50% and wheat-residue is
<5% [13]. However, during December–March, the variability
in OC/EC ratio is attributable to varying contributions from
bio-fuel burning emission and fossil-fuel combustion sources
in the Indo-Gangetic Plain. Furthermore, the nss-K+/EC
ratio varied from 0.2 to 2.0 (Av: 0.8), 0.1 to 0.8 (Av: 0.3),
and 0.2 to 0.8 (Av: 0.4) during these emissions. The K+/EC
ratios varying from ∼0.1 to 0.6 have been reported earlier
for characterization of different kinds of biomass burning
emissions [33]. In this study, the nss-K+/EC average ratio
of ∼0.4–0.8 is suggested to represent the biomass burning
emissions in the Indo-Gangetic Plain.

3.3. Intercomparison of BC and EC. The mass concen-
trations of BC and EC varied from 2.2 to 19.6𝜇gm−3
and from 2.0 to 17.5 𝜇gm−3, respectively, during the entire
study period from October 2008 to May 2009. The mass
concentrations of BC and EC exhibit near similar trends
in seasonal variability with maximum during the paddy-
residue burning and minimum during the wheat-residue

burning emission. However, a significant difference in the
concentrations of BC and EC measured by two different
techniques was observed, in particular, during the paddy-
residue burning emission (October-November). The dif-
ference between mass concentrations of BC and EC was
relatively low (compared to paddy-residue burning) during
wintertime (December–March), when emissions from bio-
fuel burning and fossil-fuel combustion dominate in the
Indo-Gangetic Plain (Table 1). Thus overall, during these two
emission scenarios, the BC mass concentrations were always
higher than the EC concentrations. In sharp contrast, the
mass concentrations of BC and EC were quite similar during
the wheat-residue burning period (April-May). The BC-to-
EC ratio was 2.2 ± 0.6 during paddy-residue burning period,
1.6 ± 0.6 during emissions from bio-fuel burning and fossil-
fuel combustion, and approach to unity (1.0±0.1) during the
wheat-residue burning period (Figure 2(b)). An earlier study
[34] has suggested that the NIOSH type protocol operated at
850∘C during the OC-EC split could lead to underestimation
of EC up to ∼25%. It is noteworthy tomention that even after
correcting themeasured concentration of EC by 25%, the BC-
to-EC ratio becomes 1.8 ± 0.5, 1.2 ± 0.5, and 0.8 ± 0.1 during
the aforementioned three consecutive emissions. Thus, the
BC/EC ratios conspicuously greater than 1 in particular
during paddy-residue burning emissions suggest assessing
the contribution of light-absorbing organic aerosols in the
IGP.

The scatter plots between BC/EC and OC/EC ratios
are shown for different emissions in the IGP (Figures 4(a),
4(b), and 4(c)). During the paddy-residue burning emission
(October-November), whenOC/EC average ratio is 13.0±4.6
[average OC: 92 𝜇gm−3; EC: 7.3 𝜇gm−3], the BC/EC average
ratio is 2.2 ± 0.6 (𝑅 = 0.49; 𝑃 < 0.01, Figure 4(a)). During
wintertime (December–March), when emission from bio-
fuel burning and fossil-fuel combustion is dominant source
of carbonaceous aerosols in the IGP, the OC/EC average ratio
is 5.6 ± 2.1 [average OC: 29 𝜇gm−3; EC: 5.3 𝜇gm−3] and the
BC/EC average ratio is 1.6 ± 0.6 (𝑅 = 0.90; 𝑃 < 0.01,
Figure 4(b)). However, during the wheat-residue burning
period (April-May; Figure 4(c)), when OC/EC average ratio
is 4.0 ± 1.1 [average OC: 15 𝜇gm−3; EC: 3.9 𝜇gm−3], the
BC/EC average ratio is 1.0 ± 0.1 (Table 1). Our investigations



6 Advances in Meteorology

0 5 10 15 20
0

1

2

3

4

OC/EC ratio

R = 0.49 (P < 0.01)

BC
/E

C 
ra

tio

(a)

0 2 4 6 8 10 12

BC
/E

C 
ra

tio

0

1

2

3

4

OC/EC ratio

R = 0.90 (P < 0.01)

(b)

OC/EC ratio
0 1 2 3 4 5 6 7

0

1

2

3

4

BC
/E

C 
ra

tio

(c)

Figure 4: Scatter plots between the BC/EC ratio and OC/EC ratio during: (a) paddy-residue burning emission (October-November);
(b) biofuel burning emission and fossil-fuel combustion (December–March); and (c) wheat-residue burning emission (April-May).

on comparing the mass concentrations of BC and EC during
different emissions in the IGP suggest for relatively large
difference between the two, by a factor of 2-3, when the
mass concentrations of particulateOC, EC, andOC/EC ratios
are relatively high (paddy-residue burning). In contrast,
the Aethalometer-based BC and EC-OC analyzer based EC
concentrations look quite similar when OC concentrations
are less than 20𝜇gm−3 and OC/EC ratio is ∼2–4. In future,
studies would be required to assess and address to the
variability records of light-absorbing organic aerosol species
from these large-scale biomass burning emissions in the IGP
[2, 30].

The optical attenuation (ATN at 678 nm) from EC-OC
analyzer is utilized to determine the attenuation cross section
(𝜎ATN-ECOC) during different emissions in the IGP.The scatter
plot between the optical attenuation (ATN) andEC

𝑠
(𝜇g/cm2)

during three different emissions exhibits a linear dependence
with significant correlations (𝑅 ≥ 0.74, 𝑃 < 0.01;
Figures 5(a), 5(b), and 5(c)). The slope of regression line for
different emissions provides the attenuation cross section of
EC. Accordingly, the attenuation cross section (𝜎ATN-ECOC at
678 nm) values are 7.2 ± 0.4m2 g−1; 8.9 ± 0.8m2 g−1, and
9.1 ± 0.7m2 g−1 for the paddy-residue burning emission
(October-November), for emissions from bio-fuel burning
and fossil-fuel combustion (December–March) and wheat-
residue burning emission (April-May; Figures 5(a), 5(b), and

5(c)). After normalization at 880 nm the 𝜎ATN-ECOC values are
4.8 ± 0.3m2 g−1; 6.4 ± 0.6m2 g−1;and 6.4 ± 0.5m2 g−1 for the
paddy-residue burning emission (October-November), for
emissions from bio-fuel burning and fossil-fuel combustion
(December–March) and wheat-residue burning emission
(April-May), respectively. It is remarkable that all these values
(𝜎ATN-ECOC, at 880 nm) are ∼30–40% of the attenuation cross
section used in Aethalometer for the determination of BC
mass concentration.

3.4. Absorption Coefficient and Mass Absorption Efficiency
of EC and BC. Absorption coefficient of BC (𝑏abs-AETH )
as well as EC (𝑏abs-ECOC) is the essential input parameters
involved in the direct radiative forcing calculations. It is
important to mention that the filter-based absorption tech-
nique yields systematic error in the optical attenuation (ATN)
[9, 35]. In this context, suggestions from earlier studies to
incorporate the corrections due to multiple scattering and
shadowing effects have been applied [24, 25]. The 𝑏abs-AETH
(at 880 nm) are ranging from 8–18 (13 ± 3)Mm−1, 7–64
(27 ± 17)Mm−1, and 11–28 (16 ± 6)Mm−1 during the paddy-
residue burning emission, bio-fuel burning emission and
fossil-fuel combustion, and wheat-residue burning emission,
respectively (Table 1). The 𝑏abs-ECOC (at 678 nm) are ranging
from 11–82 (22 ± 14)Mm−1, 12–38 (21 ± 7)Mm−1, and
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Figure 5: Attenuation cross section of EC at 678 nm (𝜎ATN-ECOC inm
2 g−1) during: (a) paddy-residue burning emission (October-November);

(b) emissions from biofuel burning and fossil-fuel combustion (December–March); and (c) wheat-residue burning emission (April-May).

9–29 (18 ± 6)Mm−1 during the paddy-residue burning
emission (October-November), bio-fuel burning emission
and fossil-fuel combustion (December–March), and wheat-
residue burning emission (April-May), respectively. Normal-
ized to 880 nm, 𝑏abs-ECOC (at 880 nm) are ranging from 8–
55 (15 ± 9)Mm−1, 8–28 (15 ± 5)Mm−1, and 7–20 (13 ±
5)Mm−1 during the paddy-residue burning emission, bio-
fuel burning emission and fossil-fuel combustion, andwheat-
residue burning emission, respectively. Relatively high values
of 𝑏abs-ECOC (as high as 55Mm−1) during the paddy-residue
burning emission (during October-November) indicate the
high light absorption characteristics of EC in the ambient air
during this period as compared to those during the other
emissions, assessed in this study (wheat-residue burning
during April-May and bio- and fossil-fuel combustion during
December–March). The average ratio of 𝑏abs-AETH/𝑏abs-ECOC
(at 880 nm) for the postharvest paddy- and wheat-residue
burning emissions is close to 1. In sharp contrast, this ratio
is ∼2 for emissions from bio- and fossil-fuel combustion in
the IGP. The Aethalometer based mass absorption efficiency
(MAE) of BC (at 880 nm) is 0.9 ± 0.1m2 g−1, 3.5 ± 2.2m2 g−1,
and 4.4 ± 1.3m2 g−1 during paddy-residue burning emission,
bio-fuel burning emission and fossil-fuel combustion, and
wheat-residue burning emission. The MAE (at 678 nm) of
EC has been determined by the linear regression analysis
between absorption coefficients (𝑏abs; Mm−1) and EC mass

concentration (𝜇gm−3). The slope of regression line gives
the MAE for different emissions impacting the sampling site.
Accordingly, the MAE of EC (at 678 nm) are 3.0 ± 0.8m2 g−1
(𝑅 = 0.57,𝑃 < 0.01), 3.8±0.8m2 g−1 (𝑅 = 0.78,𝑃 < 0.01), and
4.1 ± 0.4m2 g−1 (𝑅 = 0.93, 𝑃 < 0.01) during paddy-residue
burning emission (October-November), bio-fuel burning
emission and fossil-fuel combustion (December–March),
and wheat-residue burning emission (April-May). Normaliz-
ing to 880 nm, theMAE of EC (at 880 nm) are 2.0±0.5m2 g−1
(𝑅 = 0.57,𝑃 < 0.01), 2.7±0.6m2 g−1 (𝑅 = 0.78,𝑃 < 0.01), and
2.9 ± 0.3m2 g−1 (𝑅 = 0.93, 𝑃 < 0.01) during paddy-residue
burning emission, bio-fuel burning emission and fossil-fuel
combustion, and wheat-residue burning emission (Figure 6).
The literature based values on MAE of EC suggest for a wide
range, varying from 2 to 25m2 g−1, depending on its emission
source and mixing state of EC [9, 18, 36, 37]. For example,
[18] has reported a value of 7.5 ± 1.2m2 g−1 (at 550 nm), for
the uncoated soot particles. Furthermore, the freshly emitted
particles coexist as external mixture of light scattering and
absorbing (EC) components [38, 39]. Subsequently, during
the course of transport away from its emission source, these
aerosols undergo internal mixing. Towards this, the global
simulation models suggest that in ∼1–5 days, the EC can be
internally mixed with other aerosols [3]. After mixing, the
physicochemical characteristics of pure EC will no longer be
retained, due to the coating of other aerosols such as sulfate
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Figure 6: Mass absorption efficiency (MAE; m2 g−1) of EC at
880 nm during different emissions in Northern India.

and organics. The MAE of coated-EC has been reported to
be relatively high as compared to that for the uncoated EC
[40]. The plausible mechanism for enhancement in the MAE
of EC due to coating is widely referred to as the lensing effect,
focusing the light into core of EC. In this study, we report
the MAE of EC (at 880 nm) from two distinct postharvest
biomass burning emissions (paddy-residue burning: 2.0 ±
0.5m2 g−1; wheat-residue burning: 2.9 ± 0.3m2 g−1) and
during the emissions from bio- and fossil-fuel combustion
(MAE: 2.7 ± 0.6m2 g−1; December–March). A near similar
MAE of EC varying from 3.0 to 6.8m2 g−1 at 632 nm from
biomass burning emissions had also been reported earlier
[41]. In contrast, the MAE from diesel exhaust has been
found relatively high (Av: 8.4m2 g−1) [41]. Thus, the MAE of
EC centering at 2.7m2 g−1 during December–March period
suggests that biomass burning emission is the dominant
source of EC. However, future studies are needed in order to
assess the impact of mixing state on the MAE of BC and EC
in the Indo-Gangetic Plain.

4. Summary

This study has been carried out from October 2008 to May
2009 at Patiala, an upwind location in the Indo-Gangetic
Plain (Northern India). The important conclusions drawn
from this study are as follows.

(1) The OC/EC ratio varying from 4.6 to 25.7 (Av
± sd: 13.0 ± 4.6) and nss-K+/EC ratio varying
from 0.2 to 2.0 (0.8 ± 0.4) have been recorded
from the postharvest paddy-residue burning emis-
sion (October-November). In contrast, during the

postharvest wheat-residue burning emission during
April-May, the OC/EC ratio varied from 2.5 to 6.5
(Av ± sd: 4.0 ± 1.1) and nss-K+/EC ratio varied from
0.2 to 0.8 (0.4 ± 0.2). Furthermore, the inference on
dominance of biomass burning emissions during the
period from December to March has been made,
using the nss-K+/EC ratio (chemical tracer) of 0.3±0.2
(range: 0.1–0.8) in conjunction with the OC/EC ratio
of 5.6 ± 2.1 (range: 1.9–10.1).

(2) Overall, the BC mass concentrations varied from 2 to
20𝜇gm−3, and the EC concentrations varied from2 to
18 𝜇gm−3. The BC/EC ratios are significantly higher
(2.2 ± 0.6) during the postharvest paddy-residue
burning emission (October-November), decrease to
1.6 ± 0.6 during emissions from bio-fuel burning
and fossil-fuel combustion (December–March) and
1.0 ± 0.1 during the wheat-residue burning emission
(April-May).

(3) The BC/EC ratios conspicuously greater than 1
have been observed during paddy-residue burning
emission (October-November), associated with high
abundance of EC,OC, andOC/EC ratio.This suggests
assessing the contribution of light-absorbing organic
aerosol species.

(4) The light absorption by aerosol from postharvest
agricultural-waste (paddy- and wheat-residue) burn-
ing emissions exhibits wavelength dependence of
approximately 𝜆−1.5.

(5) The attenuation cross section (𝜎ATN-ECOC) inferred
from EC-OC analyzer at 880 nm is ∼30–40% lower
than that used in the Aethalometer.

(6) The mass absorption efficiency (MAE; 𝜎abs) of EC at
880 nm is 2.0 ± 0.6m2 g−1, 2.7 ± 0.6m2 g−1, and 2.9 ±
0.3m2 g−1 during paddy-residue burning, emissions
from bio-fuel burning and fossil-fuel combustion,
and wheat-residue burning emission, respectively.
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The Nile Delta major cities, particularly Cairo, experienced stagnant air pollution episodes, known as Black Cloud, every year over
the past decade during autumn. Low-elevated thermal inversion layers play a crucial role in intensifying pollution impacts. Carbon
monoxide, ozone, atmospheric temperature, water vapor, andmethanemeasurements from the tropospheric emission spectrometer
(TES) on board the Aura have been used to assess the dominant component below the inversion layer. In this study, time series
analysis, autocorrelations, and cross correlations are performed to gain a better understanding of the connections between those
parameters and their local effect. Satellite-based data were obtained for the years 2005–2010. The parameters mentioned were
investigated throughout the whole year in order to study the possible episodes that take place in addition to their change from
year to year. Ozone and carbon monoxide were the two major indicators to the most basic episodes that occur over Cairo and the
Delta region.

1. Introduction

Identifying the origin (natural versus anthropogenic) and
dynamics of aerosols over different regions at varying tem-
poral and spatial scales will provide more knowledge on
impacts of aerosols on the regional climate and the ultimate
connections to the Earth’s global climate system [1]. Over
the last decade, aerosols have been studied quantitatively
regionally and globally using satellite remote sensing and
modeling. Such studies proved to be very useful in climate
studies [2, 3]. The Mediterranean basin aerosols originate
from a variety of sources, which are either natural (sea salts,
desert dust) or anthropogenic (local sources) due to the
increasing urbanization and industrialization, as well as long-
range transport [4–6]. At regional scale, the Mediterranean
is exposed to air pollution with levels exceeding the typical
air-quality standards. This is particularly true for the Delta
region, being at the crossroads of different aerosol species

originating from local urban-industrial and biomass-burning
activities, regional dust sources, and European pollution from
the north [7–9].

Over the past decade Cairo, Egypt, located at a longitude
of 31∘13 and latitude of 30.2∘, the largest city of Africa and
one of the world’s megacities with a population of more
than 20 million people and more than one third of the
national industry, has been suffering frommajor air pollution
problems. Cairo and the Greater Delta region have recorded
much higher air pollution episodes as compared to the
past few decades. As a result, it is also one of the most
air-polluted megacities in the world [10]. This is a normal
consequence of Egypt’s accelerated economic growth over
the past three decades. A growing population has increased
the polluting human activities that include fuel combustion,
and polluting factories such as in the cement industry that
tries to keep up with the needs of the growing population.
In addition to the city’s economic growth, Cairo’s location,
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topography, and complex climate systems play vital roles in
the presence of these episodes [11–13]. Its location subjects
it to blown sand and dust from the western desert (since
Egypt is 90% desert), air pollutants transported from Europe,
emissions of atmospheric constituents from Africa, and the
effect of trade winds that diminish over the Mediterranean
during the Black Cloud episodes. It is thought that “black
cloud” pollution episodes occur only over Cairo and are due
to local emissions. However, it was found that emissions
from the surrounding cities and regions are contributing
to Cairo’s pollution [14]. The low topography of Cairo,
bounded by Giza (western highlands) andMokatam (eastern
highlands), confines the pollutants and suppresses themotion
of suspended particulates, especially in September through
November when wind currents are weak [15]. Hence, wind
patterns and humidity influence the behavior of air pollutants
and must be considered [12].

Aerosol sources, types, and trajectories over the Nile
Delta are complex and so is its meteorology. The worst
air quality conditions over Cairo and its environs occur
in the fall season [12, 16]. This high-pollution season is
locally referred to as the “black cloud” phenomenon, during
which the region suffers from high ambient concentrations of
atmospheric pollutants including particulates (PM), carbon
monoxide, nitrogen oxides, ozone, and sulfur dioxide [17–
20]. During winter, the climate is generally cold and rainy
while hot and dry in the summer; hence, the city witnesses
significant climatological impacts on the public health [21].
On the other hand, Alexandria, a Mediterranean city, has
a more appealing climate but is the largest industrial city,
with ∼55% of the total Egyptian industry. Alexandria suffers
from pollution episodes, which are, however, still not as
intense as those usually observed over Cairo. It was revealed
that Cairo’s and Alexandria’s aerosols include “background
pollution,” “pollution-like,” and “dust-like” components [19,
20]. Generally speaking, Egypt is influenced by the regional-
scale trade wind system which is enhanced during the warm
season and results in winds over Egypt from the North
supported by sea breezes along the Mediterranean coastline
[5, 6, 20]. During autumn, aerosols originating from biomass
burning from agricultural fields within the Nile Delta add
to the area’s anthropogenic aerosols and to bigger pollution
events.

The published literature attributes the increased pollution
levels over Cairo and the Nile Delta region during the black
cloud season to emissions from biomass or open burning
of agricultural waste and from vehicles, industries, and
formation of secondary aerosols [12, 13, 16–19, 22–28]. Major
contributors to PM10 over Cairo include, mobile source
emissions, and open burning, while the PM2.5 tended to
be dominated by mobile source emission, open burning,
and secondary species [18]. Such episodes of pollution over
densely populated cities such as Cairo severely impact public
health [21], with potential adverse consequences, not only for
the residents but also for the millions of visitors that tour this
region annually, particularly from Europe, North America,
and Japan. Identifying correct sources of aerosols is important
not only for public health reasons but also for assessing their
effect on the regional climate.

It is noteworthy that transport processes on a seasonal
scale in the African upper troposphere are driven by Hadley
meridional circulation which is strong during winter. In the
summer, the pollutant transport is from the east, a result
of the Asian monsoon anticyclone in April and May. Dur-
ing Africa’s Northern Hemisphere monsoon season, ozone
precursors generated from biomass burning in the south
are transported to the Intertropical Convergence Zone and
they change the composition of Africa’s upper troposphere
[29]. Smoke or air pollution concentrations are the highest
with low wind speeds, low vertical turbulence, temperature
inversions, and high humidity [30]. Therefore, it can be seen
that the North African/East Mediterranean troposphere is a
crossroad to various transport processes both on regional and
intercontinental scales. A study on this pollution crossroad
showed that pollution generated by Asia can be transported
towards Africa by the anticyclone flow of the Asian summer
monsoon [29].

2. Data and Methodology

Monitoring by new tropospheric satellite sensors is playing
an increasingly important role in explaining chemistry and
transport processes in the lower atmosphere [31]. Data from
the Tropospheric Emission Spectroradiometer (TES) aboard
the NASA satellite Aura, have been used in scientific analysis
since 2006. The TES was found to be unique in providing
multiyear coincident tropospheric profiles of CO, O

3
, and

H
2
O. TES retrievals of ozone, temperature, and water vapor

were compared to model fields from Global Modeling and
Assimilation Office (GMAO). Temperature retrievals from
the Atmospheric Infrared Sounder (AIRS), tropospheric
ozone columns from Goddard Earth Observing System
(GEOS), and ozone retrievals from Total Ozone Monitoring
System (TOMS) were also compared and the results showed
no biases [32]. In 2007, TES nadir observations were com-
paredwith nearly coincident spectral radiancemeasurements
from AIRS on Aqua, and special scanning high-resolution
interferometer sounder (SHIS) positively validated these TES
measurements [33]. TES data have also been used in studying
the effect of the 2006 El Nino over Indonesia [34, 35]. The
Atmospheric Chemistry Experiment (ACE) measurements
were used, and it was found that the vertical profiles agree
with those from the TES [34]. TES transect observations
were applied in addition to the TES standard products to
study low tropospheric ammonia andmethanol over andnear
Beijing in northeast China [36]. This was the first time that
these molecules were detected in space-based nadir viewing
measurements penetrating in the lower atmosphere. Ozone
concentrations fromTESwere used to examine themigration
of high ozone over the western North Atlantic [37].

The objective of this paper is to report the results of
a study investigating satellite-based TES observations of
indicators contributing to air pollution episodes in Cairo,
Egypt. TES and the Aura satellite are part of the Earth
Observing System (EOS), a coordinated series of polar-
orbiting and low-inclination satellites [37]. Aura, launched on
July 15, 2004, was designed to record lower stratosphere and
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upper troposphere compositions to study the atmosphere’s
chemistry and dynamics [38]. Data from the Aura mission
are useful when studying ozone trends, air quality, and links
to climate change [39].The TES, an infrared, high-resolution,
Fourier Transform spectrometerwith a spectral range of 650–
3050 cm−1 (3.3–15.4 𝜇) and a spatial resolution of 0.1 cm−1
nadir viewing and 0.025 cm−1 limb, is designed to measure
the global, vertical distribution of tropospheric ozone and
its precursors, such as carbon monoxide, with high precision
[34]. In cloud-free conditions, the vertical resolution of TES
nadir ozone estimates is about 6 km with sensitivity to both
the lower and upper tropospheres [40].

The TES parameters considered in this study are atmo-
spheric temperature (TATM), ozone (O

3
), carbon monoxide

(CO),methane (CH
4
), andwater vapor (H

2
O).COand ozone

are two pollutants used by the US Environmental Protection
Agency (EPA) to monitor air quality and are measured
globally and simultaneously by the TES instrument [34].
TES data for CO, methane, ozone, atmospheric temperature,
and water vapor were collected for study from 2005 to 2010
using the Giovanni website.These unique data sets of vertical
estimates of ozone and the key signature of pollution, carbon
monoxide are available fromTES. Vertical profiles can help in
unraveling the processes that have a role in the redistribution
of ozone [41]. A time series is first done to see when the
highest values of CO, ozone, and methane occur. Data for
these specific days corresponding to the high values are then
presented in vertical profiles. Units for the values below are
in volume mixing ratio (VMR).

3. TES Data Analysis

3.1. Vertical Profiles. The vertical distribution of ozone is
crucial in Earth’s atmosphere since the ozone filters out
biodamaging ultraviolet (UV) light (wavelength <280 nm)
in the stratosphere, acts as a greenhouse gas in the upper
troposphere, regulates the oxidation capacity of the lower
atmosphere, and affects the air quality for humans and vege-
tation near the Earth’s surface [42]. On the other hand, atmo-
spheric carbon monoxide (CO) distributions are controlled
by anthropogenic emissions, biomass burning, transport,
and oxidation by reaction with the hydroxyl radical (OH).
Hence, vertical profile distributions of CO are important for
understanding changes related to all of these contributions
[43]. Figure 1 shows three graphs for the five parameters
during the summer June-July season during 3 different years
2005, 2006, and 2007.

In Figure 1, the gradient of atmospheric temperature is
small. Ozone increases with altitude, perhaps an indication of
abnormal conditions or the presence of abrupt temperature
changes. In short, there is an absence of the “normal”
situation during the summer season. Vertical Profiles for
chosen dates, during the Black Cloud episode (October-
November), are shown in Figure 2.

During the black cloud episode, CO levels indicate the
presence of pollution. Levels of CO were also high in the the
dust season, March through April. The presence of methane,
water vapor, and other greenhouse gases such as carbon

dioxide in the Cairo atmosphere heat, the air creates an
inversion aloft and conspire to trap pollutants below. Aerosols
were found to peak during March and June due to mineral
dust, part of the mix transported into Cairo [27] from the
Sahara desert.

It is clear from this evidence that meteorological factors,
coinciding with Cairo’s pollution and heat-island conditions
make the analysis a complicated process. However, the
available literature leads us into profitable directions: increase
in Ozone during the summer is mostly a result of trans-
boundary transport from Europe [44]; carbon monoxide
increases are a result of pollution and the effect of Sahara
cyclones (Khamsin) or the Saharan depression that increases
dust and aerosols during the same time period [16].

3.2. CO and Ozone Time Series. Figures 3 and 4 show the
trend of ozone and carbon monoxide levels at four different
pressure levels: 100 hPa, 908 hPa, 825 hPa, and 749 hPa over
the year 2007.

Many peaks can be observed throughout the year. Oscil-
lations are clear during February, July-August, and October-
November. Ozone is at its highest levels during the summer
season.This is mainly attributed to long range transport from
Europe [44]. Recent studies in 3D atmospheric chemistry
and transport models suggest that the photochemical ozone
formation from biomass burning may be less important than
it was indicated in previous studies and that biomass burning
may not be the main cause for an increase in tropospheric
ozone [45, 46].

Studying the tropospheric ozone using aerosol index
and tropospheric column ozone (TCO) time series, a TCO
peak was noted over North Africa in the September through
November time period and a minimum during early spring
(February and March) [45, 46]. It was found that the
photochemical smog occurs during the summer season and
VOCs play an important role in the formation of ground level
ozone, photochemical oxidants, and smog episodes [47]. In
our case, October-November period in Egypt represents the
black cloud season when the burning of rice straw increases
Cairo’s pollution; however, a high aerosol peak is found
during March 2007 at the pressure level of 825 hPa.

Pollution peaks are clearly present in February, March,
and April, 2007, reaching as high as 2.08E-7 vmr in March.
Oscillations in concentration occurred throughout 2007 and
were typical in 2006 as well (not shown here). High levels
of carbon monoxide in March and April coincide with the
presence of the dust season or Khamsin coming from the
western desert. The high levels appearing during October
and December of 2007 could be a cause of the Black Cloud
episode.

Using trajectory analysis and satellite observations from
MOPITT CO over the East/Japan Sea (level 2 data with 10%
precision for April 2000) for a case study in northeast Asia, it
was shown that regional pollution and biomass burning play
important roles in raising carbon monoxide concentrations
[48].

Figure 5 shows the Aerosol Optical Depth (AOD)
obtained from MODIS and the atmospheric temperature
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Figure 1: Vertical profiles of TES-derived parameters for selected summer months and days during 2005, 2006, and 2007.

observations from TES at 908 hPa. High AOD values were
found on 14/9/05, 25/3/06, 31/7/06, 16/8/06, 13/4/07, and
6/10/07 indicating about two highs per year with about 5
months between each maximum value. Maximum values
correspond to the three major pollution periods of the year.
Yet the bimodal distributions indicate two seasonal effects
that correspond with the dust season in Feb-March and black
episode in Sept-Oct. Low AOD values were observed on
19/12/05, 28/5/06, 23/1/07, 19/8/07, and 9/12/07 which occur
either before or after an episode (dust storm, summer pollu-
tion, and black cloud). On the other hand, high temperature
values were observed on 13/8/05, 13/6/06, 17/9/06, 3/8/07, and
22/10/07 where low values were noted for 21/2/06, 8/2/07, and
25/12/07. It is noteworthy that low temperature values occur
during February where a relatively high AOD is observed.

3.3. Cross Correlations. Data used in this study was obtained
from the TES Giovanni website between the years 2005
and 2010 for an area bordering latitude (29.595, 30.12) and
longitude (30.113, 31.425). A 175-day lag was done for 705
observations recorded almost every two days and undergoing
quadratic trend removal with a 95% confidence level.

Figure 6 shows cross correlations for water vapor and
carbon monoxide against ozone, respectively. The cross
correlation between ozone and water vapor has 22 out of
351 significant coefficients at a 95% confidence level. The
crosscorrelation for ozone and water vapor revealed an anti
correlation agreeing with the previous time series analysis
of tropospheric ozone and water vapor that are negatively
correlated throughout most of the tropics [49]. The rising
of the tropospheric air masses associated with convection
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Figure 2: Vertical profiles of TES-derived parameters for selected dates experiencing the black cloud pollution episode during 2006 and 2007.

is a source for the large intertropical seasonal oscillation
amplitudes and the anticorrelation measured between tropo-
spheric ozone and water vapor in the tropics. This negative
correlation can also be attributed to cloud-lightning NO

𝑥

(which generates ozone) together with transport effects, in
addition to the movement of the tropopause as well as to the
transport of low water vapor into a region that may increase
the lifetime and abundance of ozone [49]. On the other
hand, the cross-correlation between carbon monoxide and
ozone shows somewhat symmetrical pattern of oscillations
occurring approximately every 85 days. Previous studies
have shown a significant correlation of carbon monoxide
with ozone [48]. However, CO measurements were used to
explore the correlation between biomass burning and ozone
profiles and it was found that these correlations are rather
complicated [50].

Figure 7 shows the cross correlations of night atmo-
spheric temperatures with various measured parameters at

a lag of 175 days for the years 2005–2010. Day atmospheric
temperature measurements did not coincide with the rest of
the parameters, so they were disregarded. Figure 7(a), shows
a time delay between temperature and carbon monoxide
(measured from minimum to maximum) of about 100 days
and a strong anticorrelation exists at zero lag. There are
statistically 35 significant coefficients out of 351 at a 95%
confidence level. On the other hand, the relation between
atmospheric temperature and ozone shows a more defined
pattern than with carbon monoxide, indicating a higher
degree of dependence (Figure 7(b)). This time the signifi-
cant coefficients are 24 with a 95% confidence level. The
concentration of ozone increases to the maximum with an
increase in temperature after 40 days. However, the cross
correlation between atmospheric temperature and water
vapor highlighted that small amounts of water vapor can
result in great variations of air temperature [51]. Here, there
are 33 significant coefficients at a 95% confidence level.
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Figure 3: Time series for ozonemeasurements during 2007 concen-
trating on four different pressure levels, 749 hPa, 825 hPa, 908 hPa,
and 1000 hPa, generated from TES, Aura.
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Figure 4: Time series for carbon monoxide measurements during
2007 concentrating on four pressure levels at 749 hPa, 825 hPa,
908 hPa, and 1000 hPa.

Previous figures showed that water vapor displays a strong
oscillation and a seasonal pattern which could be the effect
of temperature changes. We found that monthly AODmeans
are anticorrelated withmonthly precipitation, which suggests
that precipitation is not only vital in winter aerosol removal
processes but also in the accumulation of particles during
summer [2, 16]. This is confirmed through a study where
the seasonality of surface temperature and of convection, as
well as seasonal variations in monsoon circulation, produce
associated seasonal changes inwater vapor in the troposphere
[51].

4. HYSPLIT Back Trajectories and
MODIS Fire Counts

We have used the NOAA Air Resources Laboratory (ARL)
HYSPLIT model (HYbrid Single-Particle Lagrangian Inte-
grated Trajectory) Model access via NOAA ARL READY
Website (http://www.arl.noaa.gov/HYSPLIT.php) NOAAAir
Resources Laboratory, College Park, MD. for computing tra-
jectories over Cairo. Gridded meteorological data, at regular
time intervals, are used in calculation of air mass trajectories.
Data for the back trajectories are obtained from existing
archives.

Four HYSPLIT back trajectories were generated, each
representing a season. Three altitudes were considered,
500m, 700m, and 900m. Low altitudes below 1 kmwere used
because it was found that anthropogenic pollutants during
September, October, andNovember are found at low altitudes
[52]. A corresponding wind rose at 950mb was added to
show the dominant wind direction for 6 hours for further
investigation.

The back trajectories of the major months having
episodes occurring are studied using a one-day back tra-
jectory (Figure 8). The air mass back trajectories are done
at three different heights to locate the vertical extent of the
different contributions in the pollution during air pollution
episodes [52]. We assume that at these heights an inversion
layermay appear to take place since anthropogenic pollutants
occurring especially in mid-October and November hang
at low altitudes. The presence of inversion layers traps the
pollutants at a low elevation causing them to increase in
concentration [52]. This causes the haze that can be seen
hovering over Cairo during the black cloud episode.

During the second half of the year, the wind speed is less
as can be seen from thewind rose in July andNovember.Thus,
weaker convection would favor aerosol accumulation. This
coincides with the increase of ozone during the summer and
the increase of CO during autumn. Fire counts fromMODIS
in Figure 9 show the highest values are during the months of
the black cloud episode, September, October, and November
over a period of 7 years. A closer look showed the highest
activity to have occurred during the years 2006 and 2007
[26]. The timing was found to coincide with the practicing of
burning open field wastes, during September till November.
Details on this can be found in Marey et al., 2010 [26].

5. Results and Discussion

In addition to Cairo’s economic growth, its location, topog-
raphy, and complex climate systems play vital roles in the
presence of black cloud episodes. Its location subjects it
to blown sand and dust storms from the western desert
(since Egypt is 90% desert), transformation of air pollutants
from Europe, emissions of atmospheric constituents from
Africa, and the effect of trade winds diminishing over the
Mediterranean during black cloud periods. The topography
of Cairo city, between the eastern and the western highlands,
blocks the pollutants and suppresses the motion of the
suspended particulates, especially from September through
November when wind currents are weak. In winter, transport
processes in the African upper troposphere are driven by
the strong winter Hadley Meridional circulation. Wind and
humidity are two factors that influence the behavior of air
pollutants.

In summer, the effect of wind and humidity is from the
east and the Asian monsoon anticyclone. During Africa’s
Northern Hemisphere April-May monsoon, ozone precur-
sors generated from biomass burning in the south are
transported to the Intertropical Convergence Zone and affect
the composition of Africa’s upper troposphere [29]. Smoke
or air pollution concentrations are highest with low wind
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Figure 5: Time series for (a) aerosol optical depth measurements generated using MODIS data and (b) atmospheric temperature at 908 hPa
generated using TES data.
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Figure 6: Cross correlation between ozone and (a) water vapor and (b) carbon monoxide for years 2005–2010.
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Figure 8: HYSPLIT and wind rose graphs for the four seasons in 2012. Three altitudes were considered: green 900m, blue 700m, and red
500m. Win drose was generated at 950mb.

speeds, low vertical turbulence, temperature inversions, and
high humidity [30]. Therefore, it can be seen that the North
African/East Mediterranean troposphere is a crossroad to
various transport processes on both regional and intercon-
tinental scales. A study on this pollution crossroad showed
that pollution generated by Asia can be transported towards
Africa by the anticyclone flow of the Asian summermonsoon
[29].

During winter, and especially in the month of February,
dust emissions have been linked to Saharan cyclones andmay
contribute to the total dust load over West and North Africa
[53, 54]. It was also found that February is one of the months
where dust observations are very high and oscillations in
various parameters have been found [20]. Meteorological

data were used in the HYSPLITmodel to identify the sources
of the peak of these different parameters by performing back
trajectories. Forward trajectories assessed the fate of this
pollution for specific dates of interest.

The climatic origins of different black cloud episodes
over Cairo are identified. Peaks of carbon monoxide occur
during the March and April dust events from the western
desert. However, AOD in the northern hemisphere is at a
maximum fromApril to August and diminishes in December
[55]. Perturbations such as these are usually the result of
either wildfires or biomass burning confirming that biomass
burning is a serious cause of these perturbations [55].

During summer, especially June, ozone concentrations
are high where Europe’s pollution contributes to Cairo’s
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Figure 9: Monthly average fire counts over the Nile Delta during
2002–2009 courtesy of Marey et al., 2010 [26].

air pollution through global transport processes, most of
which is transported south at low altitudes in the summer
to the Mediterranean Sea, North Africa, and the Near East
[44]. It was found that in 1994, the long-range or trans-
boundary transport of ozone originating in Europe caused
the ozone concentrations over the countries bordering the
Mediterranean Sea to exceed the European standard and
contributed to a monthly mean of 5–20 ppbv ozone [44].
The long range transported pollutants contributed to the
pollution violations occurring from March to October in
the Mediterranean region and at least 10 violations over
Egypt, including the heavily populated Nile River Valley [42].
Additional pollution violations for health occur almost every
day during the months of June, July, and August over heavily
populated regions in North Africa and the near east.

Finally, during September and October, Cairo expe-
riences black cloud peaks of ozone. Many local factors
contribute to the deterioration of Cairo’s air quality, includ-
ing natural sources from inland deserts and anthropogenic
sources such as vehicles, power plants, open air waste burn-
ing, and the cement industry [16]. It was argued that themain
contributing factor to the black cloud pollution is the burning
of agricultural waste during the fall season [16].

6. Conclusions

The following conclusions are made

(1) Data on air pollution levels of various atmospheric
pollutants, greenhouse gases and parameters are
available at no cost through various atmospheric and
air pollution satellites. Analysis and interpretation
of these data can provide very useful information
and conclusions regarding atmospheric dynamics and
aerosols in the atmosphere.

(2) Performing autocorrelations, cross correlations, and
backward and forward trajectories helps clarify the
weather pattern of a specific location.

(3) Cairo’s topography of the Delta region contributes to
the stagnant air that enhances air pollution episodes.

(4) Dust levels are high during the month of February,
forced by Saharan cyclones.

(5) Dust storms emerging from the western desert result
in peaks of carbon monoxide concentrations during
March and April.

(6) During summer, especially June, high concentrations
of ozone are a result of trans-boundary transportation
of ozone from Europe.

(7) September and October are well known for the ap-
pearance of the “black cloud” episode. Most re-
searchers argue that the primary source of these
episodes is biomass burning caused specifically from
the burning of rice straw after the rice harvesting
season.
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The rural/remote IMPROVE network (Interagency Monitoring of Protected Visual Environments) and the Environmental Protec-
tion Agency’s urban Chemical Speciation Network have measured PM

2.5

organic (OC) and elemental carbon (EC) since 1989 and
2000, respectively. We aggregated OC and EC data from 2007 to 2010 at over 300 sites from both networks in order to characterize
the spatial and seasonal patterns in rural and urban carbonaceous aerosols. The spatial extent of OC and EC was more regional in
the eastern United States relative to more localized concentrations in the West. The highest urban impacts of OC and EC relative
to background concentrations occurred in the West during fall and winter. Urban and rural carbonaceous aerosols experienced a
large (although opposite) range in seasonality in the West compared to a much lower seasonal variability in the East. Long-term
(1990–2010) trend analyses indicated a widespread decrease in rural TC (TC = OC + EC) across the country, with positive, though
insignificant, trends in the summer and fall in the West. Short-term trends indicated that urban and rural TC concentrations have
both decreased since 2000, with the strongest and more spatially homogeneous urban and rural trends in the West relative to the
East.

1. Introduction
Carbonaceous aerosols, including organic (OC) and ele-
mental (EC) carbon, are ubiquitous in the atmosphere and
therefore contribute significantly to particulate matter, both
the PM

2.5
fraction [1] and coarse (PM

10
−PM
2.5
) fraction

[2, 3], and they contribute to visibility degradation [4, 5] and
climate forcing due to their ability to scatter and absorb solar
radiation [6, 7]. Carbonaceous aerosols also adversely affect
health [8, 9]. Organic carbon can be emitted directly from
combustion activities or produced from secondary processes
such as gas-to-particle formation. Elemental carbon, also
known as light absorbing carbon or black carbon depending
on the measurement method, is emitted directly from com-
bustion sources. EC plays a significant role in climate forcing,
and a recent review [10] suggests that the climate warming
effects of EC are greater than previously thought, although
large uncertainties still exist. Characterizing and predicting
the complex nature of OC and EC are challenging from
both ameasurement andmodeling framework. However, this

characterization is necessary given the importance of OC and
EC to many atmospheric processes and climate impacts.

Comprehensive speciation of carbonaceous aerosols is
expensive and time-consuming and therefore usually possible
only at a small number of sites for shorter-duration periods,
such as the recentCARES study inCalifornia [11].While these
types of studies provide extremely useful data on the com-
position, properties, and sources of carbonaceous aerosols,
they are limited in space and time. Large spatial-scale and
long-termmonitoring networks can provide this information
but at the expense of detailed speciated data. An alternative
is to measure bulk carbonaceous aerosol properties with
methods that are suitable for routine monitoring programs.
Such methods include thermal/optical techniques used to
analyze particulatematter samples forOCandEC. Twomajor
networks in the United States, the Interagency Monitoring
of Protected Visual Environments network (IMPROVE) [12]
and the Environmental Protection Agency’s (EPA) Chemical
Speciation Network (CSN) [13], are responsible for regularly



2 Advances in Meteorology

collecting samples at hundreds of rural and urban sites
across the country, respectively, and conducting speciated
aerosol analyses that characterize carbonaceous, ionic, and
elemental species. In addition, the Southeastern Aerosol
Research and Characterization (SEARCH) network collects
data from several urban and rural sites in the southeastern
United States, from which spatial and temporal trends in
inorganic and carbonaceous aerosols in that region have been
derived [14–16]. Integrating carbonaceous aerosol data from
independent monitoring networks requires reconciliation of
data obtained with different samplers, analytical techniques,
and artifact corrections that can result in biases in OC and
EC concentrations [17–20]. Several studies have reported
on the differences and described methods for reconciling
IMPROVE and CSN carbon data [1, 21, 22]. Hand et al.
[1] aggregated IMPROVE and CSN data to examine the
differences in urban and rural aerosols for data from 2005 to
2008. This work focused on the regional and seasonal trends
in major aerosol species, including OC and EC.

Many studies have incorporated data from these large-
scale networks to understand the sources of carbon aerosols.
Jaffe et al. [23] examined interannual variations in IMPROVE
PM
2.5

mass and OC concentrations in the western United
States and attributed it to wildfire impacts. Malm et al. [24]
used ratios of OC to EC to deduce source contributions
from wildfire and mobile sources using IMPROVE data.
Schichtel et al. [25] incorporated IMPROVEOC and EC data
with radiocarbon data to estimate fossil and contemporary
contributions to total carbon, and Schichtel et al. [26] further
apportioned IMPROVE total carbon to major source types,
including biomass burning, mobile, and vegetation. A source
apportionment study [27] examined IMPROVE and CSN
data across sites in Minnesota to determine mobile source
contributions and local and regional pollution events. Buzcu-
Guven et al. [28] used source apportionment of CSN data
at Midwestern sites to determine mobile sources as a major
contributor to OC mass. Yu et al. [29] used IMPROVE
and SEARCH data to determine contributions from primary
and secondary sources to measured OC. In addition to the
IMPROVE and CSN, archived filters from the EPA Federal
Reference Method (FRM) network from sites across three
southeastern U.S. states have been used to determine the
spatial and seasonal variability in water-soluble OC [30, 31].
In addition to these analyses, data from large-scale networks
are very useful for model evaluation and studies of aerosol
transport and processing [32–38] and constrain the role of
carbonaceous aerosols in global climate models [39, 40].

The long-term availability of datasets such as those from
IMPROVE, CSN, or SEARCH provides the opportunity to
study the changes in carbonaceous aerosols over time and
assess the success of regulatory efforts in reducing emis-
sions. Trend studies are sensitive to changes in analytical
techniques, so an evaluation of long-term trends in EC [41]
focused on IMPROVE data from 1990 through 2004, before
a hardware upgrade occurred for the carbon analysis. EC
has decreased considerably (25%) across the rural United
States, with higher rates of decrease in winter compared to
summer due to increased EC in the West/Southwest, most
likely due to impacts from biomass burning. Chen et al.

[42] also reported on decreased EC concentrations from
the IMPROVE network. From the SEARCH network in the
southeastern United States, Blanchard et al. [16] reported
that the annual mean organic matter and EC concentrations
decreased by 3.3 to 6.5% yr−1 and 4.0 to 7.8% yr−1, respec-
tively, from 1999 through 2010. The greatest decrease in EC
concentrations occurred at urban sites.

The contributions provided by this study include a recent
analysis (2007–2010) and integration of IMPROVE and CSN
OC and EC data, with specific focus on the integrated spatial
and seasonal trends in absolute and relative concentrations.
In addition, long-term (1990–2010) and short-term (2000–
2010) trends in seasonal mean total carbon (TC = OC + EC)
from integrated urban and rural sites are also examined.

2. Data and Methods

The IMPROVE network has been collecting samples for
speciated aerosol analysis since 1989 [12] and currently
operates 165 sites. IMPROVE sites are primarily in remote
and rural areas, and the network’s main purposes include
tracking and characterizing aerosol composition and vis-
ibility in class I areas (federal visibility-protected areas),
and determining trends in aerosol concentrations. Much of
the monitoring performed by the network is in support of
the EPA’s Regional Haze Rule, and therefore considerable
effort has been invested in maintaining consistency and data
quality for the more than two decades the network has been
operating. The network collects 24-hr samples every third
day from midnight to midnight local time and reports con-
centrations at ambient conditions. PM

2.5
and PM

10
samples

are collected, and speciated analysis is performed only on
the PM

2.5
filters. Characterization of anions is determined

by IC analysis on nylon filters. Gravimetric PM
2.5

and PM
10

mass are determined from the weighing of Teflon filters.
Concentrations of PM

2.5
elemental species are characterized

by X-ray florescence. Carbon species (OC and EC) are deter-
mined from quartz fiber filters analyzed by thermal optical
reflectance [43]. OC concentrations reported by IMPROVE
are corrected for a positive additive artifact [18, 44, 45] but not
a multiplicative negative artifact [22]. We refer to the refrac-
tory carbon fraction as EC to reflect its operational definition
while recognizing that the fraction contains nongraphitic
carbon that absorbs light and complicates the split between
EC and OC [46]. Additional details regarding IMPROVE
instrumentation, sampling, analysis, artifact correction, and
site information are available elsewhere [5, 12]. All IMPROVE
data, metadata, and detailed descriptions of the network
operations and data analysis and visualization results are
available for download [47].

EPA’s CSN urban network was deployed in 2000 [13]
and currently operates over 200 sites. The objectives of the
CSN are to track progress of emission reduction strategies
through trend analyses, evaluate air quality models, support
regulatory efforts for visibility, and for source apportionment
and health effects studies. The CSN collects 24-h samples
every third day on the same sampling schedule as the
IMPROVE network. Its monitoring and analysis methods
are similar to the IMPROVE network with the exception
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that the CSN cold ships their filters and the IMPROVE
network does not. The carbon analysis for the CSN was
historically performed using thermal optical transmittance
and the National Institute of Occupational Health (NIOSH)
protocol. With the recognition that different IMPROVE
and CSN samplers, as well as different analytical protocols,
resulted in different OC and EC concentrations [21, 22, 44],
CSN transitioned to an URG-3000N sampler to be more
consistent with the IMPROVE sampler, as well as TOR and
IMPROVE protocol analysis. The transition began in May
2007 and continued through 2010. Data during the period
before transition were adjusted based on the method of
Malm et al. [22] to agree with IMPROVE collocated data.
Comparisons of adjusted collocated data from 2005 to 2008
showed close agreement [1], and comparisons for 2007–2010
data were similar. The CSN data are available for download
[48].

We analyzed data from 2007 to 2010 and required 50%
completeness of the data, resulting in 162 IMPROVE and
181 CSN “complete” sites. Seasonal means refer to winter
(DJF), spring (MMA), summer (JJA), and fall (SON). The
percent contributions of OC and EC to PM

2.5
reconstructed

finemass (RCFM) were determined by assuming the aerosols
were comprised of ammonium sulfate, ammonium nitrate,
particulate organicmatter (POM= 1.8∗OC), EC, soil, and sea
salt. A similar organicmultiplier was used for urban and rural
POM, although lower values may be more appropriate for
urban OC [22, 49]. We combined and interpolated data from
both networks using a Kriging algorithm.The resulting fields
are not intended for strict interpretation but rather serve to
guide the eye for spatial patterns. Interpolations are affected
by site density, and the CSN has greater site density in the
East, whereas the site density for the IMPROVE network is
the highest in the West.

Linear Theil regression [50–52] was performed on total
carbon (TC = OC+ EC) data from “complete” sites, and 70%
of “complete” years were required for a trend calculation over
a given time period. Trend (% yr−1) is defined as the slope
from the Theil regression divided by the median concentra-
tion over the time period of the trend, multiplied by 100%.
Total carbon was used to avoid possible biases in the OC
and EC split due to the hardware upgrade in 2005 mentioned
previously [41]. Trends were considered significant at the
90th percent significance level (𝑝 < 0.10) using Kendall tau
statistics. Trends were computed for seasonal means for long-
term IMPROVE sites over the time period from 1990 to 2010.
In 2000, the IMPROVE network expanded, and the CSN
began operation, therefore short-term trends were computed
from 2000 to 2010.

3. Results and Discussion

3.1. Spatial and Seasonal Trends

3.1.1. POM. Isopleths of IMPROVE and CSN 2007–2010
seasonal mean POM concentrations for winter, spring, sum-
mer, and fall are provided in Figures 1(a)–1(d), respectively.
The mean percent contribution of POM to RCFM is shown
for the same seasons in Figures 2(a)–2(d). In the western

United States, the regional POM (remote/rural) background
was typically less than 1 𝜇gm−3, depending on season, with
lowerwinter and spring concentrations (Figures 1(a) and 1(b),
resp.). During summer, the western background concentra-
tion increased to 2-3 𝜇gm−3 (Figure 1(c)), and fall concen-
trations were closer to 2 𝜇gm−3 (Figure 1(d)). The increased
summer background concentrations were likely due to the
influence of biomass burning emissions and perhaps biogenic
emissions [23, 53, 54], as the impacts were more regional in
extent. In contrast, more localized high urban concentrations
(>5 𝜇gm−3) in the West in winter occurred at a range of sites
along the coast, and individual sites in Colorado, Utah, Mon-
tana, and Arizona.Winter urban sources included residential
wood burning, although meteorological effects, such as low
ventilation, likely contributed [55].The fall season in theWest
appeared to be a transition season with influences from both
the summer and winter sources. Contributions to RCFM
were significant in the western United States (Figure 2), with
values ranging from 40% to over 80% depending on season.
The regional impacts in summer and fall were considerable
due to the influence of biomass burning (Figures 2(c) and
2(d), resp.). Winter contributions in the West were fairly
localized around urban sites and reached 75% or higher
(Figure 2(a)), in contrast to spring time contributions of
20%–30% (Figure 2(b)).

In the eastern United States, the background POM
concentrations were higher than in the West year-round
(3-4 𝜇gm−3), due in part to regionally distributed sources of
OC, including secondary organic aerosols from vegetation
and wild and prescribed fires [7, 31]. Springtime concentra-
tions were high in the Southeast (Figure 1(b)), most likely
associated with biomass burning and a high fire year in
2007 [30, 56, 57]. Summer concentrations were the lowest,
although more regional in extent (Figure 1(c)). Secondary
organic aerosols from biogenic emissions are known to
be important contributors to POM concentrations in the
Southeast especially in summer [15, 25, 58, 59], and the
higher background concentrations and large regional extent
reflects this source. Residential wood burning was likely an
important source in fall and winter [30, 57].The contribution
of POM to RCFM in the East was significantly lower than
in the West (<50%) year-round. This difference mainly was
due to the prevalence of other species, such as sulfate, which
has abundant sources in the East and dominates RCFM,
especially in summer [1].

3.1.2. EC. Seasonal mean EC isopleths are shown in Figures
3(a)–3(d), and seasonal mean percent contributions of EC
to RCFM are shown in Figures 4(a)–4(d). Rural background
EC concentrations ranged from 0.1 to 0.3𝜇gm−3, with lower
values in the West. In the West, especially winter and
fall, localized impacts from individual urban sites produced
higher concentrations (up to a factor of 10 higher) with
steep spatial gradients, suggesting a limited spatial extent.
Urban EC sources likely included residential heating and
other urban combustion sources, including mobile sources
[25, 58] that were most likely trapped due to low ventilation.
EC hotspots did not occur necessarily at the same location
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Figure 1: IMPROVE and CSN 2007–2010 seasonal mean PM
2.5

particulate organic matter (POM) (𝜇gm−3) for (a) winter (DJF), (b) spring
(MAM), (c) summer (JJA), and (d) fall (SON). IMPROVE sites are shown as circles, and CSN sites are shown as triangles.

as high POM concentrations. The impacts from EC emitted
from biomass burning in summer were not as great as the
impacts from urban sources during fall and winter, probably
because of meteorological effects. The contribution of EC to
RCFMwas quite low (Figure 4); generally the background EC
contribution was less than 5%. However, at urban sites in the
West, EC contributions were doubled relative to background
contributions, with estimates greater than 10%, especially in
winter and fall. Background summer contributions in the
West reached 7%–9% in some locations, probably due to
regional impacts of biomass burning (Figure 4(c)).

The EC influence in the eastern United States appeared
to be more regional in extent relative to the West, with
a somewhat higher rural background EC concentration of
0.5 𝜇gm−3 or less. Hecobian et al. [30] reported that biomass
burning was the most significant source of brown carbon
in the Southeast during colder months, and brown carbon
wouldmost likely be characterized as EC by the TORmethod
[60]. Urban impacts were not as significant in the East,
especially compared to winter in the West, except for a few
sites in the Southeast andNortheast in the fall. In fact, ECwas
the highest in general across the eastern United States in the
fall. Meteorological effects, such as lower effective transport
winds in theWest in winter, may play a role in the differences
seen between urban and rural EC (and POM) in the East

and West [61]. EC contributions in the eastern United States
were typically less than 10%, with its highest contributions in
fall across most of the East (Figure 4(d)) and winter in the
Southeast (Figure 4(a)). Although relative to other species EC
contributions to finemass were quite low; however, its optical
effects were still important given its relatively high optical
efficiency [6]. Hand et al. [5] showed that EC contributed as
much as 10%–15% annually to reconstructed light extinction
coefficients from 2005 to 2008 in the rural West, and 15%–
20% or higher at western urban sites.

3.2. Seasonality. The seasonality of POM and EC was sum-
marized by aggregating normalized monthly mean data (by
annual mean) into broad regions. Regions were defined by
separating the country into four large quadrants (Northeast,
Southeast, Northwest, and Southwest) at roughly−100∘ longi-
tude and 38∘ latitude based on the spatial patterns presented
in the previous section. Normalized monthly mean POM is
shown in Figures 5(a) and 5(b). Rural POM seasonality is
characterized by maximum and minimum concentrations in
warm and cold months, respectively, with timing and range
of seasonality varying per region (Figure 5(a)). The largest
range of seasonality occurred in the northwestern United
States where the highest normalized concentrations in July
and August were likely associated with biomass burning
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Figure 2: IMPROVE andCSN 2007–2010 seasonalmean PM

2.5

particulate organicmatter (POM) percent of reconstructed finemass (RCFM)
for (a) winter (DJF), (b) spring (MAM), (c) summer (JJA), and (d) fall (SON). IMPROVE sites are shown as circles, and CSN sites are shown
as triangles.
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Figure 3: IMPROVE and CSN 2007–2010 seasonal mean PM

2.5

elemental carbon (EC) (𝜇gm−3) for (a) winter (DJF), (b) spring (MAM), (c)
summer (JJA), and (d) fall (SON). IMPROVE sites are shown as circles, and CSN sites are shown as triangles.
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Figure 4: IMPROVE and CSN 2007–2010 seasonal mean PM
2.5

elemental carbon (EC) percent of reconstructed fine mass (RCFM) for (a)
winter (DJF), (b) spring (MAM), (c) summer (JJA), and (d) fall (SON). IMPROVE sites are shown as circles, and CSN sites are shown as
triangles.
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Figure 5: 2007–2010 regional monthly mean normalized (by annual mean) PM
2.5

particulate organic matter (POM) for (a) IMPROVE and
(b) CSN. Regions correspond to the Northeast (NE), Southeast (SE), Southwest (SW), and Northwest (NW).
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Figure 6: 2007–2010 regional monthly mean normalized (by annual mean) PM

2.5

elemental carbon (EC) for (a) IMPROVE and (b) CSN.
Regions correspond to the Northeast (NE), Southeast (SE), Southwest (SW), and Northwest (NW).

impacts that extended into fall [25, 54]. The second largest
range in seasonality occurred in the Southwest where spring
relative contributions were more important and summer
impacts began somewhat earlier than in the Northwest. In
contrast to the West, the eastern United States experienced
a much lower range in seasonality in rural POM, although
still characterized by a winter minima and spring/summer
maxima. In the southeastern United States, higher relative
contributions occurred in the spring, particularly May, when
prescribed burning occurs. Summer contributions peaked
in June and extended through the summer when formation
of secondary organic aerosol from vegetation is the highest.
Summer relative maxima in the northeastern US region were
higher than in the Southeast and encompassed the summer
months, most likely due to biogenic emissions. A small
increase in rural relative POM in November occurred at both
eastern regions.

The opposite seasonality in urban and rural POM in the
West is demonstrated clearly in Figure 5(b). The Northwest
and Southwest regions had very similar behavior, with urban
fall/winter maxima three times higher than spring/summer
minima. Relative concentrations increased in summer but
not to the extent of the fall/winter maxima. However, in the
East, the range of seasonality was much lower, similar to
rural regions. Seasonality in the Southeast was nearly flat with
a slight increase in May when prescribed burning occurs.
Urban POM contributions in the Northeast were highest in
summer, similar to the rural region, indicating the regional
impacts of biogenic sources of POM in the East. Both eastern
regions experienced a peak inNovember, similar to but larger
in magnitude to the rural regions. In addition to different
sources, some of the differences in western and eastern POM
seasonality were likely due to meteorological effects, with

lower winter ventilation in the West, and higher dilution in
the East [61].

Western rural EC seasonality patterns followed that of
POM with a higher range in seasonality in the West (greater
in the Northwest) likely associated with biomass burning
(see Figure 6(a)). In the East the rural EC seasonality was
fairly flat, although opposite for both eastern regions. In
the Southeast, rural EC peaked in winter and was lowest in
summer, while in theNortheast it was fairly flat but somewhat
higher in summer. The peak in relative concentration of
POM in May was not observed for EC. An increase in
rural normalized EC in November in the East also occurred
for urban sites (Figure 6(b)); in fact the maximum relative
concentrations for both eastern urban regions occurred in
November. Otherwise, the seasonality of urban EC was fairly
flat in the Northeast, and somewhat greater in the Southeast
with a pronounced summerminima.The seasonality of west-
ern urban EC relative concentrations followed urban POM
closely, with strong winter maxima and summer minima.

3.3. EC to OC Ratios. Ratios of EC and OC concentrations
provide some indication of source contributions, with higher
ratios corresponding to combustion sources that directly
emit both primary OC and EC, and relatively lower ratios
reflecting the addition of OC from secondary formation
processes. Mobile sources have EC/OC ratios around 1 [62],
while rural [20, 24, 25] and biomass burning aerosols [63,
64] have much lower ratios (∼0.1). Organic aerosols with
significant secondary contributions are around 0.1-0.2 [65].
In contrast, EC/OC ratios of urban aerosols are relatively high
depending on primary and secondary sources (∼0.47–1.5)
[15, 20]. EC/OC ratios are obviously sensitive to and can vary
considerably depending on the analytical technique used,
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Figure 7: IMPROVE and CSN 2007–2010 seasonal mean PM

2.5

elemental carbon (EC) to organic carbon (OC) ratios for (a) winter (DJF),
(b) spring (MAM), (c) summer (JJA), and (d) fall (SON). IMPROVE sites are shown as circles, and CSN sites are shown as triangles.

such as different temperature protocols applied in thermal
optical techniques [17, 19, 20], and could be seasonally
dependent due to different aerosol types [60].This variability
should be kept in mind when interpreting EC/OC ratios and
comparing estimates from different studies.

The 2007–2010 seasonal mean EC/OC ratios are shown
in Figures 7(a)–7(d). Urban “hot spots” in EC/OC (>0.6) in
winter, spring, and fall emphasized the impact of urban and
mobile sources on significantly lower ratios in surrounding
regions. Locations with high EC/OC (∼0.6) were coincident
with locations corresponding to high EC concentrations,
especially in Colorado and Utah (winter, spring, and fall; see
Figures 3(a)–3(d)), but not in locations with high POM, such
as along theWest coast and the San Joaquin valley (winter and
fall; see Figures 1(a) and 1(d)), suggesting secondary sources
to urban POM. The high EC/OC hotspots in the West were
fairly local in extent and surrounded by background EC/OC
ratios of 0.1-0.2 that were the lowest in summer, likely due
to high biogenic contributions and possibly biomass burning
influences. Similar results were reported by Schichtel et al.
[25] for rural sites in summer and for ratios at urban sites
that had somewhat higher ratios (0.24–0.28); both urban and
rural ratios increased in winter.

In the easternUnited States, EC/OC ratioswere the lowest
(0.1-0.2) in regions and seasons that corresponded to high
POM, such as the Southeast in summer, suggesting secondary

sources. EC/OC ratios of 0.3-0.4 across the north-central
and eastern United States year-round (with the exception
of summer) suggested urban influences and were consistent
with the higher EC/OC ratios corresponding to fossil carbon
(0.54–0.85) [25]. The least seasonal variability in EC/OC
ratios occurred in theMidwest, similar to the results reported
by Zeng and Wang [64].

3.4. Trends in Total Carbon (TC). IMPROVE long-term
trends (1990–2010) in seasonalmeanTC are shown in Figures
8(a)–8(d). Sites with statistically significant trends (𝑝 <
0.10) are represented with a filled triangle pointing upward
or downward depending on whether TC concentrations
increased or decreased, respectively. Sites with insignificant
trends are represented by unfilled triangles. Trends inTC, and
not EC and OC separately, are shown to avoid possible biases
due to hardware upgrades, as discussed previously; however,
trends in TC are driven predominantly by OC. Since 1990,
seasonal mean rural TC concentrations decreased across the
country in winter and spring (Figures 8(a) and 8(b), resp.),
with the strongest decrease along the West coast. However,
in summer and to a lesser degree in fall, trends in the West
were positive at many sites, although insignificant.This is the
season when wildfires are most active, and wildfire activity
has increased in the West [53] and most likely contributed
to the positive trends. A similar conclusion was suggested by
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Figure 8: Long-term (1990–2010) trends (% yr−1) in IMPROVE seasonal mean PM
2.5

total carbon (TC = OC + EC) for (a) winter (DJF), (b)
spring (MAM), (c) summer (JJA), and (d) fall (SON). White triangles correspond to IMPROVE sites. Upward pointing triangles correspond
to increased concentrations and vice versa. Trends with significance levels (p) less than 0.10 were considered significant. (filled triangles).
Unfilled triangles correspond to insignificant trends.

Murphy et al. [41] who reported positive trends in summer
time EC concentrations at IMPROVE sites in the West.

Combining trends from urban and rural sites over a
shorter time period (2000–2010) resulted in greater spatial
variability relative to the long-term trends. Short-term trends
in urban and rural seasonal mean TC are shown in Figures
9(a)–9(d). In general, TC decreased more strongly in the
West (−4% to −5% yr−1), with winter and spring seasons
corresponding to the highest rates of decrease (Figures 9(a)
and 9(b), resp.). The long-term positive trends in TC in
the West in summer did not occur for the shorter time
period, althoughmost of the summer trends in theWest were
insignificant (Figure 9(c)). The least negative trends in the
West occurred during the fall (Figure 9(d)), although many
were insignificant. Although the rural site density in theWest
is greater than that for urban sites, it still appears that urban
and rural TC short-term trends in theWest are fairly spatially
consistent.

In contrast, in the eastern United States, trends were
generally more spatially inhomogeneous, with rural sites
having statistically significant negative trends nearby urban
sites with insignificant positive or negative trends depending
on the season. Overall, TC did not decrease as strongly in the
East relative to the West (−1% to −2% yr−1), and a number of

urban sites experienced increased TC concentrations, such as
in Iowa in winter, spring, and fall, and sites in New York year-
round for reasons unknown. TC concentrations in winter
and fall decreased at the strongest rates of all the seasons.
Blanchard et al. [16] reported similar trends for annual mean
OC and EC in the Southeast from sites in the SEARCH
network. A thorough analysis of TC emission trends would
help to reveal the cause of the spatial variability in urban and
rural trends in the East; however, it is beyond the scope of this
paper.

4. Summary and Conclusions

We presented an overview of the spatial and temporal
variability in organic and elemental carbon concentrations
and their contribution to PM

2.5
reconstructed fine mass

from the rural IMPROVE network and the urban CSN for
data aggregated from 2007 to 2010. Interpolating these data
together provides large spatial patterns from which local and
regional impacts of carbonaceous aerosols across the United
States can be inferred.

Background rural/remote POM (= 1.8 ∗ OC) concen-
trations ranged from less than 1𝜇gm−3 in the West to
around 2𝜇gm−3 in the East. High POM concentrations and
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Figure 9: Short-term (2000–2010) trends (% yr−1) in IMPROVE and CSN seasonal mean PM
2.5

total carbon (TC = OC + EC) for (a) winter
(DJF), (b) spring (MAM), (c) summer (JJA), and (d) fall (SON). White and magenta triangles correspond to IMPROVE and CSN sites,
respectively. Upward pointing triangles correspond to increased concentrations and vice versa. Trends with significance levels (𝑝) less than
0.10 were considered significant. (filled triangles). Unfilled triangles correspond to insignificant trends.

contributions to RCFM up to 80% at both western urban and
rural sites occurred during summer and fall when wildfires
are most active. Urban impacts were the highest and more
localized in the West in winter. Eastern POM concentration
were the highest in the Southeast in spring when prescribed
fires occur, but less regional in extent compared to summer
concentrations that were most likely influenced by secondary
sources. Contributions in the East were typically less than
50% year-round.

Background EC concentrations were 0.1–0.3𝜇gm−3 with
lower values in the West. The influence of urban sources
was significant (>10x higher) but fairly localized with high
concentrations and tight spatial gradients around individual
cities (especially in the West in winter). A more regional
influence was observed in the East, although this could be
due in part to site density.The highest eastern concentrations
occurred in the Southeast in fall. Contributions fromECwere
typically 10% or less at rural sites and somewhat higher at
urban sites.

Normalized monthly mean POM and EC concentrations
were examined as a function of broad urban and rural
regions. Rural POM in the West was characterized by a
large range in seasonality, with a summer maximum that
was most likely influenced by biomass burning and biogenic

contributions. In contrast, urban POM in the West was
characterized by winter maxima, although the influence
of biomass burning in the summer can still be observed.
Much of the western urban seasonality was probably due to
meteorological effects such as low ventilation. In contrast,
the seasonality in eastern rural and urban POM was fairly
flat, with spring/summer maxima in the rural Southeast,
likely associated with biomass burning and biogenic aerosols.
The influence of secondary organic aerosols was inferred
from the summer maxima in the urban and rural Northeast.
Both urban and rural eastern regions experienced a peak
in November. EC rural and urban seasonality in the East
was also fairly flat and demonstrated somewhat different
seasonality to POM, with a rural minimum in summer and
maximum in winter in the Southeast. EC rural and urban
seasonality in the West followed that of POM, reflecting
different primary sources and influence of meteorological
conditions, such as winter temperature inversions that trap
urban sources.

Rural TC (OC + EC) concentrations have decreased
across the country from 1990 through 2010 for most seasons
except for positive summer trends in the West that may
be associated with biomass burning impacts. Short-term
(2000–2010) trends in rural and urban concentrations were
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associated with greater spatial inhomogeneity, with higher
rates of decrease in TC in theWest for all seasons and variable
trends at nearby urban and rural sites in the East.

Acknowledgments

This work was funded by the National Park Service under
Contract no. H2370094000. The assumptions, findings, con-
clusions, judgments, and views presented herein are those
of the authors and should not be interpreted as necessarily
representing the National Park Service policies.

References

[1] J. L. Hand, B. A. Schichtel, M. Pitchford, W. C. Malm, and N.
H. Frank, “Seasonal composition of remote and urban fine
particulate matter in the United States,” Journal of Geophysical
Research, vol. 117, no. 5, Article ID D05209, 2012.

[2] W. C. Malm, M. L. Pitchford, C. McDade, and L. L. Ashbaugh,
“Coarse particle speciation at selected locations in the rural
continental United States,” Atmospheric Environment, vol. 41,
no. 10, pp. 2225–2239, 2007.

[3] E. S. Edgerton,G. S. Casuccio, R.D. Saylor et al., “Measurements
of OC and EC in coarse particulate matter in the southeastern
United States,” Journal of the Air & Waste Management Associ-
ation, vol. 59, no. 1, pp. 78–90, 2009.

[4] G. R.McMeeking, S.M. Kreidenweis,M. Lunden et al., “Smoke-
impacted regional haze in California during the summer of
2002,” Agricultural and Forest Meteorology, vol. 137, no. 1-2, pp.
25–42, 2006.

[5] J. L. Hand, S. A. Copeland, D. E. Day et al., “IMPROVE (Inte-
ragency Monitoring of Protected Visual Environments): spatial
and seasonal patterns and temporal variability of haze and
its constituents in the United States,” CIRA Report 5, 2011,
http://vista.cira.colostate.edu/improve/Publications/Reports/
2011/2011.htm.

[6] T. C. Bond and R.W. Bergstrom, “Light absorption by carbona-
ceous particles: an investigative review,” Aerosol Science and
Technology, vol. 40, no. 1, pp. 27–67, 2006.

[7] A. H. Goldstein, C. D. Koven, C. L. Heald, and I. Y. Fung, “Bio-
genic carbon and anthropogenic pollutants combine to form a
cooling haze over the southeasternUnited States,”Proceedings of
the National Academy of Sciences of the United States of America,
vol. 106, no. 22, pp. 8835–8840, 2009.

[8] J. L. Mauderly and J. C. Chow, “Health effects of organic aero-
sols,” Inhalation Toxicology, vol. 20, no. 3, pp. 257–288, 2008.

[9] A. C. Rohr and R. E. Wyzga, “Attributing health effects to indi-
vidual particulate matter constituents,” Atmospheric Environ-
ment, vol. 62, pp. 130–152, 2012.

[10] T. C. Bond, S. J. Doherty, D. W. Fahey et al., “Bounding the role
of black carbon in the climate system: a scientific assessment,”
Journal of Geophysical Research, vol. 118, no. 11, pp. 5380–5552,
2013.

[11] R. A. Zaveri,W. J. Shaw, D. J. Cziczo et al., “Overview of the 2010
Carbonaceous Aerosols and Radiative Effects Study (CARES),”
Atmospheric Chemistry and Physics, vol. 12, pp. 7647–7687, 2012.

[12] W. C. Malm, J. F. Sisler, D. Huffman, R. A. Eldred, and T. A.
Cahill, “Spatial and seasonal trends in particle concentration
and optical extinction in the United States,” Journal of Geophys-
ical Research, vol. 99, no. 1, pp. 1347–1370, 1994.

[13] U.S. Environmental Protection Agency, “PM
2.5

speciation net-
work newsletter,” Vol. 1, no. 1, 2004, http://www.epa.gov/ttn/
amtic/files/ambient/pm25/spec/spnews1.pdf.

[14] D. A. Hansen, E. S. Edgerton, B. E. Hartsell et al., “The South-
eastern Aerosol Research and Characterization Study: part 1—
overview,” Journal of the Air & Waste Management Association,
vol. 53, no. 12, pp. 1460–1471, 2003.

[15] C. L. Blanchard, G. M. Hidy, S. Tanenbaum, and E. S. Edgerton,
“NMOC, ozone, and organic aerosol in the southeasternUnited
States, 1999–2007: 3. Origins of organic aerosol in Atlanta,
Georgia, and surrounding areas,” Atmospheric Environment,
vol. 45, no. 6, pp. 1291–1302, 2011.

[16] C. L. Blanchard, G. M. Hidy, S. Tanenbaum, E. S. Edgerton,
and B. E. Hartsell, “The Southeastern Aerosol Research and
Characterization (SEARCH) Study: temporal trends in gas and
PM concentrations and composition, 1999–2010,” Journal of the
Air & Waste Management Association , vol. 63, no. 3, pp. 247–
259, 2013.

[17] J. C. Chow, J. G. Watson, L. W. A. Chen, W. P. Arnott, H.
Moosmüller, and K. Fung, “Equivalence of elemental carbon
by thermal/optical reflectance and transmittance with different
temperature protocols,” Environmental Science and Technology,
vol. 38, no. 16, pp. 4414–4422, 2004.

[18] J. C. Chow, J. G.Watson, L.-W. A. Chen, J. Rice, andN.H. Frank,
“Quantification of PM

2.5

organic carbon sampling artifacts in
US networks,” Atmospheric Chemistry and Physics, vol. 10, no.
12, pp. 5223–5239, 2010.

[19] Y. Cheng, K.-B. He, F.-K. Duan et al., “Ambient organic carbon
to elemental carbon ratios: influences of the measurement
methods and implications,” Atmospheric Environment, vol. 45,
no. 12, pp. 2060–2066, 2011.

[20] B. Khan, M. D. Hays, C. Geron, and J. Jetter, “Differences in the
OC/EC ratios that characterize ambient and source aerosols due
to thermal-optical analysis,”Aerosol Science andTechnology, vol.
46, no. 2, pp. 127–137, 2012.

[21] O. V. Rattigan, H. D. Felton, M.-S. Bae, J. J. Schwab, and K. L.
Demerjian, “Comparison of long-term PM

2.5

carbon measure-
ments at an urban and rural location in NewYork,”Atmospheric
Environment, vol. 45, no. 19, pp. 3228–3236, 2011.

[22] W. C.Malm, B. A. Schichtel, andM. L. Pitchford, “Uncertainties
in PM

2.5

gravimetric and speciationmeasurements andwhat we
can learn from them,” Journal of the Air & Waste Management
Association, vol. 61, no. 11, pp. 1131–1149, 2011.

[23] D. Jaffe, W. Hafner, D. Chand, A. Westerling, and D. Spracklen,
“Interannual variations in PM

2.5

due to wildfires in the western
United States,” Environmental Science and Technology, vol. 42,
no. 8, pp. 2812–2818, 2008.

[24] W. C. Malm, B. A. Schichtel, M. L. Pitchford, L. L. Ashbaugh,
and R. A. Eldred, “Spatial and monthly trends in speciated fine
particle concentration in the United States,” Journal of Geophys-
ical Research, vol. 109, no. 3, Article ID D03306, 2004.

[25] B. A. Schichtel,W. C.Malm,G. Bench et al., “Fossil and contem-
porary fine particulate carbon fractions at 12 rural and urban
sites in the United States,” Journal of Geophysical Research, vol.
113, no. 2, Article ID D02311, 2008.

[26] B. A. Schichtel, M. A. Rodriguez, M. G. Barna, K. A. Gebhart,
M. L. Pitchford, and W. C. Malm, “A semi-empirical, receptor-
oriented Lagrangian model for simulating fine particulate
carbon at rural sites,”Atmospheric Environment, vol. 61, pp. 361–
370, 2012.

[27] L.-W. A. Chen, J. G. Watson, J. C. Chow, D. W. DuBois, and L.
Herschberger, “Chemical mass balance source apportionment



12 Advances in Meteorology

for combined PM
2.5

measurements from U.S. non-urban and
urban long-term networks,” Atmospheric Environment, vol. 44,
no. 38, pp. 4908–4918, 2010.

[28] B. Buzcu-Guven, S. G. Brown, A. Frankel, H. R. Hafner, and
P. T. Roberts, “Analysis and apportionment of organic carbon
and fine particulate matter sources at multiple sites in the mid-
western United States,” Journal of the Air &Waste Management
Association, vol. 57, no. 5, pp. 606–619, 2007.

[29] S. Yu, R. L. Dennis, P. V. Bhave, and B. K. Eder, “Primary and
secondary organic aerosols over the United States: estimates
on the basis of observed organic carbon (OC) and elemental
carbon (EC), and air quality modeled primary OC/EC ratios,”
Atmospheric Environment, vol. 38, no. 31, pp. 5257–5268, 2004.

[30] A. Hecobian, X. Zhang, M. Zheng, N. Frank, E. S. Edgerton,
andR. J.Weber, “Water-soluble organic aerosolmaterial and the
light-absorption characteristics of aqueous extracts measured
over the southeastern United States,” Atmospheric Chemistry
and Physics, vol. 10, no. 13, pp. 5965–5977, 2010.

[31] X. Zhang, Z. Liu, A. Hecobian et al., “Spatial and seasonal
variations of fine particulate water-soluble organic carbon
(WSOC) over the southeastern United States: implications for
secondary organic aerosol formation,” Atmospheric Chemistry
and Physics, vol. 12, pp. 6593–6607, 2012.

[32] M. Chin, T. Diehl, P. Ginoux, and W. Malm, “Intercontinental
transport of pollution and dust aerosols: implications for
regional air quality,” Atmospheric Chemistry and Physics, vol. 7,
no. 21, pp. 5501–5517, 2007.

[33] R. J. Park, D. J. Jacob, M. Chin, and R. V. Martin, “Sources of
carbonaceous aerosols over the United States and implications
for natural visibility,” Journal of Geophysical Research, vol. 108,
no. 12, article 4355, 2003.

[34] R. J. Park, D. J. Jacob, N. Kumar, and R. M. Yantosca, “Regional
visibility statistics in the United States: natural and transbound-
ary pollution influences, and implications for the RegionalHaze
Rule,” Atmospheric Environment, vol. 40, no. 28, pp. 5405–5423,
2006.

[35] H. Liao, D. K. Henze, J. H. Seinfeld, S. Wu, and L. J. Mickley,
“Biogenic secondary organic aerosol over the United States:
comparison of climatological simulations with observations,”
Journal of Geophysical Research, vol. 112, no. 6, Article ID
D06201, 2007.

[36] E. Drury, D. J. Jacob, R. J. D. Spurr et al., “Synthesis of satellite
(MODIS), aircraft (ICARTT), and surface (IMPROVE, EPA-
AQS, AERONET) aerosol observations over eastern North
America to improve MODIS aerosol retrievals and constrain
surface aerosol concentrations and sources,” Journal of Geophys-
ical Research, vol. 115, no. 14, Article ID D14204, 2010.

[37] Y. H. Mao, Q. B. Li, L. Zhang et al., “Biomass burning contri-
bution to black carbon in the western United States mountain
ranges,” Atmospheric Chemistry and Physics, vol. 11, no. 21, pp.
11253–11266, 2011.

[38] M. Huang, G. R. Carmichael, S. Kulkarni et al., “Sectoral and
geographical contributions to summertime continental United
States (CONUS) black carbon spatial distributions,” Atmo-
spheric Environment, vol. 51, pp. 165–174, 2012.

[39] M. Kanakidou, J. H. Seinfeld, S. N. Pandis et al., “Organic
aerosol and global climate modelling: a review,” Atmospheric
Chemistry and Physics, vol. 5, no. 4, pp. 1053–1123, 2005.

[40] X. Liu, R. C. Easter, S. J. Ghan et al., “Toward a minimal
representation of aerosols in climate models: description and
evaluation in the Community Atmosphere Model CAM5,”
Geoscientific Model Development, vol. 5, pp. 709–739, 2012.

[41] D.M.Murphy, J. C. Chow, E.M. Leibensperger et al., “Decreases
in elemental carbon and fine particle mass in the United States,”
Atmospheric Chemistry and Physics, vol. 11, no. 10, pp. 4679–
4686, 2011.

[42] L. W. A. Chen, J. C. Chow, J. G. Watson, and B. A. Schichtel,
“Consistency of long-term elemental carbon trends from ther-
mal and optical measurements in the IMPROVE network,”
Atmospheric Measurement Techniques, vol. 5, pp. 2329–2338,
2012.

[43] J. C. Chow, J. G. Watson, L. C. Pritchett, W. R. Pierson, C. A.
Frazier, and R. G. Purcell, “The DRI thermal/optical reflectance
carbon analysis system: description, evaluation and applications
in U.S. Air quality studies,” Atmospheric Environment, vol. 27A,
no. 8, pp. 1185–1201, 1993.

[44] J. G. Watson, J. C. Chow, L.-W. A. Chen, and N. H. Frank,
“Methods to assess carbonaceous aerosol sampling artifacts for
IMPROVE and other long-term networks,” Journal of the Air &
WasteManagement Association, vol. 59, no. 8, pp. 898–911, 2009.

[45] A. M. Dillner, C. H. Phuah, and J. R. Turner, “Effects of post-
sampling conditions on ambient carbon aerosol filter measure-
ments,”Atmospheric Environment, vol. 43, no. 37, pp. 5937–5943,
2009.

[46] J. L. Hand, W. C. Malm, A. Laskin et al., “Optical, physical,
and chemical properties of tar balls observed during the
Yosemite Aerosol Characterization Study,” Journal of Geophysi-
cal Research, vol. 110, no. 21, Article ID D21210, pp. 1–14, 2005.

[47] “IMPROVE data,” http://vista.cira.colostate.edu/improve/.
[48] “CSN data,” http://views.cira.colostate.edu/fed/ or http://www

.epa.gov/ttn/airs/airsaqs/.
[49] B. J. Turpin and H.-J. Lim, “Species contributions to PM

2.5

mass
concentrations: revisiting common assumptions for estimating
organic mass,” Aerosol Science and Technology, vol. 35, no. 1, pp.
602–610, 2001.

[50] H. Theil, “A rank-invariant method of linear andpolynomial
regression analysis I,” in Proceedings of the Koninklijke Neder-
landse Akademie van Wetenschappen, vol. A53, pp. 386–392,
1950.

[51] H. Theil, “A rank-invariant method of linear and polynomial
regression analysis II,” in Proceedings of the Koninklijke Ned-
erlandse Akademie van Wetenschappen, vol. A53, pp. 521–525,
1950.

[52] H. Theil, “A rank-invariant method of linear and polynomial
regression analysis III,” in Proceedings of the Koninklijke Ned-
erlandse Akademie van Wetenschappen, vol. A53, pp. 1397–1412,
1950.

[53] D. V. Spracklen, J. A. Logan, L. J. Mickley et al., “Wildfires drive
interannual variability of organic carbon aerosol in the western
U.S. in summer,” Geophysical Research Letters, vol. 34, no. 16,
Article ID L16816, 2007.

[54] A. S. Holden, A. P. Sullivan, L. A. Munchak et al., “Determining
contributions of biomass burning and other sources to fine
particle contemporary carbon in the western United States,”
Atmospheric Environment, vol. 45, no. 11, pp. 1986–1993, 2011.

[55] J. C. Chow, L.-W. A. Chen, J. G. Watson et al., “PM
2.5

chemical
composition and spatiotemporal variability during the Cali-
fornian Regional PM

10

/PM
2.5

Air Quality Study (CRPAQS),”
Journal of Geophysical Research, vol. 111, no. 10, Article ID
D10S04, 2006.

[56] S. A. Christopher, P. Gupta, U. Nair et al., “Satellite remote sens-
ing and mesoscale modeling of the 2007 Georgia/Florida fires,”
IEEE Journal of Selected Topics in Applied Earth Observations
and Remote Sensing, vol. 2, no. 3, pp. 163–175, 2009.



Advances in Meteorology 13

[57] X. Zhang, A. Hecobian,M. Zheng, N. H. Frank, and R. J.Weber,
“Biomass burning impact on PM

2.5

over the southeastern US
during 2007: integrating chemically speciated FRM filter mea-
surements, MODIS fire counts and PMF analysis,” Atmospheric
Chemistry and Physics, vol. 10, no. 14, pp. 6839–6853, 2010.

[58] G. Bench, S. Fallon, B. Schichtel, W. Malm, and C. McDade,
“Relative contributions of fossil and contemporary carbon
sources to PM

2.5

aerosols at nine Interagency Monitoring for
Protection of Visual Environments (IMPROVE) network sites,”
Journal of Geophysical Research, vol. 112, no. 10, Article ID
D10205, 2007.

[59] L. Ke, X. Ding, R. L. Tanner, J. J. Schauer, andM. Zheng, “Source
contributions to carbonaceous aerosols in the Tennessee valley
region,” Atmospheric Environment, vol. 41, no. 39, pp. 8898–
8923, 2007.

[60] Y. Cheng, M. Zheng, K.-B. He et al., “Comparison of two
thermal-optical methods for the determination of organic
carbon and elemental carbon: results from the southeastern
United States,” Atmospheric Environment, vol. 45, no. 11, pp.
1913–1918, 2011.

[61] G. C. Holzworth, “Mixing heights, wind speeds, and potential
for urban air pollution throughout the contiguous United
States,” Tech. Rep. AP-101, Environmental Protection Agency,
Office of Air Programs Publication, 1972.

[62] J. A. Gillies and A. W. Gertler, “Comparison and evaluation
of chemically speciated mobile source PM

2.5

particulate matter
profiles,” Journal of the Air & Waste Management Association,
vol. 50, no. 8, pp. 1459–1480, 2000.

[63] J. D. Mcdonald, B. Zielinska, E. M. Fujita, J. C. Sagebiel, J. C.
Chow, and J. G. Watson, “Fine particle and gaseous emission
rates from residential wood combustion,” Environmental Sci-
ence and Technology, vol. 34, no. 11, pp. 2080–2091, 2000.

[64] T. Zeng and Y. Wang, “Nationwide summer peaks of OC/EC
ratios in the contiguous United States,” Atmospheric Environ-
ment, vol. 45, no. 3, pp. 578–586, 2011.

[65] B. J. Turpin and J. J. Huntzicker, “Secondary formation of
organic aerosol in the Los Angeles basin: a descriptive analysis
of organic and elemental carbon concentrations,” Atmospheric
Environment, vol. 25A, no. 2, pp. 207–215, 1991.



Hindawi Publishing Corporation
Advances in Meteorology
Volume 2013, Article ID 393926, 15 pages
http://dx.doi.org/10.1155/2013/393926

Research Article
Comparison of Spheroidal Carbonaceous Particle Data
with Modelled Atmospheric Black Carbon Concentration and
Deposition and Air Mass Sources in Northern Europe,
1850–2010

Meri Ruppel,1,2 Marianne T. Lund,3 Henrik Grythe,4,5 Neil L. Rose,6

Jan Weckström,1 and Atte Korhola1

1 Department of Environmental Sciences, Environmental Change Research Unit (ECRU), P.O. Box 65,
University of Helsinki FIN-00014, Helsinki, Finland

2 Arctic Centre, University of Lapland, P.O. Box 122, 96101 Rovaniemi, Finland
3 Center for International Climate and Environmental Research-Oslo (CICERO), P.O. Box 1129, Blindern, 0318 Oslo, Norway
4Department of Applied Environmental Science, Atmospheric Science Unit (ITM), Stockholm University, Svante Arrhenius Väg 8,
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Spheroidal carbonaceous particles (SCP) are a well-defined fraction of black carbon (BC), produced only by the incomplete
combustion of fossil fuels such as coal and oil. Their past concentrations have been studied using environmental archives, but,
additionally, historical trends of BC concentration and deposition can be estimated by modelling. These models are based on BC
emission inventories, but actual measurements of BC concentration and deposition play an essential role in their evaluation and
validation. We use the chemistry transport model OsloCTM2 to model historical time series of BC concentration and deposition
from energy and industrial sources and compare these to sedimentary measurements of SCPs obtained from lake sediments in
Northern Europe from 1850 to 2010. To determine the origin of SCPs we generated back trajectories of air masses to the study sites.
Generally, trends of SCP deposition and modelled results agree reasonably well, showing rapidly increasing values from 1950, to a
peak in 1980, and a decrease towards the present. Empirical SCP data show differences in deposition magnitude between the sites
that are not captured by the model but which may be explained by different air mass transport patterns. The results highlight the
need for numerous observational records to reliably validate model results.

1. Introduction

The term black carbon (BC) was first introduced by Novakov
[1] and incorporates a wide spectrum of charred material
formed by incomplete combustion of biomass and fossil fuels
[2]. Generally, BC can be grouped into larger chars, which
are aromatic residues reflecting the structure of the burned
material or the nature of the burning process, and smaller
particles, soots, which are combustion condensates formed in
the vapour phase [1–5]. The precise definition of BC depends

on the method used for its quantification [6]; therefore, no
single definition has been widely accepted, especially across
disciplines.

However, within this imprecise myriad of carbonaceous
particles, spheroidal carbonaceous particles (SCPs) are a
clearly identifiable component of BC. SCPs are a component
of fly ash and result only from the incomplete combustion of
fossil fuels, mainly coal and oil, at high temperatures (greater
than 1000∘C) in heavy industry and energy production.They
have no natural sources [7] and consist mainly of elemental
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Figure 1: Scanning electron microscope picture of a spheroidal
carbonaceous particle (picture by Neil Rose).

carbon making them chemically inert. Morphologically they
are the spheroidal “skeletons” left by the incomplete combus-
tion of fuel particles (coal) and droplets (oil) (see Figure 1).
They thereby physically resemble char BC although their
other characteristics are more typical of soot BC (highly
refractory, chemically inert, and hydrophobic).The usual size
range of SCPs in the environment is 2–20𝜇m (diameter), but
the largest particles can reach >50𝜇m. In remote areas only
particles smaller than 10 𝜇m are found [8].

The atmospheric lifetime of BC particles smaller than
2.5 𝜇m is around a week [9], which should also be the case
for the smallest SCPs, whereas particles of the size range of
≥10 𝜇m are probably transported only on a regional scale
[10]. SCPs are removed from the atmosphere by wet or dry
deposition and are abundant in urban areas close to industrial
sources [11, 12]. However, they have been recorded even
in remote areas such as Svalbard [13, 14], Greenland [15],
the Canadian High Arctic [16], and Antarctica [17, 18] far
removed from any local or regional emission sources. SCPs
have been used for decades as a tracer for industrial com-
bustion and pollution deposited from the atmosphere (e.g.,
[13]) and their spatial distribution is in good agreement with
patterns of sulphur deposition [11, 12] as well as polycyclic
aromatic hydrocarbon (PAH) distribution [19].

Examples of long-term monitoring of SCPs in the atmo-
sphere are very few [20]. In the absence of long-term moni-
toring data, environmental archives, such as glacial ice, peat
deposits, and lake and marine sediments, are the only means
by which long-term trends of contaminant deposition can be
ascertained. Accumulating sediments store direct evidence
of atmospheric deposition of pollutants in chronological
and conformable order thereby providing an in situ record
of atmospheric contamination. Furthermore, SCPs strongly
resist decomposition and therefore their sediment record is
both robust and reliable [21].

In addition to sedimentary records of SCPs and BC,
historical trends can also be estimated using models. Much
of the understanding about the present and future impact
of BC is based on modelling studies but, to be credible,
models need to be evaluated and validated against historical
data. Sedimentary records can supplement modeled data
by providing spatial and temporal information on atmo-
spheric contamination patterns. A few modelling studies

have explored the historical concentration of BC in the
atmosphere using estimates of historical emissions [22–24].
These studies compare modelled BC concentrations to ice
core records from Greenland [25–27] and show very good
agreement with both temporal trends and magnitudes of the
BC concentrations. In addition, Lee et al. [24] compare results
of eight models [28] to eight ice cores from the Alps, Tibetan
Plateau, and Antarctica. While models are able to capture
the relative increase in BC from preindustrial times to the
present in the Antarctic ice cores, they fail to reproduce the
temporal trends from Tibetan Plateau records. This shows
that good agreement between modelled and empirical data
in one location cannot necessarily be expected in others for
the same model. Hence, comparisons of models with obser-
vational data require large spatial coverage. Records from
single locations may also include characteristics that prohibit
upscaling. For example, McConnell et al. [25] recognized
that their Greenland ice cores mainly represented emissions
from North America and, located in the free troposphere
(ca. at 2500m asl), did not reflect BC deposition at sea level
altitudes.

Current estimates rank BC as the second most important
contributor to climate warming with a total climate forcing
of +1.1Wm−2 (+0.17 to +2.1Wm−2). It has an especially
strong climate warming efficiency in the Arctic where BC
aerosols can significantly reduce the albedo when deposited
on snow covered surfaces (see [29] and references therein).
Until recently, measurements of past BC concentrations and
deposition have been scarce, and with the exception of the ice
core records ofMcConnell et al. [25, 26] no long-term records
of total BC or EC (elemental carbon) exist from the Arctic.
However, historical SCP records have been studied in Arctic
regions [13–16, 30].

This paper focuses on arctic Europe since a number
of SCP records were available within a small geographical
area, and although remote, the area is of special interest
due to the nearby industrialized area on the Kola Peninsula,
Russia. Also, the European sector is clearly the area with
highest elemental carbon (EC) concentrations measured
from modern snow in the Arctic [31] and is therefore an
important area with respect to Arctic climate change.

The ultimate objective of this paper is to use direct
sedimentary records to provide support for models
reconstructing historical BC concentrations. Accurate
measurements of SCP trends in remote locations, enabled
by the sedimentary records, will help improve models to
better capture the large spatial and temporal variations in
BC, informing climate science, health, and policy. We use the
chemistry transport model OsloCTM2 (e.g., [22, 32, 33]) to
model historical time series of BC concentration and deposi-
tion from energy and industrial sources and compare these to
sedimentarymeasurements of SCPs to show the usefulness of
sedimentary data in the validation and possible improvement
of models. In addition to the evolution of industrial and
energy emissions, the SCP record is also a manifestation of
variation in precipitation and wind direction patterns. We
therefore generate back trajectories of air masses from the
study sites. This information may provide data on the origin
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Figure 2: Location of lake coring sites and nearby large emission
sources, Kiruna (Sweden) and Nikel (Kola Peninsula, Russia). The
numbers refer to the study lakes listed in Table 1.

of the deposited material at each site and the likely sources
of SCPs. In addition, analysis of transport patterns over time
may disentangle whether changes in SCP deposition could
have been caused by possible trends in transport.

2. Material and Methods

2.1. SCP Data

2.1.1. Study Sites and Sample Collection. In order to determine
the past concentration and deposition of SCPs in the Euro-
pean Arctic, lake sediments were collected from six sites in
arctic and subarctic Europe (Figure 2 and Table 1). The four
lakes in Finland and one on Svalbard were chosen because
they are remote from sources and have no direct human
impact and therefore their SCP records are not dominated
by local sources. By contrast, the lake on the Kola Peninsula
was selected in order to provide a site near major emission
sources in the Arctic. This lake is situated ∼20 km northeast
of Nikel, a small town supporting a large nickel, palladium,
and copper mine and smelter. In addition to Nikel, only an
iron mine in Kiruna, Sweden, presents a possibly significant
emission source for SCPs in the region.

In general the lakes are small and have simple bathyme-
tries. The sediments were collected from the deepest part
of the sediment accumulation area. The uppermost 10–
20 cm of sediment representing ca. the last two centuries
were collected with an HTH gravity corer [34] or a Glew
corer [35]. The sediments from three sites in Finland
were retrieved in 2009 and 2010 (Kuutsjärvi, Puoltsajärvi,
and Karipääjärvi), whereas the other sediments were col-
lected in 1992 (Stapanovichjarvi), 1993 (Arresjøen), and
1995 (Saanajärvi). The sediments were subsampled at high-
resolution intervals: 0.2 cm for Saanajärvi; 0.25 for the other

Finnish lakes, and Arresjøen and 0.5 cm for Stepanovichjarvi,
and stored in plastic bags. The sediments were freeze-dried
prior to analysis.

2.1.2. Radiometric Dating. Sediment cores were dated radio-
metrically. Lead-210 (half-life 22.3 years) is a naturally
produced radionuclide, derived from atmospheric fallout
(termed unsupported 210Pb). Cesium-137 (half-life 30 years)
and 241Am are artificially produced radionuclides, intro-
duced to the study areas by atmospheric fallout from nuclear
weapons testing and nuclear reactor accidents. Dried sed-
iment samples were analysed for 210Pb, 226Ra, 137Cs, and
241Am by direct gamma assay using ORTEC HPGe GWL
series well-type coaxial low background intrinsic germanium
detectors. Lead-210 was determined via its gamma emissions
at 46.5 keV, and 226Ra by the 295 keV, and 352 keV gamma
rays emitted by its daughter isotope 214Pb following three
weeks storage in sealed containers to allow radioactive
equilibration. Cesium-137 and 241Amweremeasured by their
emissions at 662 keV and 59.5 keV, respectively [36]. The
absolute efficiencies of the detector were determined using
calibrated sources and sediment samples of known activity.
Corrections were made for the effect of self-absorption of
low energy gamma rays within the sample [37]. This method
allows sediment chronologies to be produced for the most
recent ca. 150 years. The sediment of Saanajärvi, Kuutsjärvi,
Karipääjärvi, and Arresjøn was analysed in the Liverpool
University Environmental Radioactivity Laboratory and the
sediment of Puoltsajärvi in the Environmental Radiometric
Facility at University College London. The sediment of
Stepanovichjarvi on the Kola Peninsula was not dated.

2.1.3. SCP Analysis. SCPs were extracted following the
method developed by Rose [38]. The sediments were sub-
jected to sequential chemical attack using HNO

3
, HF, and

HCl to remove organic material, silicates, and carbonates,
respectively. Microscope slides with a known fraction of the
resulting concentrated suspension of mainly carbonaceous
material were made.The number of SCPs was counted under
a light microscope at 400 times magnification. The detection
limit of the method is 50–80 SCPs per gram dry mass
(gDM−1) with a mean recovery of 95.2% [38]. Identification
criteria for SCP counting are described in Rose [39].

The concentrations of SCPs in the sediment were calcu-
lated as “number of particles per gram dry mass of sediment”
(gDM−1). The flux of SCPs to the sediment was calculated as
“number of SCPs per square metre per year” (SCP m−2 yr−1)
for all lakes that were dated and the sediment accumulation
rate known. The weight of a medium sized (20 𝜇m) SCP has
been estimated to be 1.96 × 10−9 g [21]. This estimation was
used to calculate the flux of the SCPs as “gram per square
metre per year” (gm−2 yr−1).

2.2. Modeling Experiments

2.2.1. The OsloCTM2. OsloCTM2 is a global off-line 3-
dimensional chemistry transport model with transport



4 Advances in Meteorology

Table 1: Details on the study lakes.

Number (in Figure 2) 1 2 3 4 5 6
Lake Arresjøen Karipääjärvi Kuutsjärvi Puoltsajärvi Saanajärvi Stepanovichjarvi

Location 79∘40N,
10∘45E

68∘49N,
26∘52E

67∘45N,
29∘37E

68∘26N,
24∘41E

69∘05N,
20∘52E

69∘28N,
30∘40E

Altitude (m a.s.l.) 15 265 341 355 679 200
Size (ha) 34 32 0.67 17 70 Unknown
Maximum depth (m) 31 6.7 8.6 7 24 14
Coring year 1993 2010 2009 2010 1995 1992

driven by meteorological data generated by the Integrated
Forecast System (IFS) model at the European Center for
Medium Range Weather Forecast (ECMWF). The horizontal
resolution is 2.8∘ × 2.8∘ and there are 60 vertical layers from
the surface to 0.1 hPa.The advection of tracers in themodel is
calculated by the second ordermomentmethod [40]. Vertical
mixing is based on Tiedtke [41] and the turbulent mixing in
the boundary layer is treated following the Holtslag K-profile
scheme [42].

Time-slice simulations for 1850 and for every 10th year
from 1900 to 2010 are performed using meteorological data
for 2006. For the purpose of our study we focused only
on BC in the model runs. Historical anthropogenic and
biomass burning emissions are from Lamarque et al. [23],
while anthropogenic emissions for 2010 are from the Rep-
resentative Concentration Pathway 4.5 [43]. These emissions
are consistent with the historical inventory by Lamarque et al.
[23]. Biomass burning emissions for 2000 are used for 2010.
SCPs have limited emission sources and for the best possible
comparison of modelled BC and measured SCP, we perform
additional simulations where all BC emissions other than
those from energy and industrial sectors are switched off.

The carbonaceous aerosols are parameterized using a
bulk scheme based on Cooke et al. [44]. BC particles
are assumed to be 20% hydrophilic and 80% hydrophobic
upon emission. Conversion from hydrophobic to hydrophilic
mode, where particles are assumed to be hygroscopic and
available for wet removal, is given by constant aging times
depending on latitude and season [22]. This aerosol aging
scheme is based on results using the full tropospheric chem-
istry version of theOsloCTM2with themicrophysical aerosol
module M7 [32] and is an improvement on the traditional
approach of using one constant exponential lifetime to
represent aging. The M7 [45] allows for a more realistic
representation of aerosols than the bulk scheme by including
size distribution and mixing state and allowing for aging
and growth by particle interaction. BC aerosols are aged
through coating by condensation and coagulation of sulfate
and aging thus varies seasonally and regionally depending
on the availability of sulfate. Using M7 leads to significant
differences in BC distribution and lifetime [32] compared
to the bulk scheme. However, simulations with the M7 in
the OsloCTM2 are very demanding in terms of computing
resources and do not allow separation of energy/industry BC
from the total and are hence not used in this study.

Particles are removed by dry deposition and large-scale
and convective precipitation. The dry deposition velocity for
hydrophilic particles is 0.025 cm s−1 over land and 0.2 cm s−1
over ocean [44]. For hydrophobic aerosols a velocity of
0.025 cm s−1 is applied over all surfaces. Hydrophilic aerosols
are removed according to the fraction of liquid plus ice
water content of a cloud that is removed by precipitation.
Aerosols are assumed to be 100% absorbed in cloud droplets
for convective precipitation. For large-scale precipitation,
100% scavenging is assumed for liquid clouds and 12% for ice
clouds [22].

2.2.2. Back Trajectories. To further explore the major source
areas for SCPs and potential changes in the dominant
transport patterns over the past decades, we calculated back
trajectories of air masses to the study sites. Back trajectories
were used to investigate air mass histories at all study sites,
except Stepanovichjarvi, for which there is no information
on depositional fluxes of SCP. The back trajectories were
madewith FLEXPART [46], a Lagrangian Particle Dispersion
Model (LPDM). Trajectories tracing the air were run from
each of the study sites. The model computes trajectories of
particles in the atmosphere following the mean flow and
random motion in order to take turbulence into account.
Turbulence is parameterized as Gaussian and solved using
the Langevin equations [47].Themodel has been applied and
validated in a wide range of aerosol studies on several scales,
including volcanic ash [48], power plant plumes [49], and
arctic transport [50].

For the period from January 2000, the model was driven
by operational reanalysis of wind fields from ECMWF, with
analyses at 00, 06, 12, and 18 UTC and three-hour interme-
diate forecasts. The horizontal resolution of the fields used
was 1∘ by 1∘ with 91 vertical levels [51]. For the period 1983–
2000, ECMWF ERA-40 reanalysis [52] data with the same
horizontal and temporal resolution and 61 vertical levels were
used to drive the model.

At each study site 25,000 trajectories were started in
the boundary layer each day in the period 1983–2007, each
trajectory running back in time for seven days. The years
1990 and 1999 missed input data from wind fields and are
therefore excluded from the analysis. The model has daily
output with a spatial resolution of 1∘ by 1∘ and is a count
of the time spent in each grid cell by the tracer trajectories.
This provides sufficient statistics on movements of the air
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masses before reaching the study sites, thereby providing a
25-year record of transport to each site. The trajectories were
run as air tracers and thus no atmospheric loss processes
were taken into account, since such specific information is
not available for SCPs. The wide spread in sizes for the
SCPs makes different loss processes important. For the larger
SCPs (𝑟

𝑑
= 10–50 𝜇m) gravitational settling is increasingly

important with size and weight, while for smaller particles
wet/dry deposition dominates.

Using air tracing trajectories will not provide information
when, in the airmass history, emissions of SCP are significant.
Losses during transport will deplete a source’s importance
relative to an air tracer with increasing transport time. Also,
for SCPs that are relatively large particles, gravitation is
influential and the path of a SCP in the atmosphere may
deviate from that of an air tracer. Consequently, the air tracers
will not give direct information on SCP sources but are rather
a measure of where the air has been and thus where potential
sources of SCPs may be located.

3. Results and Discussion

3.1. The SCP Record in Lake Sediments. SCP accumulation
data has been previously published for Saanajärvi [53],
Arresjøen, and Stepanovichjärvi [30], whereas the results
for Kuutsjärvi, Karipääjärvi, and Puoltsajärvi are presented
here for the first time (Figure 3). The older sediment
records are used in this study for comparative purposes. The
radiometric dating of the sediments provides chronologies
with typical uncertainties of ±0–5 years in recent decades,
but uncertainties increase in older sediments reaching ±20
years in the 19th century.

The SCP concentration profiles in the study lakes are
generally in good agreement with previous trends across
Europe (e.g., [54]). The first signs of SCP deposition in this
study were recorded in Saanajärvi, Finland, in the 1870s,
but not until the 1910s in the other Finnish lakes. These
differences might be caused by analytical detection limits
at low SCP concentrations and possible dating errors. On
Svalbard SCP concentrations only exceeded the detection
limit for the first time in the 1960s. With the exception of
Saanajärvi the SCP concentrations initially increased quite
moderately andmore rapidly after the 1950s in common with
many other European lakes.This trend is explained by a post-
war expansion in the power generation industry in Europe
and by the widespread usage of fuel-oil in power stations for
the first time [54]. Coincidentally the smelter at Nikel also
started operation in 1946 [55], suggesting that the earlier SCPs
recorded in the study lakes may originate from either smaller
scale regional activity or long-range transport. Peak values in
SCP concentrations in all the dated sediment profiles were
reached around the 1980s. Maximum concentrations for the
Finnish lakes are 1400–3000 particles gDM−1, and a little
less for Arresjøen on Svalbard (ca.1200 SCP g (DM−1)).These
concentrations are consistent with results from comparable
sites, for example, Wik and Renberg [11] typically found con-
centrations of 100–2000 SCP g (DM−1) in northern Sweden in
surface sediments in the late 1980s and Rose et al. [13] found

concentrations of 200–1000 SCP g (DM−1) in numerous
surface sediments collected in Svalbard in 1995. In our study
lakes SCP concentrations decreased from peak values, such
that concentrations in 2010 were similar to those in the early
1950s. The peak in the 1980s and subsequent decrease of SCP
concentration is most likely explained by clean air legislation
and improved particle arrestor technology. In the Finnish
lakes the start of the decrease of SCP concentrations seems
to also coincide with the fall of the USSR in 1991.

Stepanovichjarvi on the Kola Peninsula shows signifi-
cantly higher concentrations (up to 12000 SCP gDM−1). The
overall shape of the SCP concentrations is similar to the other
lakes. It is thus likely that the peak values of SCP concen-
trations were also reached in the 1980s. The prevailing wind
patterns arrive at Stepanovichjarvi from the south west so it
is situated downwind from the smelter in Nikel and received
high contamination deposition.The high SCP concentrations
for this region are supported by concentrations of >8000
SCP gDM−1 in 1980 found in a northeastern Finnish lake ca.
40 km west of the Nikel smelter area [56].

SCP concentrations in lake sediments cannot be con-
verted to concentrations for the atmosphere over the study
area, since they are always influenced by sedimentary pro-
cesses. However, converting SCP sediment concentrations
to depositional fluxes facilitates a better comparison with
modelled BC deposition.

3.2. SCP Deposition and Comparison with Modelled BC
Deposition. Figure 4(a) shows the depositional fluxes of SCPs
to the lakes and takes into account changes in the sediment
accumulation rate. The sediment accumulation rates vary
according to the input of both allochthonous organic and
inorganic material and autochthonous biogenic material.
SCP deposition is also shown on a decadal basis (Figure 4(b))
to provide similar results to the modelled time slices.

In general trends in SCP depositional fluxes differ from
observed sediment concentrations due to higher sediment
accumulation rates in some lakes. This is evident when
comparing the SCP concentration (Figure 3) and flux profiles
(Figure 4(a)) of Saanajärvi and Kuutsjärvi, respectively. In
Saanajärvi (Figure 4(a)) conversion to depositional fluxes
emphasises the 1980s peak with respect to concentration data
(Figure 3). By contrast, in Kuutsjärvi SCP flux is higher in
the late 1980s and 1990s (Figure 4(a)). In the other lakes
trends in concentrations seem to show good agreement with
flux rates which is explained by relatively constant sediment
accumulation rates.

Although the SCP concentrations (Figure 3) were quite
similar in the Finnish lakes some of the depositional flux val-
ues differ quite dramatically. In Karipääjärvi and Puoltsajärvi
SCP fluxes were low and reached only ca. 0.15mgm−2 yr−1,
whereas in Kuutsjärvi it was more than twice as high
and in Saanajärvi almost an order of magnitude higher
(0.9mgm−2 yr−1) (Figure 4(a)). In Arresjøen, on Svalbard,
the SCP depositional flux was the lowest which is expected
due to its remoteness. However despite these differences in
scale of contaminant inputs to the lake sediments, temporal
patterns are similar.
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Figure 4:Observed depositional fluxes of SCP andmodelled BCdeposition at the study sites from 1850 to 2010. Results are given inmilligrams
per square meter per year (mgm−2 yr−1). (a) SCP depositional flux for the five dated study lakes, (b) SCP depositional flux for the lakes in 10-
year averages, (c) modelled time slice simulations of BC deposition from the industry and energy sectors at the study lakes, and (d) modelled
time slice simulations of all anthropogenic BC deposition at the study lakes. The model results for 1850 to 1900 are linear interpolations. The
SCP deposition results are also linear interpolations between dated observations. Note that the 𝑦-axes are not the same in all panels.

As with the concentration data, all lakes show a peak in
SCP flux around 1980 and this peak is also clearly apparent in
the 10-year averages (Figure 4(b)). Kuutsjärvi and Saanajärvi
are an exception from the other lakes as they show no decline
after 1980.This is apparently due to differences in coring date
and the fact that in most cases the last available deposition

observation in the records falls outside the last full 10-year
period used for averaging and thus the most recent trend is
not seen in Figure 4(b).

Figure 4 also shows the modelled deposition of BC at
each of the lakes. In Figure 4(c) the results are shown for BC
deposition resulting from the industrial and energy sectors
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whereas in Figure 4(d) deposition from all anthropogenic
sources is shown. Model values are interpolated between the
four grid boxes closest to each of the study lakes. Values of BC
deposition resulting from the industrial and energy sectors
(Figure 4(c)) are mostly of the order of 2 to 5mgm−2 yr−1 for
the four lakes in northern Finland. The model resolution is
quite coarse (approx. 100 km×100 km in the horizontal) and
since the lakes are relatively close together the model is not
capable of capturing significant variability between them. At
Arresjøen, which is more remote, model values are around
0.50–1.5mgm−2 yr−1 (Figure 4(c)).

Deposition rates for BC from industrial and energy
sectors are much higher than the measured SCP depositional
fluxes. SCPs make up only part of the emissions from energy
and industry, while modelled BC is more representative
of elemental carbon (EC). Comparing the magnitude of
deposition is therefore not possible without an estimate of
the fraction of SCPs in BC emissions. To the best of our
knowledge, Muri et al. [57] is the only study to include
both SCP and soot BC deposition in the same lakes. The
soot BC was measured with the chemothermal oxidation
method [58, 59], which probably represents EC measured in
atmospheric studies quite well. Based on these results and
assuming a mass of 1.96 × 10−9 g for a medium (20𝜇m)
sized SCP, it can be estimated that SCPs make up 0.01–2.66%
of total BC in these studied sediments. However, this value
is highly variable in time and space and is based on only
one study. Our study indicates that SCPs might represent
approximately ≤5% of the modelled BC from the industrial
and energy sectors and therefore, despite some assumptions,
modelled and measured deposition would appear to agree
quite well at several sites. Saanajärvi has a much higher
measured depositional flux value than the other Finnish
lakes, which may be explained by different transportation
routes (see below).

Due to this limited knowledge about the fraction of SCP
of total BC, we focus more on the temporal evolution in
deposition rates than on theirmagnitudes.The general trends
(Figures 4(a), 4(b) and 4(c)) seem to agree reasonably well.
The measured peak in SCP deposition in 1980 (Figures 4(a)
and 4(b) is captured very well in the modelled time series of
BC deposition (Figure 4(c)). After 1980, modelled deposition
of BC from industrial and energy sectors declines signifi-
cantly, to 1850 levels. Sediment data also show a decrease in
this period but less significantly than the modelled data. The
rapid increase leading up to the 1980 peak starts in 1950 in the
model, which also agrees well with the SCP measurements.
However, in the first part of the 20th century, modelled depo-
sition of industrial and energy combustion derivedBC reveals
a local maximum around 1900 followed by a decrease until
1940 (Figure 4(c)). The increase from 1850 to the local maxi-
mum in 1900 is not seen in any of the lake sediments although
they are analysed for SCP back to ca. 1850.This could suggest
that the estimated energy and industrial emissions might
be too high in the late 19th and early 20th centuries and
uncertainties in regional BC emissions may be expected to be
as large as a factor of two [23, 60, 61]. Furthermore, differences
may arise due to the spatial distribution of emissions or

the transport from emission source to the study lakes in
the model. However, the most plausible explanation for the
divergence is that the BC peak in 1900 depicted by the model
represents other forms of BC than SCP as combustion in
the energy and industrial sector in the early 20th century
did not always reach the temperatures required for SCP
formation. This inference is supported by measurements of
high refractory soot BC and pyrolysis-derived contaminant
polycyclic aromatic hydrocarbons (PAH) in a lake sediment
core from southern Sweden, ca. 1100 km southwest from the
study area [62]. The 700-year record shows maximum soot
BC and rapidly increasing PAH fluxes to the sediment in
1922–1928 in an area that might at least in part have same
source areas for smaller, long-range transported particles as
our Finnish study sites (see also Figure 6).

BC deposition from all anthropogenic emissions is shown
in Figure 4(d). Both trends and magnitudes (values between
10 and 25mgm−2 yr−1, but lower for Arresjøen) are com-
pletely different than for the SCP and modelled industrial
and energy sector derived BC deposition. This is probably
mainly due to domestic combustion dominating the devel-
opment of anthropogenic BC emissions, that is, much of the
difference between total anthropogenic BC emissions and the
industrial and energy sector seen in Figure 5(a) represents
the domestic sector. The BC deposition for all anthropogenic
BC (Figure 4(d)) seems to have increased at the study sites
until 1900, stayed quite constant until 1960, and declined
subsequently reaching almost preindustrial levels at present.
This trend clearly illustrates the importance of choosing
appropriate BC components when validating comparative
studies between observed and modelled results.

As explained earlier, the changes in modelled deposition
are governed by changes in emissions since we use constant
meteorology in the model simulations. Figure 5(a) shows
the time series of global annual BC emissions in the model
from 1850 to 2010 for the energy and industrial sectors. For
comparison we also show the total anthropogenic BC emis-
sions. There is a continuous increase in emissions after 1950.
However, themodelled deposition shows a significant decline
in deposition at the measurement sites after 1980, despite the
increase in emissions. This is explained by the geographical
shift in major emission source regions. Figure 5(b) shows
zonal mean distribution of energy and industrial emissions
for selected years. There has been a significant southward
shift in maximum emissions from 50–60∘N towards 30∘N
during the industrial era. While emissions in Europe and
North America have declined in the last decades of the 20th
century, they have increased strongly in developing countries
like China and India, although emissions from these regions
are expected to have contributed little to the BC deposition in
Finland and Svalbard [32, 63].

Modelled surface concentrations of BC at the study
sites are shown in Figure 5(c) and exhibit the same trend
as deposition. Concentrations range from 5 to 25 ngm−3
during 1850–2010 at the Finnish lakes and 1–4 ngm−3 at
Arresjøen. Comparison of present-day surface concentra-
tions of BC from the OsloCTM2 with observed data shows
a reasonable agreement at Pallas (northern Finland, close to
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Figure 5: (a) Time series of annual energy and industrial emissions of BC used as input to the OsloCTM2. Also shown for comparison is
the total anthropogenic emissions. (b) Zonal-mean annual BC emissions from the energy plus industrial sectors for selected years. (c) Time
series of annual-mean surface concentration of BC from energy and industrial emissions at the six lakes.

Puoltsajärvi) and an underestimation at Zeppelin (Svalbard,
close to Arresjøen), particularly during spring [22, 24, 32].
At Stepanovichjärvi, SCP deposition fluxes are not available
because the sediment core was not dated. While the SCP
concentrations at this site show much larger values than at
the other sites, the model does not capture this.This might be
due to the resolution of the model, but it is also probable that
emissions frompoint sources such as theNikel smelter, which
is a likely source of pollution for the site, are underestimated
or not captured in the model.

3.3. Back Trajectories. Figure 6 shows the direction and
distance for which air, as a percentage, has spent time less
than 100m above the surface for 1983–2007. Only air below
100m above the surface is considered because SCP and BC
particles are produced only in this layer of air. The direction
from each study lake to a grid cell centre was calculated using
the Haversine formula and the distance is the great circle
distance in kilometres. The area spanned by each segment in
Figure 6 is thus the relative frequency that air has spent close
to the surface in the direction of the segment.The colour scale
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of the segments reflects the distance the air has travelled over
the previous seven days.

Karipääjärvi, Kuutsjärvi, and Puoltsjärvi seem to have
quite similar transport patterns. Most air is transported from
the south and east and from similar distances to the lakes.
Saanajärvi on the other hand, while being geographically
close to the other Finnish sites, has a somewhat different
transport pattern. More of the air masses reaching it come
from further away and more from the south and southwest
compared to the other lakes in Finland. Arresjøen on Sval-
bard also has a diverging transport pattern.Muchmore of the

transport is coming from longer distances than to the other
sites and mainly either from the southeast or northwest. This
division between the lakes on the mainland and on Svalbard
is probably due to the seasonal cycle of air circulation patterns
and whether the lake is inside the polar dome or not.

The interannual or decadal variability of the source
regions for the lakes can be calculated by subtracting a
year/decade to that of another, and the absolute residual is
then the variability in source regions for each lake coring site.
The variability for all lakes is less than 10%, with Arresjøen
displaying a somewhat larger variability than the other sites.
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There has been no discernible trend pointing towards a
change in transport to any of the study lakes during the period
between 1983 and 2007.

Figure 7 relates the transport patterns of the five lakes to
two expected significant emission sites in the region, Nikel
and Kiruna. While the overall change in transport from year
to year is small for all study sites, there is much stronger
variability when looking at transport to the lakes from Nikel
and Kiruna. As can be seen in Figure 7 (left panel), the
transport to the lakes fromNikel andKiruna vary annually by
more than ±50%. There are no significant signs of transport
patterns changing over yearly or decadal time scales, from
either Nikel or Kiruna. However, in terms of transport
frequency, Kiruna is a more significant source area for the
studied lakes since the total annual average time air masses
spend before arriving at any study site is ∼52000 seconds
above Kiruna compared to ∼32000 seconds above Nikel.

According to our results, the study lakes situated quite
close to each other on the European mainland receive
atmospheric transportation from relatively different sources.
Figure 7 (right panel) compares the transport from Nikel
and Kiruna to the study lakes. According to these results,
Saanajärvi receives only about a third of the transport
from Nikel compared to the other lakes on the mainland
(Karipääjärvi, Kuutsjärvi, and Puoltsjärvi).Therefore, a more
likely source for SCPs at Saanajärvi is the large iron mine
in Kiruna, from where emissions are frequently transported
towards Saanajärvi.

While the average transport patterns to Karipääjärvi,
Kuutsjärvi, and Puoltsjärvi look quite similar (Figure 6), the
lakes differ in both the direction and distance to strong
sources. The distance seems to be the dominant factor
determining air mass transport between Nikel and Kiruna
and the study lakes. Arresjøen is located far from the polluting
sources and receives very little transport from Northern
Europe and transport from both Kiruna and Nikel is infre-
quent compared to the other lakes. Therefore, it seems that
SCP deposition in Arresjøen could result from small local
sources such as the power stations in Isfjorden as suggested in
Rose et al. [13] while long-range transport from other sources
in both Eurasia and North America is possibly contributing
as well. For the remaining lakes both Nikel and Kiruna are
probably the dominant sources since there is no other large
scale fossil fuel based industrial activity in the area. Transport
from Nikel has the strongest impact on SCP deposition in
Kuutsjärvi andKaripääjärvi whereas Kiruna has the strongest
impact on Saanajärvi.

Consequently it seems that variations in the magnitude
of SCP deposition to the lakes (Figures 4(a) and 4(b)) can
be mostly explained by Kuutsjärvi and especially Saanajärvi
receiving greater amounts of polluted air masses from nearby
large emission sources than the other study lakes. These
lakes have two common features: they are located close to
the pollution sources and are heavily impacted by prevailing
winds coming from the direction of those sources. These are
evident causes for the observed high deposition (Figures 4(a)
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and 4(b)).The strong impact of Kirunamight also explain the
earlier start of the SCP record in Saanajärvi than in the other
study lakes (Figures 3, 4(a) and 4(b)) since mining started
there in the 1870s. This analysis emphasises that even on a
relatively small geographical scale, prevailing wind directions
can be quite different and affect SCP and therefore also BC
deposition to individual sites substantially.

3.4. The Feasibility of Using SCPs and Lake Sediments in the
Evaluation of BC Model Results. Comparisons of observa-
tional measurements of BC with modelled results should
be performed carefully since numerous methods to quan-
tify BC and therefore BC definitions exist. Furthermore,
studies investigating past concentrations, approximating to
the complete BC spectrum from sedimentary records, are
not yet available in large numbers, especially in the Arctic.
Therefore, in order to get sufficient records, ice core data
should additionally be used where available. With regard to
comparisons with models, promising methods used for BC
quantification from environmental records are variations of
the thermal/optical methods which have been applied for
soils and sediments by Han et al. [64, 65] and Husain et
al. [66]. These Thermal Optical Transmittance/Reflectance
(TOT and TOR) methods quantify EC in sediments and soils
after chemical extraction and use the same instrument that
measures EC from atmospheric samples. The application of
this approach by Husain et al. [66] has shown consistency in
EC measured from lake sediments and the atmosphere at the
same site between 1978 and 2005. However, the application
is very elaborate and time consuming and entails numerous
known error sources [66]. Another promising method is
the chemothermal oxidation method developed for soot
BC quantification in sediments [58, 59] which can also be
applied to atmospheric samples [67]. Unfortunately it is not
known exactly how representative the soot BC concentrations
retrieved with this method are of BC used in models, and
this complicates any comparison. The emission factors used
in the inventories of anthropogenic BC emissions represent a
more EC-like carbonaceous compound than BC [68]. Several
laboratory studies have shown EC and BC concentrations to
differ significantly, up to a factor 7 between different methods
(see [68] and references therein).

Our study, however, indicates the possibility of compar-
ing historical observational data of a widely studied and
clearly defined BC fraction, SCPs, with modelled BC trends
albeit with the caveat that SCPs are only derived from
industrial fossil-fuel combustion. Therefore, they cannot be
used for comparison beyond the industrial era and neither
for biomass burning reconstruction. However, reasonable
comparisons are facilitated by the knowledge of the exact
emission sources of SCP and emissions from these sectors
can be selected for model runs. Since SCPs represent a
well-defined fraction of BC, they could potentially be a
useful tool for model evaluation. Currently, however, assess-
ments of models based on SCP data alone are restricted
as information on SCP source strength and the fraction
of total BC represented by SCPs is unknown. Ideally, BC
records from lake sediments would, in future consist of soot

BC or EC measurements (e.g., [64–66]), since these best
represent EC measured in the atmosphere. However, until
these measurements are readily available, SCP records may
represent a useful tool for the validation and improvement
of models. There are numerous SCP records available all
aroundEurope and in some areas (e.g., UK) these exist in high
numbers and distribution densities.

According to the recent specific definition of refractory
black carbon in the atmosphere by Bond et al. [29], SCPs do
not represent BC, since they are not an aggregate of small car-
bon spherules. Nonetheless, other properties (strong visible
light absorption, refractoriness, and insolubility in water) are
similar, although the exact mass absorption cross-section of
SCPs is currently unknown. BC particles found in sediments
are those that have been deposited from the atmosphere.
Therefore, in order to facilitate BCmodel validation or to find
natural background levels of contamination, it is crucial that a
general definition of BC should also include particles readily
studied in natural archives, such as SCPs.

4. Conclusions

In general we found a good agreement between the temporal
records of SCP in lake sediments andmodelled industrial and
energy sector derived BC deposition. Discrepancies in the
results are most likely explained by SCPs not representing
all BC formed by these sectors but only a relatively small
fraction. This explains the differences in magnitude as well
as the model capturing a possible BC concentration and
deposition peak in the early decades of the 20th century that
is not observed in sedimentary SCP data.

Despite generally good agreement between SCP concen-
tration and flux trends between lakes, some differences in
the magnitude of depositional fluxes are evident. In general
trends in deposition follow trends in emissions, as implied
by the OsloCTM2-model. According to back trajectories
of air masses it seems that trends in SCP deposition to
the study sites are not caused by changes in general air
mass transportation patterns, at least not during the last 25
years. On the contrary, differences in observedmagnitudes of
SCP deposition seem to be caused by differing quantities of
polluted airmasses being transported to the sites fromnearby
emission sources.

Our study also points to the fact that models might easily
miss quite significant regional variation in BC concentrations
and deposition both due to the coarse resolution of themodel
and possibly underestimation of local emission sources. The
modelled trends are a manifestation of changes in emission
strengths and geographical patterns. On a smaller geograph-
ical scale, however, the lack of detailed information on air
mass transport patterns in the model becomes apparent.
For example, the model cannot predict the higher SCP
concentrations observed in a lake (Stepanovichjarvi) close
to a known large emission source and it fails to capture the
higher SCP deposition values in lakes receiving air masses
from more polluted areas (Saanajärvi and Kuutsjärvi).

Our results underline the fact that significant variation in
BC deposition can be recorded within a small geographical
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area. The concentrations, deposition, and trends of BC may
vary at a specific site for many reasons. These include
factors that are captured by the OsloCTM2 model, local
conditions that affect the sediment records ability to capture
atmospheric deposition that the model cannot account for,
and variation in transport patterns of air masses to the study
sites.Therefore, numerous observational records are required
to credibly validate and improve models. While ice sheets
are extremely valuable as archives of atmospheric pollutant
deposition histories, they are only found in restricted regions.
Lake sediments can be found almost anywhere around the
world and can play an important role in recording deposition
history of BC and other pollutants.

Although the emissions of BC, specifically SCP, from
industrial sectors have declined in Europe and North Amer-
ica during recent decades, emissions are increasing in Asian
countries. Therefore, SCPs must also be considered as a
significant component in climate changemitigation strategies
in the future.
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Cruz, and M. M. Millán, “Seasonal differences in SO

2

ground-
level impacts from a power plant plume on complex terrain,”
Environmental Monitoring and Assessment, vol. 149, no. 1–4, pp.
445–455, 2009.

[50] A. Stohl, “Characteristics of atmospheric transport into the
Arctic troposphere,” Journal of Geophysical Research, vol. 111, no.
D11, pp. 1–17, 2006.

[51] D. P. Dee, S. M. Uppala, A. J. Simmons et al., “The ERA-Interim
reanalysis: configuration and performance of the data assim-
ilation system,” Quarterly Journal of the Royal Meteorological
Society, vol. 137, no. 656, pp. 553–597, 2011.
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Hygroscopic behavior was measured at 12∘C over aqueous bulk solutions containing dicarboxylic acids, using a Baratron pressure
transducer. Our experimental measurements of water activity for malonic acid solutions (0–10mol/kg water) and glutaric acid
solutions (0–5mol/kg water) agreed to within 0.6% and 0.8% of the predictions using Peng’s modified UNIFACmodel, respectively
(except for the 10mol/kg water value, which differed by 2%). However, for solutions containing mixtures of malonic/glutaric acids,
malonic/succinic acids, and glutaric/succinic acids, the disagreements between the measurements and predictions using the ZSR
model or Peng’s modified UNIFAC model are higher than those for the single-component cases. Measurements of the overall
water vapor pressure for 50 : 50 molar mixtures of malonic/glutaric acids closely followed that for malonic acid alone. For mixtures
of malonic/succinic acids and glutaric/succinic acids, the influence of a constant concentration of succinic acid on water uptake
became more significant as the concentration of malonic acid or glutaric acid was increased.

1. Introduction

The direct and indirect effects of atmospheric aerosols on
global climate change have been well established in a number
of previous studies. The direct effect is caused by scattering
and absorbing solar radiation, and the indirect effect is caused
by aerosols acting as cloud condensation nuclei (CCN) (e.g.,
[1–3]). For both effects, the hygroscopicity of the aerosol plays
an important role, since it influences the size of the particle
and its ability to become a CCN (e.g., [4–7]).

Atmospheric aerosols consist of inorganic and organic
compounds. Organic compounds account for 20% to 90% of
the total fine particle mass in the troposphere (e.g., [2, 8, 9]).
Among the organic aerosol components in the atmosphere,
dicarboxylic acids have been frequentlymeasured in previous
studies (e.g., [10]). Oxalic acid is the most dominant dicar-
boxylic acid in aerosols, followed by malonic and succinic
acids [10, 11]. In addition, most dicarboxylic acids are highly
soluble in water, which makes them likely to affect the
hygroscopic properties of atmospheric aerosols [11–13].

A number of previous studies have measured the water
uptake of pure water-soluble organic compounds (e.g., [11,

14–16]) and the water uptake of inorganic and water-soluble
organic mixtures (e.g., [17–23]). In the inorganic-organic
mixture studies, researchers have reported that the presence
of organic compounds can reduce or enhance the hygroscopic
growth of pure inorganic compounds. However, only a few
studies havemeasured the hygroscopicity of organicmixtures
[19, 24–26].

For an aerosol containing mixed inorganic/organic or
organic/organic compounds, water uptake has been most
commonly predicted using the Zdanovskii-Stokes-Robinson
(ZSR) method [27]. Choi and Chan [19] and Marcolli et al.
[24] reported that their measurements agreed well with the
predictions made by ZSR method, while Svenningsson et al.
[26] showed that the ZSRmodel was applicable to 3 out of the
4 mixtures they measured.

Another approach uses the UNIFAC (UNIQUAC Func-
tional-Group Activity Coefficients) [28] or a modified UNI-
FAC [14] model to predict the hygroscopic behavior of a sin-
gle or mixed organic solution.This method estimates activity
coefficients of a system containing various functional groups
based on previously determined interaction characteristics
among those functional groups. Choi and Chan [19] reported
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that their organic mixture results showed good agreement
with the modified UNIFAC predictions. Moore and Ray-
mond [25] reported that measurements of multicomponent
mixtures of 5 to 10 dicarboxylic acids were in good agreement
with the original UNIFACpredictionswhile glutaric-malonic
mixture data were in good agreement with the modified
UNIFAC predictions. However, there is still a dearth of
experimental data involving the hygroscopic behavior of
organic mixtures, so it is not yet possible to assess the overall
reliability of using these models for organic mixtures.

This study examines how mixtures of two water-soluble
organics (malonic and glutaric acid) take up water and how
the water uptake of a sparingly soluble organic (succinic acid)
is affected by the presence of a water-soluble organic (malonic
or glutaric acid). To measure the hygroscopic behavior of
organic mixtures, this study measured water vapor pressures
at 12∘C over aqueous bulk solutions containing dicarboxylic
acids.Thesemeasurement data are comparedwith the predic-
tions made using ZSR and Peng’s modified UNIFAC model
[14], one of the most frequently used methods for estimating
the hygroscopic behavior of organic aerosols.

2. Experimental Procedures

2.1. Materials. The organic compounds used in this study
are listed in Table 1. For this exploratory study, we focused
on 3 species of dicarboxylic acids, a water-soluble chemical
group frequently identified in atmospheric aerosols. Malonic
acid and glutaric acid were used due to their high solubility,
while succinic acid was chosen due to its relatively low
solubility. The large odd-even variation in solubility for the
dicarboxylic acids is due to the effects of the cis- versus
trans-orientation of the end groups on the strength of the
intermolecular interactions (e.g., [32]). Table 1 includes the
chemical formula, molecular mass (g/mol), density (g/cm3),
solubility (g/100 g of water), and manufacturer information.

2.2.WaterVapor PressureMeasurements. Hygroscopicitywas
analyzed by measuring the water vapor pressure over a bulk
solution.This bulk solutionmeasurement approach is similar
to the one used by previous studies (e.g., [19, 33–35]). The
bulk solution method has a couple advantages over two
other commonly used methods to measure hygroscopicity,
the tandem differential mobility analyzer (TDMA) and the
electrodynamic balance (EDB). First, a bulk solution allows
for a long residence time, ensuring equilibrium between
water and organic compounds. Second, the vapor pressure
over a bulk solution can be directly measured using the
Baratron under highly controlled temperature conditions.
A schematic of our measurement apparatus is illustrated in
Figure 1.

An aqueous organic solution sample was prepared by
adding Milli-Q purified water (18.2M). The solid chemicals
and liquid water mass were measured by digital balance with
uncertainty of ±0.01 g (less than 1% of the total mass). The
organic solution was mixed by a magnetic Teflon-coated stir
bar and stirrer until the chemical was completely dissolved in
pure water. This sample solution was placed on a glass vessel

manifold and then completely frozen with liquid nitrogen.
The headspace air was pumped out using a high vacuum
pump (GLD-051, ULVAC, Inc., MA, USA) while the aqueous
solution was frozen. After these freeze-and-draw steps, the
solution was thawed with a heat gun. All headspace air
in the glass vessel manifold was purged by repeating the
freeze-draw-thaw steps at least three times and then verifying
that the headspace air pressure measured by the Baratron
was less than 0.02 Torr. After purging all of the headspace
air, the glass vessel containing the aqueous solution was
submerged in a thermostat bath controlled by a refrigerated
circulator (Neslab RTE-10,Thermo Electron Corp., Inc., NH,
USA). The water temperature in the bath was measured with
a digital thermometer (Digi Sense RTD Platinum, Eutech
Instruments, Singapore). After submerging the glass vessel
containing the organic solution, the target temperature, 12∘C,
was maintained for at least 30 minutes before the start of
measurements, to achieve equilibrium.

The equilibrium water vapor pressure over the organic
solution at 12∘C was monitored by the Baratron pressure
transducer (Model 626A, MKS Instruments, Inc., MA, USA)
directly. Since the Baratron can only measure the total air
pressure in the glass vessel, a quadrupole mass spectrometer
(QMS 200, Stanford Research Systems, Inc., CA, USA) was
used in parallel, to detect and quantify any organic vapor in
the headspace air.

The Baratron and QMS were calibrated using Milli-Q
water over a wide range of temperatures to eliminate any
systematic error from the measurement setup. The small
background signal originating from the mass spectrometer
was measured before the experiment and then subtracted
from the steady-state reading of the QMS. For the malonic,
succinic, and glutaric acids used in this work, no organic
vapor was detected by QMS in the headspace air of the glass
vessel. As a result, all water vapor pressure values reported
in this work are from the Baratron. The equilibrium water
vapor pressure was measured independently four times for
each solution. The standard deviation of these quadruplicate
measurements was determined to be <0.4% for the averages
reported in this study, so error bars of 0.4% are used
in the figures. Any differences of 0.5% or more between
measurements and model are viewed as significant.

For the physical dimensions (diameter and length) of the
capillary used, the optimal performance of the QMS in terms
of the detection sensitivity occurs for an inlet pressure of
around 10 Torr.Therefore, we chose the solution temperature
to be 12∘C so that the vapor pressure over the bulk solution
would be around 10 Torr.

3. Results and Discussion

Two approaches were used to measure the hygroscopic
behavior of dicarboxylic acid mixtures. The malonic/glutaric
acid mixtures were studied by varying concentration levels
while maintaining a 50 : 50 molar mass ratio, due to the high
solubility of both compounds. For the malonic/succinic and
glutaric/succinic mixtures, a different approach was used,
with the concentration of succinic acid held constant while
varying the concentration of the second acid. This is because
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Table 1: Chemical properties of organic compounds.

Compound name Chemical formula Molar mass (g/mol) Density (g/cm3) Solubility (g/100 g) at 25∘C Manufacturer

Malonic acid C3H4O4
(HOOC–CH2–COOH) 104.06 1.619a 161b Alfa Aesar

Succinic acid C4H6O4
(HOOC–(CH2)2–COOH) 118.09 1.572a 8.8b Sigma-Aldrich

Glutaric acid C5H8O4
(HOOC–(CH2)3–COOH) 132.12 1.429a 116b Alfa Aesar

aLide [29]; bsummarized in Saxena and Hildemann [30].

12
∘C

(1)

(2)

(4)

(3)

(5)

(6)
10Torr

Figure 1: Schematic of water uptake measurement apparatus. This drawing shows the interconnections between (1) Baratron pressure
transducer, (2) glass vessel manifold, (3) thermostat bath, (4) refrigerated circulator, (5) high vacuum pump, and (6) quadrupole mass
spectrometer (QMS).

succinic acid is less soluble in water than the other two
acids. Experimental measurements were compared with the
predictions made using ZSR and UNIFAC.

3.1. Single-Component Solutions. For validation of the
method and initial comparisons with UNIFAC, water vapor
pressure was measured over single-component organic
solutions. The water activity of a solution is related to the
measured pressure via the following equation:

Water activity (𝑎
𝑤
) =

RH
100

=

𝑝
𝑠

𝑝
0

, (1)

where RH = relative humidity (%); 𝑝
𝑠
= vapor pressure over

organic solution; and 𝑝
0
= vapor pressure over pure water.

For the single-component solutions, measurements
spanned concentrations from 0.1mol/kg water to near the
solubility limits at 12∘C (10mol/kg water for malonic acid
and 5mol/kg water for glutaric acid). As shown in Figures
2(a) and 2(b), water activity plots for both malonic acid and
glutaric acid decrease as the acid concentration increases
and agree with other experimental studies. The dotted lines,
denoting Peng’smodifiedUNIFACprediction, agree with our

data to within 0.6% formalonic acid (except for the 10mol/kg
water value, which differs by 2%) and 0.8% for glutaric acid.
Note that Peng’s measurement was taken at 25∘C, while
Braban’s and ours were taken at around 12∘C. Peng’s modified
UNIFAC also estimated water activity at 12∘C. However,
the variation in water uptake as the temperature increases
from 12∘C to 25∘C is small for solute molalities of less than
8mol/kg water; for example, for malonic acid, Braban et al.
(2003) [11] experimentally observed a decrease in water
uptake of <0.05%/C, while UNIFAC predicts a small increase
in water uptake of <0.02%/C with increasing temperature.

The experimentally measured relationship between water
activity and solute molality can be used to determine the
hygroscopic growth factor (𝐺

𝑓
)—the ratio between the wet

and dry particle diameters—at a specific RH. The following
equation [36, 37] relates the hygroscopic growth factor (𝐺

𝑓
)

to the solute molality (𝑚
𝑠
):

𝐺
𝑓
= {

𝜌dry

𝜌wet

𝑚wet
𝑚dry
}

1/3

= {

𝜌dry

𝜌wet
(

10
3

+MW
𝑠
× 𝑚
𝑠

MW
𝑠
× 𝑚
𝑠

)}

1/3

,

(2)
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Figure 2: Water activity of (a) malonic acid and (b) glutaric acid. Each data point represents the average of 4 replicate measurements; error
bars on measured data represent standard deviation of 0.4% (discussed in Section 2). The measurement data by Peng et al. (2001) [14] and
Braban et al. (2003) [11] were at 25∘C and 285.1 K (=11.95∘C), respectively.

Table 2: Growth factors (𝐺
𝑓

) for malonic and glutaric acids in this study (at 12∘C) versus other studiesa.

𝐺
𝑓

(85%) 𝐺
𝑓

(90%) 𝐺
𝑓

(95%)
This study Other studies This study Other studies This study Other studiesb

Malonic acid 1.43 1.40d; 1.37e
1.32f; 1.28g 1.52 1.73e; 1.53d

1.52g; 1.48f 1.91 1.86g; 1.84d

Glutaric acid N/Ac 1.15e; 1.10h
1.09d; 1f N/Ac 1.30d; 1.29e

1f 1.59 1.49d

a
𝐺
𝑓
values for succinic acid are not measurable via bulk solution methods, since its DRH is greater than 95% at 12∘C.

bGrowth factors at 95% RH are calculated from their raw data.
cDRH is greater than 90% at 12∘C. Therefore, 𝐺

𝑓
(85%) and 𝐺

𝑓
(90%) are not measurable via bulk solution methods at 12∘C. Values listed from other studies

used EDB, TDMA, or bulk solution method at 22–30∘C.
dPeng et al. [14], EDB measurements at 25∘C.
ePrenni et al. [16], TDMAmeasurements at 30∘C.
fWise et al. [31], bulk solution measurements at 25∘C.
gBraban et al. [11], 𝐺

𝑓
is calculated from its raw data, bulk solution measurements at 285.1 K (=11.95∘C).

hCruz and Pandis [20], EDB measurements at 22–26∘C.

where 𝑚wet = wet particle mass; 𝑚dry = dry particle mass;
𝜌wet = wet particle concentration (g/m3); 𝜌dry = dry particle
concentration (g/m3); MW

𝑠
= molecular weight of solute

(g/mol); and𝑚
𝑠
= solute molality (mol/kg water).

Table 2 summarizes the 𝐺
𝑓
values calculated at RHs of

85%, 90%, and 95%. As can be seen from Table 2, most of our
𝐺
𝑓
values are within the range of those found in, or calculated

based on, the previous literature. The 𝐺
𝑓
values for glutaric

acid at 85% and 90% RH cannot be assessed via our measure-
ment setup. This is because the bulk solution method cannot
simulate the particle condition prior to full deliquescence,
and the DRH (deliquescence relative humidity) was found to
be greater than 90% at 12∘C—this can be seen via the fact that
the water activity is greater than 0.9 at any concentrations of

glutaric acid up to the solubility limit (see Figure 2(b)). For
comparison, DRH values for glutaric acid at 25∘C have been
reported to be 88.9% and 88.5% [14, 31]. Other researchers
who reported 𝐺

𝑓
at 85% and 90% used an EDB, a TDMA,

or a bulk solution method at higher temperature ranges (22–
30∘C) [14, 16, 20, 25]. Similarly, the 𝐺

𝑓
values for succinic

acid are not available even at an RH of 95%, since its DRH
is greater than 95% at 12∘C.Wise et al. [31] and Peng et al. [14]
reported DRH values for succinic acid at 25∘C of 97.6% and
98.8%, respectively.

3.2. Mixture of Malonic and Glutaric Acids. To study the
hygroscopicity of organic mixtures, the water vapor pressure
wasmeasured over organic solutions containingmalonic acid
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Figure 3: Water activity of malonic acid, glutaric acid and their
equal molar mixture. Each data point represents the average of
4 replicate measurements; error bars on measured data represent
standard deviation of 0.4%.

and glutaric acid at a 50 : 50 molar mass ratio. Figure 3 shows
our measurements of water activity for the malonic/glutaric
acid mixture along with the prediction made by UNIFAC.

Using Peng’s modified UNIFAC model for mixtures, this
50 : 50 molar mixture of malonic/glutaric acids was predicted
to fall roughly midway between the hygroscopicity of the two
individual organics. In the UNIFAC model, the contribution
made by one functional group is independent of thatmade by
another, and it systematically predicts awater activity for two-
component mixtures that is intermediate between the indi-
vidual dicarboxylic acids. However, in ourmeasurements, the
water uptake of this mixed solution closely followed that of
malonic acid.This led to a greaterwater uptake than predicted
by the modified UNIFAC model for mixtures. As a result,
the measurements were higher than UNIFAC predictions
for mixtures of these two acids by up to 1.6% at 5mol/kg
water. Since the standard deviation for each set of 4 replicate
measurementswas less than 0.4%, the observed discrepancies
between our measurements and model predictions reflect a
significant difference.

Previously, Moore and Raymond used HTDMA [25]
and Choi and Chan used both EDB and the bulk method
[19] to measure the hygroscopicity of malonic/glutaric acid
mixtures. They reported good agreement between their data
and UNIFAC predictions, over a wide range of RH (20–
100%). However, in fact the water activity measurements in
the HTDMA and EDB studies were consistently lower than
the model predictions by up to ∼1-2%, consistent with the
decrease found in our study. However, as shown in Figure 3,

Choi and Chan’s measurements using the bulk solution
method show higher water activities than the model. The
cause of this disagreement is unclear; however, it might be
due to differences in measurement temperature and/or the
method of measuring water activity.

Figure 3 also shows the predictions based on the ZSR
mixing rule. The original ZSR [27] equation is given by

∑

𝑖

𝑚
𝑖

𝑀
𝑖

= 1, (3)

where 𝑚
𝑖
is the molality of solute 𝑖 in a mixture and 𝑀

𝑖
is

the molality of the solute when it is alone at a given relative
humidity. This equation can be equivalently expressed as the
following two equations (e.g., [20, 25]):

masswater,mix = ∑
𝑖

masswater,𝑖 (4)

𝐺
𝑓,mixture = {𝜖 ⋅ 𝐺

3

𝑓,malonic + (1 − 𝜖) ⋅ 𝐺
3

𝑓,glutaric}
1/3

, (5)

where masswater,mix is the total water uptake of the mixture,
masswater,𝑖 is the water uptake of each species 𝑖, and 𝜖 is
the volume fraction of malonic acid in the dry particle.
The growth factor of each individual compound was first
calculated using (2), and then the growth factor for the
mixture was estimated using (5). By converting back to
molality, we show in Figure 3 that the predicted ZSR water
activity for the mixture lies between those of the individual
compounds. This result is due to the assumption that the
water uptake of a mixture can be calculated by adding that of
each individual compoundwithin themixture (see (4)).Thus,
the ZSR approach overpredicts water activity, compared with
our measurements up to 2.3%.

3.3. Mixture of Malonic and Succinic Acids. For mixtures of
malonic and succinic acids, we added a set concentration
(0.3mol/kg water) of succinic acid to 1 to 7mol/kg water of
malonic acid solution.The concentration of succinic acid was
chosen based on its maximum solubility at 12∘C (see Table 1
for the reported solubility of succinic acid at 25∘C). This
approach allows an examination of how the hygroscopicity of
a set concentration of the less-soluble succinic acid depends
on the concentration of malonic acid in the mixture.

As seen in Figure 4, the modified UNIFAC model pre-
dicted that the additional amount of water uptake due to
addition of succinic acidwas essentially a constant increment,
regardless of the concentration of malonic acid. However, for
ourmeasurements, the influence of the succinic acid onwater
activity was not significant for 1, 2, and 3mol/kg water of
malonic acid solutions (a decrease in water activity of less
than 0.2%). In contrast, at higher concentrations, themalonic
acid solution showed a noticeable decrease in water activity
(of 1.0, 1.1, 1.1, and 1.4% for 4, 5, 6, and 7mol/kg water of
malonic acid, resp.) when 0.3mol/kg water of succinic acid
was added. This result again suggests that the noninteraction
assumption in UNIFAC can lead to an overestimate of the
water activity in dicarboxylic acid mixtures.
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Figure 4: Water activity of malonic acid with and without succinic
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3.4. Mixture of Glutaric and Succinic Acid. We also added
0.3mol/kg water of succinic acid to 1 to 5mol/kg water
of glutaric acid solution. The modified UNIFAC model
predictions for this mixture assume that the added succinic
acid will take up water independently. However, as illustrated
in Figure 5, our measurements show that the influence of
a given concentration of succinic acid on water uptake
systematically strengthened with glutaric acid concentration,
although it only became significantly lower (with a decrease
of 1.1%) at the 5mol/kg level. These results indicate that the
amount of water uptake due to succinic acid depends on the
concentrations of other organic acids in the solution.

4. Implications

We measured hygroscopic properties of three dicarboxylic
acid mixtures (malonic/glutaric, malonic/succinic, and glu-
taric/succinic) using our bulk solution method. Our major
findings are as follows.

(1) While our pure malonic and glutaric acids solution
data agree with UNIFAC to within 0.6% (for 0–
7mol/kg water) and 0.8% (for 0–5mol/kg water),
respectively, our measured water activity for mixtures
of these two acids is lower than UNIFAC and ZSR
predictions, by 1.6 and 2.3%, respectively.

(2) The hygroscopicity of malonic/glutaric acid mixtures
closely follows that of pure malonic acid alone.

(3) In organic mixtures, succinic acid’s effect on hygro-
scopicity becomes more pronounced as the concen-
tration of a second, more soluble acid is increased.
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Figure 5: Water activity of glutaric acid with and without succinic
acid added. Each data point represents the average of 4 replicate
measurements; Error bars on measured data represent standard
deviation of 0.4%.

Our findings lend support to the hypothesis that interac-
tions between different species of organics in amixed solution
can cause measurable alterations in hygroscopic behavior.

One possible cause for the trends observed in the hygro-
scopic properties of these mixtures may involve changes
in the surface population of organics. We hypothesize that
when two different organic acids are present in solution, they
may exhibit a greater tendency to accumulate at the surface,
leaving less surface area available for water molecules. Partial
support for this hypothesis stems from the hydrophobic
behavior of hydrocarbons, as illustrated in Figure 6(a), that is,
their tendency tominimize the disruption of hydrogen bonds
between water molecules by either staying at the solution
surface or staying together [38].

Formixtures of organics in solution, the samemechanism
drives less-polar molecules to the surface, or together. How-
ever, in this case, driving the different types of acid molecules
together is less effective in terms of reducing the contact
area and increasing the entropy (Figure 6(b)). As a result, the
molecules are more likely to be driven to the surface than to
be driven close to each other.Thuswhen two different organic
acids are present in solution, they will exhibit a tendency to
accumulate at the surface, leaving less surface area available
for water molecules.

This surface population behavior would explain why our
measured water activities for the malonic/glutaric mixtures
are lower than UNIFAC and ZSR predictions. For the suc-
cinic/malonic and succinic/glutaric mixtures, the effect of a
set concentration of succinic acid on water vapor suppression
increases as the second acid’s concentration is increased,
suggesting that the number of succinic acid molecules at the
surface is increasing.
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Figure 6: Illustration of hydrophobic effect for (a) a single-compound solution and (b) a mixed solution. The width of each arrow reflects
the strength of that pathway.

Our results support the hypothesis that reliable estimates
of the hygroscopic behavior of an organic solution mixture
cannot be solely based on the behavior of individual organics
but must include the interactions between the organics in
the solution. Modeling approaches which do not consider
species interactions, like UNIFAC and ZSR, were found in
our study to systematically overestimate the water activity for
dicarboxylic acid mixtures in solution, by up to 2.3%.

5. Conclusions

In this study, we observed systematic differences between
measured andmodeled hygroscopic behavior for three dicar-
boxylic acid mixtures, over a range of concentrations. While

the two-component organic mixtures examined here are
much simpler than real atmospheric aerosols, our results
suggest that interactions between different organic com-
ponents must be considered in order to accurately model
aerosol hygroscopicity. Further measurements are needed,
involving more diverse mixtures of organics and inorganics
[39], to better understand and characterize these interactions
between species.

Acknowledgments

Funding for this research came from National Science Foun-
dation (Grant ATM-0731451). The authors would like to



8 Advances in Meteorology

thank Martin Reinhard and David M. Golden for their help
throughout this research.

References

[1] Intergovernmental Panel on Climate Change (IPCC), “Climate
Change 2007: the physical science basis, Working group I
contribution to the fourth assessment,” Cambridge University
Press, 2007.

[2] M. Kanakidou, J. H. Seinfeld, S. N. Pandis et al., “Organic
aerosol and global climate modelling: a review,” Atmospheric
Chemistry and Physics, vol. 5, no. 4, pp. 1053–1123, 2005.

[3] T. Novakov and J. E. Penner, “Large contribution of organic
aerosols to cloud-condensation-nuclei concentrations,” Nature,
vol. 365, no. 6449, pp. 823–826, 1993.

[4] D. S. Covert, R. J. Charlson, and N. C. Ahlquist, “A study of
the relationship of chemical composition and humidity to light
scattering by aerosols,” Journal of Applied Meteorology, vol. 11,
pp. 968–976, 1972.

[5] G. Hänel, “The properties of atmospheric aerosol particles as
functions of the relative humidity at thermodynamic equilib-
rium with the surrounding moist air,” Advances in Geophysics,
vol. 19, no. C, pp. 73–188, 1976.

[6] Y. Kitamori, M. Mochida, and K. Kawamura, “Assessment
of the aerosol water content in urban atmospheric particles
by the hygroscopic growth measurements in Sapporo, Japan,”
Atmospheric Environment, vol. 43, no. 21, pp. 3416–3423, 2009.

[7] I. N. Tang, “Chemical and size effects of hygroscopic aerosols
on light scattering coefficients,” Journal of Geophysical Research
D, vol. 101, no. 14, pp. 19245–19250, 1996.

[8] M. O. Andreae and D. Rosenfeld, “Aerosol-cloud-precipitation
interactions. Part 1. The nature and sources of cloud-active
aerosols,” Earth-Science Reviews, vol. 89, no. 1-2, pp. 13–41, 2008.

[9] J.-P. Putaud, F. Raes, R.VanDingenen et al., “AEuropean aerosol
phenomenology-2: chemical characteristics of particulate mat-
ter at kerbside, urban, rural and background sites in Europe,”
Atmospheric Environment, vol. 38, no. 16, pp. 2579–2595, 2004.

[10] J. Sun and P. A. Ariya, “Atmospheric organic and bio-aerosols
as cloud condensation nuclei (CCN): a review,” Atmospheric
Environment, vol. 40, no. 5, pp. 795–820, 2006.

[11] C. F. Braban, M. F. Carroll, S. A. Styler, and J. P. D. Abbatt,
“Phase transitions of malonic and oxalic acid aerosols,” Journal
of Physical Chemistry A, vol. 107, no. 34, pp. 6594–6602, 2003.

[12] Y.Wang, G. Zhuang, S. Chen, Z. An, and A. Zheng, “Character-
istics and sources of formic, acetic and oxalic acids in PM2.5 and
PM10 aerosols in Beijing, China,”Atmospheric Research, vol. 84,
no. 2, pp. 169–181, 2007.

[13] S. Yu, “Role of organic acids (formic, acetic, pyruvic and oxalic)
in the formation of cloud condensation nuclei (CCN): a review,”
Atmospheric Research, vol. 53, no. 4, pp. 185–217, 2000.

[14] C. Peng, M. N. Chan, and C. K. Chan, “The hygroscopic
properties of dicarboxylic and multifunctional acids: measure-
ments and UNIFAC predictions,” Environmental Science and
Technology, vol. 35, no. 22, pp. 4495–4501, 2001.

[15] M. Mochida and K. Kawamura, “Hygroscopic properties of
levoglucosan and related organic compounds characteristic
to biomass burning aerosol particles,” Journal of Geophysical
Research D, vol. 109, no. 21, 2004.

[16] A. J. Prenni, P. J. DeMott, S. M. Kreidenweis, D. E. Sherman, L.
M. Russell, and Y. Ming, “The effects of low molecular weight

dicarboxylic acids on cloud formation,” Journal of Physical
Chemistry A, vol. 105, no. 50, pp. 11240–11248, 2001.

[17] M. N. Chan and C. K. Chan, “Mass transfer effects on the
hygroscopic growth of ammonium sulfate particles with a
water-insoluble coating,” Atmospheric Environment, vol. 41, no.
21, pp. 4423–4433, 2007.

[18] M. Y. Choi and C. K. Chan, “The effects of organic species on
the hygroscopic behaviors of inorganic aerosols,”Environmental
Science and Technology, vol. 36, no. 11, pp. 2422–2428, 2002.

[19] M. Y. Choi and C. K. Chan, “Continuous measurements of the
water activities of aqueous droplets of water-soluble organic
compounds,” Journal of Physical Chemistry A, vol. 106, no. 18,
pp. 4566–4572, 2002.

[20] C. N. Cruz and S. N. Pandis, “Deliquescence and hygroscopic
growth of mixed inorganic-organic atmospheric aerosol,” Envi-
ronmental Science and Technology, vol. 34, no. 20, pp. 4313–4319,
2000.

[21] H.-C.Hansson,M. J. Rood, S. Koloutsou-Vakakis, K.Hämeri, D.
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One-year continuous measurements of aerosol black carbon (BC) at the background site Preila (55∘55N, 21∘00E, 5m a.s.l.,
Lithuania) were performed. Temporal and spatial evolution and transport of biomass burning (BB) and volcanic aerosols observed
within this period were explained by the air mass backward trajectory analysis in conjunction with the fire detection data produced
by theMODIS Rapid Response System andAERONETdatabase.The surfacemeasurements and analysis of the Angström exponent
of the absorption coefficient done separately for shorter and longer wavelengths (i.e., 𝛼 = 370–520 nm and 𝛼 = 660–950 nm)
showed that high levels of aerosol BC were related to the transport of air masses rich in BB products fromUkraine caused by active
grass burning. During the events the highest mean values of the Angström exponent of the absorption coefficients 𝛼

370–520 and
𝛼
590–950 nm were observed (2.4 ± 0.1 and 1.5 ± 0.1, resp.). The ash plume of the Grimsvötn eruption on May 21, 2011 offered an

exceptional opportunity to characterize the volcanic aerosols. The largest ash plume (in terms of aerosol optical thickness) over
Lithuania was observed at May 24/25, 2011.The highest values of the Angström exponent of the absorption coefficients 𝛼

370–520 and
𝛼
590–950 nm were reached (1.3 ± 0.1 and 1.4 ± 0.1, resp.).

1. Introduction

Atmospheric aerosol particles, which are very small and sus-
pended in the air, affect Earth’s climate directly by scattering
and absorbing the atmospheric radiation and indirectly by
acting as cloud condensation nuclei and modifying the opti-
cal properties of clouds. Furthermore, human exposure to
fine particulate matter is associated with adverse impacts on
human health [1–3] and the environment (climate, visibility,
and biogeochemical cycles) [4].

High concentrations of carbonaceous particles, contain-
ing BC or organic compounds (OC) (organic carbon), are
found mainly in the submicron size range. The main natural
sources of BC are volcanic eruptions, forest fires, and so forth.
Wildfires (biomass burning) emit a variety of trace gases
and particulates [5–9]. The growing recognition of BB as a
widespread and significant agent of change in Earth’s system
has led to an ongoing need for fire data on the regional,
continental, and global scale. Due to high sorption capacity
and optical properties, black carbon originated from BB is of

great importance to the atmosphere processes and is a good
indicator of anthropogenic air pollutants. Black carbon from
BB alters chemical and physical properties of the atmosphere
and snow albedo.

The eruption of Grimsvötn in Iceland (May 21, 2011)
initiated a great number of research activities to characterize
the physical, chemical, and optical properties of airborne
volcanic material associated with this eruption. The main
challenge in measuring volcanic material in the surface air
is that this material is always mixed with other pollutants
present in the air. A large fraction of carbonaceous compo-
nent of the aerosol (in upper troposphere/lower stratosphere)
was identified by Murphy et al. [10] and Martinsson et al.
[11]. Volcanic eruptions inject large quantities of ash and gases
into the atmosphere. Despite the evident significances of car-
bonaceous aerosol in air chemistry and physics, information
concerning their temporal variability is still quite incomplete.

The long-range transport (LRT) of atmospheric particu-
late matter (PM) is a transboundary problem that can have
significant impacts on PM

10
and PM

2.5
levels in background
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European areas [12]. LRT can cause high PM
2.5

concentration
peaks when air masses arrive under suitable meteorological
conditions from regions with high emissions of particles
and/or their precursor gases. Many research studies have
been performed and reported for the background atmo-
spheric monitoring of LRT [13–15]. Long-range transport of
emissions from agricultural fires and volcanoes to Europe
was recognized previously in USA, Europe, and Russia [16–
20]. In addition to European transport, LRT of smoke from
Russian biomass burning has been recorded in Mongolia,
China, Japan, and Korea [21], and studies have revealed
that hemispheric-scale transport is possible [16]. As the
mass concentrations of fine particles are commonly lower in
Northern Europe countries compared with those in Central
Europe [22, 23], LRT can have a notable impact on the aerosol
particle levels under favorable conditions [23, 24]. The LRT
of emissions from wildfires from the Ukraine and European
part of Russia frequently increases the particulate matter
concentrations in these countries during spring and summer
[25–27]. Volcanic dust plumes can also be transferred over
long distances by air masses, affecting the air quality not only
over Europe but in other parts of the world as well [28].

Combining the variety of terrestrial information oper-
ationally derived from satellite data including those from
NASA’sMODIS instrument enables linking the different tem-
poral and spatial scales. The use of the Angström exponent
𝛼 has significantly increased in the last years, because this
parameter is easily estimated using automated-surface sun
photometry, while it is becoming increasingly accessible to
satellite retrievals [29]. Moreover, the value of the Angström
exponent is a qualitative indicator of the aerosol particle size
or fine mode fraction [30].

In this work, the pollution events due to biomass burning
that occurred in Lithuania onMarch 21–25, 2011 andpollution
episode caused by long-range transported volcanic material
from the Grimsvötn eruption that took place at the end of
May 2011 in Iceland were investigated. Air mass backward
trajectories, fire satellite observations, dispersion modeling
results, and emission source data were used to identify the
source. The mass and number concentrations of PM

2.5
in

conjunction with Angström exponent of the absorption coef-
ficient and other optical properties of aerosol were studied.

2. Methodology

2.1. Site Description. The aerosol particle concentration mea-
surements were performed at the Preila environmental pol-
lution research station (55∘55N, 21∘00E, 5m above sea level)
in the coastal/marine environment. This station is located on
the Curonian Spit, which separates the Curonian Lagoon and
the Baltic Sea, and thus can be characterized as a regionally
representative background area. The Curonian Lagoon, the
largest coastal bay in the Baltic Sea, is a highly eutrophied
water body. One of the nearest industrial cities, Klaipeda, is
at a distance of about 40 km to the north, and the other major
city, Kaliningrad, is 90 km to the south from Preila.

2.2. Long-Range Transport and Air Mass Backward Trajecto-
ries. Air mass backward trajectory analysis provides a better

understanding of air flow and long-range transport patterns
during the events. We analyzed the aerosol characteristics
with respect to categorized air mass backward trajectories for
the initial estimation of the wildfire and volcanoes potential
source locations and quantitative contribution. Backward
trajectories were produced using the Flextra model (NILU;
Institute of Meteorology and Geophysics, Vienna) [31] and
meteorological data provided fromECMWF (EuropeanCen-
tre for Medium Range Weather Forecast). The potential
source areas of long-range transported pollutionwere studied
using 7-day backward air mass trajectories with a starting
height of 500, 1000, and 1500m above the ground level.
Trajectories were produced at 6 h intervals for each event.
The height along the trajectories is indicated by colour
(colour/height scale in the lower left corner of the plot). Each
3-hour interval along the trajectory path is indicated by a
small legend and each 24-hour interval by a big legend.

To identify possible events of regional transport, hotspot/
fire the location of a thermal anomaly was detected by
MODIS using data from the middle infrared and thermal
infrared bands [32]. Each MODIS sensor achieves global
coverage once per day and once per night every 24 h.
Therefore, most fires detectable at a 1 km spatial resolution
have the potential to have their FRP (Fire Radiative Power)
measured four times a day. Figure 2 shows the locations of
the active fires identified from MODIS observations during
study events over the area of our interest. The MODIS
monthly fire maps, available since 2001, showed that these
events of biomass burning inMarch-April occurred annually.
However, the duration, geographical extent, and emission of
the smoke from these fires differ year by year.

The AErosol RObotic NETwork (AERONET) is a
ground-based network of Cimel sun photometer that mea-
sures the extinction aerosol optical depth at 7 wavelengths
𝜆 (340, 380, 440, 500, 670, 870, and 1020 nm) from the
direct sun measurements over locations. The AOD measure-
ments are accurate to within ±0.01. The size distribution of
aerosols can be estimated from spectral AOD (typically 440–
870 nm). The negative slope of AOT with the wavelength
on a logarithmic scale is known as the Angström parameter
(𝛼). This parameter (1) can be calculated from two or more
wavelengths using the least squares fit. Values of 𝛼 > 2.0
indicate that fine mode particles exist (e.g., smoke particles
and sulphates), while values of 𝛼 near zero indicate the
presence of coarse mode particles such as desert dust [33]:

𝛼 = −

𝑑 ln
𝜏
𝑎

𝑑 ln 𝜆
= −

ln (𝜏
𝑎2
/𝜏
𝑎1
)

ln (𝜆
2
/𝜆
1
)

, (1)

where 𝛼 is the wavelength exponent depending on the ratio
of the particle coarse mode to the accumulation (small)
one (Angström parameter), 𝜏

𝑎
is the AOD and 𝜆 is the

wavelength.
The Navy Aerosol Analysis and Prediction System

(NAAPS) model results were used to determine the dis-
tribution of aerosols from fires and volcanoes (model
description and results are available from the web pages
of the Naval Research Laboratory, Monterey, CA, USA;
http://www.nrlmry.navy.mil/aerosol/). The NAAPS model
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Figure 1: (a) Box and whisker plots for comparison of mass concen-
trations at Preila; (b) BC concentration frequency distribution.

has been modified to incorporate real-time observations of
biomass burning based on the joint Navy/NASA/NOAA
Fire Locating and Modeling of Burning Emissions system
(FLAMBE, http://www.nrlmry.navy.mil/aerosol/) [34]. The
method has proven to be helpful in previous studies of long-
range and regional transport of smoke [35].

2.3. Black Carbon and Aerosol Particle Size Distribution
Measurements. A Magee Scientific Company Aethalometer,
Model AE31 Spectrum, manufactured by Optotek, Slovenia,
was deployed at the Vilnius site and provided real-time, con-
tinuous measurements of the BC mass concentrations. The
optical transmission of carbonaceous aerosol particles was
measured sequentially at seven wavelengths 𝜆 (370, 450, 520,
590, 660, 880, and 950 nm). The 880 nm is considered as the
standard channel for BC measurements as at this wavelength
BC is the principal absorber of light.TheAethalometer output
is calculated directly as the BC concentrations through an
internal conversion use assumed mass absorption efficiency.
The Aethalometer converts light attenuation to the BC
mass using a fixed specific attenuation cross-section (𝜎) of
16.6m2 g−1 of BC (Aethalometer Operations manual, Magee
Scientific) [36].

This is the default value set by the manufacturer for a
wavelength of 880 nm.The Aethalometer data recorded with
a 5-minute time base were compensated for loading effects

using an empirical algorithm [36]. The Aethalometer was
equipped with an additional impactor removing the particles
larger than 2.5𝜇m of the particle aerodynamic diameter. The
starting time referred in this paper is Greenwich Mean Time
(for local time: GMT+2:00).

The absorption coefficient 𝑏abs for airborne particles is
defined with Lambert-Beer’s law as follows:

𝐼 = 𝐼
0
𝑒
(−𝑏abs𝑥)
, (2)

where 𝐼
0
is the intensity of the incoming light and 𝐼 is the

remaining light intensity after passing through a medium
with thickness 𝑥.

A power law fit is commonly applied to describe the
wavelength dependence of aerosol absorption coefficient 𝑏abs:

𝑏abs ∝ 𝜆
−𝛼

, (3)

where 𝜆 is the wavelength and 𝛼 is the usually called
Angström exponent of the absorption coefficient and is
computed by fitting an exponential curve [37].

The aerosol size distribution was measured by using the
Scanning Mobility Particle Sizer (SMPS) built by the Leibniz
Institute for Tropospheric Research, Germany. The SMPS is
composed of a differential mobility analyzer and CPC UF-
02proto.This system had the following general specifications:
size range: 8–900 nm; scan time: 5min; resolution: 71 size
channels.

3. Results

In general, BC particles are mainly produced by anthro-
pogenic activities such as fossil fuel burning (industries and
transport) and biomass burning (agriculture or wildfires).
However, the natural sources such as wildfires and volcanic
eruptions also contribute to the BC mass concentration, but
their contributions are relatively much less. We focused on
the strongest periods of wildfire and volcanic events.The first
event occurred on April 24–30, 2011 and the second on May
25–27, 2011. The concentrations observed during both events
are clear outliers in their respective series, both for hourly
concentrations and 24 h means.

3.1. Annual Variations of Aerosol Black Carbon. Box and
whisker plots of BC concentrations and mass concentration
frequency distribution are shown in Figures 1(a) and 1(b).The
range of the box depicts the bounds of the 25th and the 75th
percentiles of the data. The whiskers extending from the box
represent the bounds of the 10th and the 90th percentiles.

The median and outliers of each dataset are also shown.
It can be clearly seen that higher concentrations of BC
are observed during October to March, when cold weather
conditions prevail during any year.

The concentration shows a decrease in June (280±230 ng
m−3), with the monthly mean BC concentration falling to
more than half the value that prevailed in cold months.
This low value is maintained until September. During this
period no influence of residential heating was observed at
the site. The mean BC concentration during this period is
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Figure 2: Active fires detected during April 24–30, 2011 during high BC concentration event: (a) by theMODIS Rapid Response System, ((b),
(d)) sulphate, dust, and smoke surface concentration (𝜇gm−3) for 18:00 April 26 2011, and (c) 7-day air mass backward trajectories to Preila
(at 500, 1000, and 1500m AGL) during the event of grass fires.

370 ± 300 ngm−3 in contrast to the value of 750 ± 550 ngm−3
during cold months (in blue).

Taking 25 ngm−3 value as frequency statistics step, the
frequency distribution map of hourly average concentration
of BC aerosol is depicted in Figure 1(b). The frequency
distribution of hourly average BC aerosol does not have
normal characterization. Using the log-normal distribution
function to fit the frequency distribution characteristics,
results show that approximately 70% of the measurements
hourly average concentrations of BC aerosols were found
in a mode in a low range of concentrations centered at
approximately 200 ngm−3 indicating a direct impact of local
emissions from combustion activities at the station.Mean BC
mass concentrations (580 ngm−3) observed at Preila in 2011
are relatively low, comparable to that measured at the remote
location. Comparingwith the values reported from elsewhere
for rural sites,meanBC values at Preila are comparable to that
reported for Zappoli et al. [38] detected BC concentrations of
600 ngm−3 at a background site in Hungary (K-Puszta).

3.2. Spectroscopic Properties of Carbonaceous Aerosol

3.2.1. April 24–30, 2011 Event. Fire Mapper products have
provided data about the location and extent of fires during
theevent days (Figure 2). Satellite images andmodel forecasts
from NAAPS (Figures 2(b), 2(d)) for the study period
suggested substantial emissions and LRT of smoke from
the large fires burning in the southern part of Ukraine and
Kaliningrad at that time.

Grass burning productswere redistributed over Lithuania
by the large-scale and regional atmospheric circulation. The
air mass backward trajectory analysis showed that particles
from BB with air masses in 3 days were brought to Lithuania
and caused high peaks of aerosol number and BC concentra-
tions. BC and aerosol number concentrations rose to higher
levels over the whole territory of Lithuania. During this event
the 1-hour average aerosol particle number concentration
reached 4000 cm−3, BC-3500 ngm−3, while normally average
concentration values are about 3100 cm−3 and 580 ngm−3,
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Figure 3: (a)The spectral variation of instantaneous measurements of AOD for April 2011 showing the gradual buildup and decline of smoke
concentrations in this period (April 25–29, blue cycle); (b) values of the Angström exponent of the absorption coefficient (April 29, 2011)
showing dynamic variations as a result of both increasing (decreasing) AOD and BC concentration and greater domination of fine mode
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respectively. It should be noted that during April 24–30,
2011, urban sites belonging to the Lithuanian Automatic
Urban Network (EPA) (http://stoteles.gamta.lt/) experienced
peaks of PM

10
concentration which coincided with extensive

wildfires in Ukraine exceeding the European limit value 1.5
times.

Data analysis of the BC combinedwith TERRA/Moderate
Resolution Imaging Spectroradiometer MODIS fire detec-
tions (Figure 2(a)) and NAAPS aerosol optical depth pro-
vided some insight into the aerosol regional transport of
smoke. As shown in Figure 2(a), theMODIS clearly illustrates
the fire location. The model forecasts from NAAPS for
this period suggested substantial emissions and regional
transport of smoke (Figure 2(c)) from the large fires burning
in Kaliningrad and Ukraine regions at that time. During the
study the NAAPS model predicted the optical depth of 0.6 at
a wavelength of 0.55 microns for three components: sulfate
and smoke over Europe due to smoke from the wildfires
(Figure 2(d)). On the same days substantial concentrations of
BC were observed during the period after air masses arrived
from the fire location.

During the air mass transport to Lithuania, aerosol
optical properties changed due to both deposition andmixing
with local aerosols. The similar events were detected and
studied by lidar networks covering the whole continent [39,
40] and also by a single lidar station [41]. Smoke plume
was detected by the lidar and sun-photometric stations in
Minsk, Belarus, Poland, and Belsk [42]. Belsk site is a joint
AERONET site and it was possible to characterize the optical
properties of aerosol particles at this site during our case
study. From the first general overview of the field data, April

BB event can be recognized. In this study, the values of
the Angström parameter were computed in the wavelength
interval of 440–870 nm, using the AOD data of the selected
AERONET Belsk site, applying the least-squares method.
AERONET profiles of the absorption Angström parameter
(indicator of the AOD spectral dependence and related to
particle size predominance) and AOD values at 500 nm
obtained from MODIS for a period between April 1 and
30, 2011 are presented in Figure 3(a). The AOD measured
in Belsk reached 0.90 ± 0.02 (these results are based on the
AERONET cloud-screened and quality-assured data (level
2.0)). It can be seen that the Angström parameter values
are mostly in the 1.4–2.0 range suggesting the presence of
species that absorb more strongly at shorter wavelengths
than black carbon, which might be associated with organics
from biomass burning [43]. It is known that typical values of
the Angström parameter range ∼2 for fresh smoke particles
(accumulation mode) to ∼0 for coarse mode particles [33].

The wavelength dependence of the light absorption can
be better approximated by separate exponential fits of the
shorter (370–520 nm) and longer (660–950 nm) wavelengths
obtained by an exponential curve fit over all 7 wavelengths.
TheAngstromexponentswere calculated by fitting 𝑏abs for the
whole available wavelength intervals: the short (370–520 nm)
and long (590–950 nm) wavelength intervals (Figure 3(b)).

On the event day (April 29) the mean 𝛼 values were
significantly larger for the longer wavelengths (𝛼590–960 =
2.2 ± 0.1) compared to the shorter wavelengths (𝛼370–520 =
1.4 ± 0.1). During the event day the highest values of
𝛼590–960 were observed between 11 AM and 11 PM (2.7 ±
0.1) while the highest values of 𝛼370–520 were observed
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between midnight and morning (1.7 ± 0.1). On nonevent
days, the light absorption coefficients 𝛼370–950, 𝛼370–520, and
𝛼660–950 nm were within a narrow range of 1.2, with weak
diurnal cycles. For example, 𝛼 value up to 1.5 was observed
at a high Alpine station during a Saharan dust event [44].

Kirchstetter et al. [45] reported 𝛼 value of 2.2 for outdoor
firewood burning, 1.8 for a savanna fire, and 0.8–1.1 for
traffic-dominated sites (measurements with six wavelengths
between 370 and 850 nm). Schnaiter et al. [46, 47] reported 𝛼
value of 1.1 for uncoated diesel soot (measurements with 𝜆 =
450, 550, and 700 nm). Previous investigations showed that
the type of wood being burned also influenced the 𝛼 value
as shown by Day et al. [48] where they measured fresh wood
smoke from seven types of forest wood with an Aethalometer
(𝜆 = 370–950 nm) and reported𝛼 values between 0.9 and 2.2.
Hoffer et al. [49] calculated 𝛼 = 6–7 for water-soluble humic-
like substances (HULIS) isolated from the fine fraction of the
biomass burning aerosol spectrophotometer measurement
with 𝜆 = 300–700 nm).

These very high values of the absorption exponent are
indicative of biomass combustion [37] in our case—wildfires
as indicated by the air mass backward trajectory analysis
(Figure 1) [50, 51]. Though the increase in BC concentration
associated with the BB event was instantaneous, the gradual
decay after some days instantly recovered the BC concentra-
tion to the preevent level despite the fact of long atmospheric
lifetime of BC. Reddy and Venkataraman [52] have found an
annual average value of ∼6.5 ± 4.8 days for the BC lifetime.
Globally, the average lifetime of BC is about 8 days.

The observed variations in the Angström exponent at
590–950 nm derived from the BCmeasurements are not con-
sistent with AERONET Angström parameter (Figures 3(a),
3(b)). These comparisons show that there are differences
between these two techniques for obtaining column average
aerosol optical properties. Every aerosol technique has its
advantages and disadvantages. Some are inherent in the
instrument design or measurement type (e.g., sun photome-
ters cannot measure valid AOD during cloudy periods).

3.2.2. May 24–27, 2011 Event. Figure 4 shows the air mass
arriving at Preila at 12:00 (02 GMT) on May 24–27, 2011. As
illustrated in Figure 4, the air mass came from the northeast,
passing over Grimsvötn from which it was two-three days
before arrival at the site. Results confirm that the volcanic
plume arrived during the night between May 25 and May
26, 2011 after 72 h of transportation. The arrival elevation of
500m a.g.l. locates within the inversion layer so that it is
representative of the air sampled at Preila.

The sulphate concentration in the air was used as an
indicator of volcanic pollution as sulphur dioxide is the third
most abundant gas in volcanic emissions, after water vapor
and carbon dioxide [53]. One week after the eruption the
SO
2
cloud reached Europe, where it was detected by ground-

based instruments. At the Preila station, the plume was first
detected on May 24-25 as SO

2
concentrations peaked until

reaching a maximum value of 1.36mgm−3 and made up
14% of submicron aerosol particles [20]. The advection of
volcanic plumes from Grimsvötn was also confirmed using
the satellite images. For the UV/visible instrument GOME-2

the Differential Optical Absorption Spectroscopy was used.
After the eruption, the plume drifted to the southeast where
it formed a distinct loop due to atmospheric winds. GOME-
2 measured SO

2
column amounts on May 29, of >10DU

after 8 days after the eruption (http://sacs.aeronomie.be/).
Time variations of sulphate AOD observed duringMay 17–31,
2011 showed that the AOD values were significantly larger on
May 28-29, whereas extremely low sulphate concentrations
prevailed during the period from 25 to 26 May. Thus, we
conclude that the high values of sulphate AODmeasurments
measured during the first half of the observation period after
eruption were caused by the volcanic plumes transported
from Grimsvötn.

A carbonaceous aerosol component has been observed
in fresh volcanic clouds from several volcanoes [11]. The
Angström exponent of the absorption coefficient for organic
species depends on the wavelength. Studies show 𝛼 value for
organic species is larger than for black carbon [45], whereas it
is less dependent on the wavelength for BC. The dependence
of 𝛼 on the wavelength can be seen in Figure 5 for the study
case.

Figure 5 shows time series for the hourly mean values of
𝛼 from May 24 to May 28, 2011. Since at the UV wavelength
there could be some organic compound strongly absorbing,
thus leading to an overestimation of the 𝛼 parameter, the
wavelength range 370–950 nm has been considered for the
best-fit technique application and 𝛼 parameter estimation.
The fact that𝛼370–550 becomes higher than𝛼590–950 shows that
the influence of the organic aerosols exists, but its influence
is limited, probably connected to changes in variations in
the composition of air masses crossing the Preila site. BC
concentration maximum values (at 880 nm), depending on
the day, were varying between 150 and 1200 ngm−3. In Preila,
mean 𝛼370–550 values (Figure 5) collected in May 25-26, 2011
have been found to be ∼1.9 ± 0.5 while measurements
collected during May 24 and 27-28, 2011 give mean alpha
value ∼1.5 ± 0.5. Hence, it can be concluded that low BC
contributed mainly to the light absorption, which is well
consistent with an average 𝛼370–550 and 𝛼590–950 close to 1.5
and 1.8, respectively. Explanation of the carbon content of
the air other than direct volcanic emissions needs to be
considered [54].

Parallel to the measurement of 𝛼, the aerosol absorption
coefficient 𝑏abs (𝜆) was evaluated (Figure 6). The spectral
dependence allows distinguishing carbonaceous aerosols
from different sources because of light absorbing OC which
in contrast to BC exhibits a stronger absorption at shorter
wavelengths [43]. In the period during the volcanic activity
the value of 𝛼370–550 was slightly lower (1.3 ± 0.3) than
that of 𝛼590–950 (1.4 ± 0.2) and was contrary to the value
after air masses passed the Preila site, that is, 𝛼370–550 and
𝛼590–950 nm of 2.1 ± 0.4 and 2.4 ± 0.4, respectively. This is a
strong suggestion that the aerosol includes less absorbers of
the shorter wavelengths during the volcanic event. According
to values of the Angström exponent of the absorption
coefficients 𝛼370–550 and 𝛼590–950 nm along with the air mass
backward trajectories calculation, we can assume that the
decrease in the organic carbon concentration was caused by
the volcano at Grimsvötn in Iceland.



Advances in Meteorology 7

Height (m a.s.l)

1500 2500 3500 4500 5500 6500500 7500

12:00
May 24, 2011

(a)

12:00

1500 2500 3500 4500 5500 6500500 7500

Height (m a.s.l)

May 25, 2011

(b)

Preila
500m
1000m
1500m

1500 2500 3500 4500 5500 6500500 7500

12:00

Height (m a.s.l)

May 26, 2011

(c)

1500 2500 3500 4500 5500 6500500 7500

Preila
500m
1000m
1500m

12:00

Height (m a.s.l)

May 27, 2011

(d)

Figure 4: Backward trajectories of the air masses from the volcano at Grimsvötn to Lithuania on 24–27 ((a)–(d)) May 2011 (12:00 UTC).

It is to be noted that the Angstrom exponent could be a
rough indicator of the size distribution of the aerosol particles
whereas the Angström exponent of the absorption coefficient
tells about the nature of absorbing aerosols. A low 𝛼 value
(<1) indicates dominance of larger-size particles and a high 𝛼
(>1) indicates dominance of smaller-size particles [55]. This
assumption was also confirmed in the study by Kvietkus et al.
[20], when the particulate organic matter concentrations of
PM
1
were lower during the period of the volcanic erup-

tion, but an increase in sulfate concentration from 1.13 to
3.86 𝜇gm−3 (90% of PM

1
) on May 25, in the Vilnius area

was observed. Baker et al. [56] showed that in the volcanic
cloud ofGrimsvötn chlorine radicals rapidly depleted organic
trace gases to levels well below background concentrations.
This process could increase particulate carbon amount in
the volcanic cloud. This could explain the increase in BC
concentration in May 27 and parallel decrease in organic
fraction (Figure 5).

Volcanic particles are assumed to be composed of ash
particles and hygroscopic sulfates. Volcanic particles are
injected in the atmosphere both as primary particles rapidly
deposited due to their large sizes on time scales of minutes
to a few weeks in the troposphere and as secondary particles
mainly derived from the oxidation of sulphur dioxide [57].
For a detailed analysis of the event the diurnal pattern of
the time dependent size distribution for Preila during May
24, 2011 is depicted in Figure 7. New particle formation
events were found on 4 days (May 24–27). We will focus
here on the event that we observed at the Preila station
on May 24, 2011. In the morning of these days, air masses
arrived to Preila from the Baltic Sea area when higher
altitude (above 2000–3500m a.s.l.) air masses continued to
arrive straight from the Grimsvötn, the lower level (below
500m a.s.l.). The aerosol also shows a high concentration
of SO

2
during the experiment when air masses came from

the volcano accompanied with high sulphur (45.2 𝜇gm−3).
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A very strong source of SO
2
located in the southernmaritime

area is suspected to have caused these extraordinary high SO
2

concentrations. As the sun is rising, photochemical reactions
lead gas phase SO

2
to be oxidized to sulfuric acid.

As shown in Figure 7, the nigh ttime 00:00–07:00AM
was associated with higher number concentration of accu-
mulation mode particles (𝐷

𝑝
∼ 100 nm). During new

particle formation events, the nucleation mode particles
showed an obvious one-peak diurnal variation: the number
concentration was very low in the early morning, started to
increase abruptly at about 9:00 in the morning, and reached
its maximum to a value of 30,000 cm−3. On the contrary
the concentration of Aitken mode particles remained low
between 00:00 and 9:00A.M. After this point, the formation
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Figure 7: Contour plot of new particle formation and growth on 24
May 2011; colour represents logarithm of concentration in cm−3.

Table 1: The growth rate of new particles.

Date
24 May 25 May 26 May 27 May

Growth rate, nmh−1 5.36 2.55 5.58 25.20

of new particles started and the concentration of nucleation
mode particles increased. Later the number of concentrations
reached its lowest level from 6:00 P.M. till the next morning.
The growth rates (Table 1) of new particles were calculated
using the method described by Kulmala et al. [58].

The growth rates were in the range of 2.55–25.20 nmh−1;
the growth rates are in the range of typical observed particle
growth rates (1–20 nmh−1) [59].

4. Conclusions

A combination of ground-based and satellite observations
was used in this study to investigate different sources of
aerosol BC loadings over Lithuania during two different time
periods, April 24–30 and May 24–2, 2011. The 7-wavelength
setup of the Aethalometer has been exploited to obtain
information on variation of spectroscopic properties of car-
bonaceous particles. Although BCmass concentration values
do not allow one to a priori determine which process pro-
duces BC, the wavelength dependence of the BC absorption
gives the option to follow the variation carbonaceous aerosol
properties and easily characterize the black carbon/organic
component.

Near-source biomass burning smoke is observed rou-
tinely in Lithuania, while volcanic effluent plumes provided
some new information. During these periods the measured
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black carbon concentration during BB and volcanic activity
events (3500 and 1200 ngm−3, resp.) exceeded previously
established average values of 580 ngm−3. Compared to back-
ground aerosols, the sampled plumes have higher AOD
and contain particles having expected differences in the
Angstrom exponent and size. During the wildfire burning
event on April 24–30 2011 the highest mean values of the
Angström exponent of the absorption coefficients 𝛼370–520
and 𝛼590–950 nm were observed (1.4±0.1 and 2.2±0.1, resp.),
and during the volcanic event on May 25–27, 2011 the peak
values were determined (1.3 ± 0.3 and 1.4 ± 0.2, resp.). This is
a strong suggestion that the aerosol includes less absorbers of
the shorter wavelengths during the volcanic event.

The observational data and analysis presented here
demonstrate that nucleation and subsequent growth can be
derived from volcanic eruption gaseous released and that this
new secondary particle formation event could occur within
the lower troposphere at a large distance from the eruptive
activity.
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