JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 7389–7399, doi:10.1002/jgrd.50561, 2013

Speciation of “brown” carbon in cloud water impacted
by agricultural biomass burning in eastern China
Yury Desyaterik,1 Yele Sun,1,2 Xinhua Shen,1,3 Taehyoung Lee,1,4 Xinfeng Wang,5,6
Tao Wang,5,6 and Jeffrey L. Collett Jr. 1
Received 12 February 2013; revised 31 May 2013; accepted 5 June 2013; published 8 July 2013.

[1] Despite growing interest in the visible light-absorbing organic component of

atmospheric aerosols, referred to as “brown” carbon, our knowledge of its chemical
composition remains limited. It is well accepted that biomass burning is one important
source of “brown” carbon in the atmosphere. In this study, cloud water samples heavily
affected by biomass burning were collected at Mount Tai (1534 m, ASL), located in
Shandong province in the North China Plain in summer 2008. The samples were analyzed
with high performance liquid chromatography equipped with a UV/Vis absorbance detector
immediately followed by electrospray ionization and analysis using a time-of-ﬂight (ToF)
mass spectrometer. The high mass resolution and accuracy provided by the ToF mass
spectrometer allow determination of the elemental composition of detected ions. Using this
approach, the elemental compositions of 16 major light-absorbing compounds, which
together accounted for approximately half of measured sample absorption between 300 and
400 nm, were determined. The most important classes of light-absorbing compounds were
found to be nitrophenols and aromatic carbonyls. Light absorption over this wavelength
range by reduced nitrogen compounds was insigniﬁcant in these samples.
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1.

Introduction

[2] Interaction of atmospheric aerosols with solar radiation
is an important factor inﬂuencing climate forcing. Airborne
particles can backscatter incoming solar radiation, cooling
the atmosphere, while some particle types also can absorb
solar radiation and heat the atmosphere. The most effective
absorber of solar radiation is black carbon (BC) [Hansen
et al., 1984; Penner et al., 1993]. BC is formed by incomplete
combustion of carbonaceous fuels and consists of mostly
elemental carbon in several linked forms [Cooke et al.,
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1999]. Because of its signiﬁcant effects on radiative transfer
and climate, BC has been intensively studied [e.g., Chuang
et al., 2003; Bond and Bergstrom, 2006; Ramanathan and
Carmichael, 2008].
[3] Several studies have found that certain fractions of
organic aerosols also absorb solar radiation effectively, but
differently from blank carbon. The difference is in the spectral dependence of absorption. Certain organic compounds
absorb strongly in the UV and short wavelength visible region of the spectrum [Andreae and Gelencsér, 2006;
Moosmüller et al., 2009]. Because of this optical property,
they appear to have a brownish or yellowish color. The term
“Brown Carbon” (BrC) was suggested [Formenti et al.,
2003] for colored organic compounds in pyrogenic aerosols.
The wavelength dependence of aerosol absorption is usually
parameterized by an empirical relationship as proportional to
λ Å, where λ is the wavelength of light, and Å is the
absorption Angstrom exponent (AAE). This parameter is
not fundamental and for aerosols depends not only on properties of bulk matter, but also on particle morphology and
size [Moosmüller et al., 2011]. For BC, the value of the
Angstrom exponent is close to 1 [Bergstrom et al., 2002;
Schnaiter et al., 2003; Kirchstetter et al., 2004]. Aerosols
with AAE values of 2 and higher have been found in fresh
smoke, at rural locations and in urban conditions. AAE
values between 6 and 7 were found for humic-like substance
(HULIS) extracted from aerosols collected in Brazil during
the most active biomass burning period in this region
[Hoffer et al., 2006]. For the organic carbon component of
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aerosols in the Mexico City metropolitan area, AAE was
found to be 2.4 on average and as high as 5.1 at some times
[Barnard et al., 2008]. AAE values of carbonaceous particles
measured since Kirchstetter et al. [2004] have been summarized [Bergstrom et al., 2007], and values higher than 2 were
consistently found for biomass combustion smoke. In the
recent CalNex campaign, the water-soluble organic carbon
(WSOC) fraction of PM2.5 aerosols from Los Angeles was
analyzed with a spectrophotometer [Zhang et al., 2011,
2013]. AAE was found to be in a range from 1.2 to 5.4 with
a mean value of 3.2 for wavelengths between 300 and
600 nm. Eight nitrogen-containing mono- and polyaromatic
compounds that absorb light at 365 nm were quantiﬁed. It
was estimated that these compounds contributed approximately 4% of the total WSOC absorption at 365 nm. In
addition, the authors found that when methanol was used for
ﬁlter extraction, the samples show higher absorption than
observed for aqueous extracts. In recent smog chamber studies
[Jaoui et al., 2008; Zhong and Jang, 2011], organic aerosols
produced by photo-oxidation of toluene, the most abundant
aromatic compound in urban air [Kelly et al., 2010], were
analyzed. The main nitrogen-containing compounds were
found to be isomers of 2-hydroxy-5-nitrobenzyl alcohol, an
observation supported by detailed kinetic modeling of toluene
oxidation [Kelly et al., 2010]. A similar compound, C7H7NO4,
was also found in the CalNex study [Zhang et al., 2011, 2013],
but the correlation between its concentration and total light
absorption at 365 nm was low (r2 = 0.38). Winter and summer
aerosol samples from an urban location in Ljubljana, Slovenia,
were analyzed and 12 nitro-aromatic compounds were
quantiﬁed [Kitanovski et al., 2012b]. In winter aerosols,
nitro-aromatics constituted a non-negligible fraction of the
OC: 0.8%, on average, with the highest contributions from
4-nitrocatechol (4NC) and methyl-nitrocatechols. Much
higher winter concentrations of nitro-aromatics, for example, the 4NC concentration was 310 times higher in winter
than in summer, were ascribed to biomass burning activities
and conﬁrmed by high concentrations of levoglucosan in
winter samples. 4NC was also found to be the major component of HULIS extracted from PM2.5 samples obtained from
Budapest and K-puszta, Hungary, and Rondonia, Brazil
[Claeys et al., 2012]. The highest concentration of 4NC
was found in Brazil samples affected by BB. For biogenic
aerosols measured over the Amazon Basin, AAE was
observed in a range from 1.3 to 1.9 with the lowest value
during dry season [Rizzo et al., 2011]. For carbon spheres
collected in East Asian outﬂow, AAE was estimated to be
1.5 from measurements of electron energy losses from
individual spheres [Alexander et al., 2008]. Similar spherical carbonaceous particles—“tar balls”—from smoldering
combustion of two fuels Ponderosa Pine and Alaskan Duff
were found in laboratory experiments [Chakrabarty et al.,
2010]. AAE for these particles was found to range between
4.2 and 6.4 measured at 405–532 nm. AAE was measured
for smoke from 14 different fuels with a dual-wavelength
photoacoustic instrument operating at 405 and 870 nm
[Lewis et al., 2008]. Values close to 1 were found for fuels
when the organic fraction of the smoke was considerably
less than the elemental carbon fraction. Values as high as
3.5 were associated with light-absorbing organic material
present in a wood smoke. In another study, AAE was
measured for methanol and water ﬁlter extracts from

aerosols generated by wood pyrolysis [Chen and Bond,
2010]. Interestingly, a large fraction of the absorbing part
was water insoluble, but extractable by methanol. AAE
values found for methanol extract were in the range 7–12.
Biomass burning and pollution plumes identiﬁed from trace
gas measurements were evaluated for their aerosol optical
signatures during extensive ﬂights over North America for
the INTEX/ICARTT experiment in summer 2004 [Clarke
et al., 2007]. The AAE (470–660 nm) for BB plumes had
a value centered about 2.1, while that of pollution plumes
was lower, often near 1. Light absorption of aqueous
extracts from ﬁlters from 15 southeastern US monitoring
sites over the year 2007 were reported, as well as online
measurements from a Particle-Into-Liquid Sampler deployed
from July to mid-August 2009 in Atlanta, Georgia. Three main
sources of soluble chromophores were identiﬁed: biomass
burning, mobile source emissions, and compounds linked to
secondary organic aerosol (SOA) formation. Angstrom exponents were around 7 for biomass burning and nonbiomass
burning-impacted ﬁlter samples [Hecobian et al., 2010]. The
amount of light-absorbing organic carbon was estimated from
AERONET measurements. Relatively high columnar absorbing levels of BrC were found in biomass burning regions of
South America and Africa (about 15–20 mg/m2 during
biomass burning seasons), while the concentrations were
signiﬁcantly lower in urban areas in the US and Europe
[Arola et al., 2011]. A signiﬁcant amount of absorbing organic
carbon was found from observations in megacities, particularly
in India and China, with peak values up to 30–35 mg/m2 during
the coldest season, likely caused by emissions from coal and
biofuel burning used for heating. Biomass burning, including
domestic wood burning in winter and agricultural ﬁres in
spring, was identiﬁed as a major source of BrC at six sites
across Europe [Lukács et al., 2007]. Overall, this body of literature indicates that high AAE coefﬁcients are often associated
with biomass burning.
[4] Differences between the optical properties of BC and
BrC are related to differing chemical properties. BC has a
graphite-like microcrystalline structure, as evident from
Raman spectroscopy [Rosen and Novakov, 1977]. In
graphitic structures, there are many carbon atoms connected
by π bonds, creating delocalized electrons. These electrons
are able to absorb light in a broad range of wavelengths
from infrared to ultraviolet. Because they collectively
absorb all wavelengths of visible light, the material appears
black in color. Organic carbon found in atmospheric aerosols usually does not contain large numbers of molecules
with extended conjugated π-electron systems, because
double bonds quickly react with ozone. Molecules with
aromatic moieties are more stable; however, having one
benzene ring does not provide absorption in the UVA or
visible range. Molecules that absorb in the UVA/visible
range may either have a few fused aromatic rings
(polyaromatic hydrocarbons) or have additional heteroatoms, O or N, attached to a single aromatic ring such as a
carbonyl or nitro group. Heteroatoms allow for an n-π *
transition, which reduces the electronic transition energy
to a range corresponding to the energy of photons in the
shorter visible wavelength range. The selective absorbance
of shorter visible wavelengths removes the violet/blue part
of the spectrum leaving the material with a yellow-tobrown appearance.
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a)

b)

Figure 1. (a) Photograph of unﬁltered cloud water samples collected at Mt. Tai on 19 June 2008.
From left to right, the three bottles contain bulk, large drop, and small drop samples, respectively,
(b) Photograph of ﬁltered cloud water samples from the same date.
[5] The role of BrC as an absorber of solar radiation was
recently reviewed by Feng et al. [2013]. Inclusion of BrC in
global simulations alters the calculated direct radiative effect
of organic carbonaceous aerosols from net cooling
( 0.08 W m 2) to warming (+0.025 W m 2) at the top of the
atmosphere. Inﬂuence of BrC over source regions and above
clouds is more substantial and may affect the hydrologic cycle.
Since absorption of BrC is mainly in the UV, it may affect the
ultraviolet actinic ﬂux and thus photochemistry.
[6] As for the chemical nature of BrC, it has been suggested
that it may include humic substances, polyaromatic hydrocarbons, and lignin [Andreae and Gelencsér, 2006]. The possible
importance of nitrated and aromatic aerosol components for
near UV light absorption has also been suggested [Jacobson,
1999]. A number of laboratory studies reported the formation
of colored organic matter in the reaction of glyoxal in ammonium sulfate and ammonium nitrate solution [Shapiro et al.,
2009], oxidation of phenol in a solution of hydrogen peroxide
[Chang and Thompson, 2010], and reaction of SOA produced
by limonene ozonolysis with ammonia [Bones et al., 2010].
Although fog and cloud samples have sometimes been
observed to exhibit a yellowish color [e.g., Collett et al., 1999],
the composition of light-absorbing organics in cloud water
has not been reported, to the best of our knowledge.
[7] In this study, we determine the composition of organic
matter in cloud water impacted by agricultural biomass burning.
The presence of substantial amounts of BrC was obvious from
the yellowish appearance of the cloud water. Filtered and
unﬁltered sample photographs are shown in Figures 1a and 1b.
Liquid chromatography coupled with detection by UV/Vis
absorbance and mass spectrometry is applied to determine
the composition of the most important light-absorbing
compounds in the cloud water.

2.

Methods

2.1. Sample Collection
[8] Cloud water samples were collected at the summit of
Mt. Tai (36.251°N, 117.101°E, 1534 m, asl), located in
Shandong province in the North China Plain, in the summer
(14 June – 16 July) of 2008 using a Caltech Active Strand
Cloudwater Collector (CASCC) [Demoz et al., 1996]. A
two-stage size-fractionating CASCC (sf-CASCC, the 50%
lower drop size cutoff for the ﬁrst and second stages is
approximately 16 and 4 μm diameter) was also used to

simultaneously collect small and large cloud drop samples.
The cloud collectors were cleaned prior to each cloud interception event using high purity deionized water. Collocated
measurements include monitoring of cloud liquid water
content (LWC) using a Particulate Volume Monitor
(Gerber Scientiﬁc, model PVM-100), and collection of
interstitial aerosol particles and gas-phase species (HNO3,
NH3, and SO2) using a University Research Glassware
denuder and ﬁlter pack assembly. Detailed descriptions of
the sampling site and ﬁeld measurements are given by
Shen et al. [2012].
2.2. Chemical Analyses
[9] Immediate analyses after sample collection included
measurement of sample weight and pH measurement with an
Orion portable pH meter (model 290A). All sample aliquots
were refrigerated on-site and were express shipped cold to
Colorado State University. The samples were kept frozen in
the dark prior to the analysis. Routine sample analysis
included measurements of major anions (SO24 , NO3 , Cl ,
and NO2 ) and cations (Na+, NH+4 , K+, Mg2+, and Ca2+) by
two ion chromatography (DIONEX DX-500) systems and
analysis of total organic carbon (TOC) by a Shimadzu TOC
Analyzer (model: TOC – VCSH). Additional analysis of
collected samples, including measurement of H2O2, HCHO,
S(IV), Fe, and Mn concentrations in the cloud samples, was
also completed as described by Shen et al. [2012].
[10] Cloud samples were ﬁltered using disposable syringe
ﬁlters (Puradisc 25 TF, PTFE membrane with 0.2 μm pore
size) and directly analyzed without any preconcentration for
organic constituents with an Agilent 1100 Series liquid
chromatograph coupled to a UV/Vis diode array detector
(Agilent G1315D) followed by a time-of-ﬂight mass
spectrometer (Agilent LC/MCD TOF G1969A) with an
electrospray ionization source. LC/DAD-ESI-HR-TOFMS
analysis was performed in February 2011. The absorbance
detector monitored absorbance from 190 to 900 nm with a
data capture rate of 2 Hz. The ToF-MS was operated in both
negative and positive ion modes. Mass accuracy and mass
resolution for the detector were approximately 5 ppm and
4000–7000, respectively, for singly charged masses in the
range of 100 to 300 Da. The MS signal was acquired at
1.4 Hz. The combination of a diode array detector with the
ToF-MS means that both compound absorbance and mass
can be obtained across a wide range simultaneously without
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[13] The composition of nonvolatile water soluble organic
carbon in ﬁltered cloud water was also analyzed with an
Aerodyne high-resolution Aerosol Mass Spectrometer
(AMS). Cloud water samples were atomized, dried with a
diffusion drier, and then introduced to the AMS. Detailed
procedures for the AMS analysis of liquid samples are given
in Sun et al. [2010].
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Figure 2. Correlations between TOC and sulfate concentrations in Mt. Tai summer bulk cloud water samples.
Cloud samples from two events strongly impacted by biomass burning (19 June (BB-1) and 20 June (BB-2)) are identiﬁed with squares and triangles. Samples from other summer
cloud events not as strongly inﬂuenced by biomass burning
(labeled as NBB) are shown as circles. A strong correlation
(R2 = 0.73) is observed between TOC and sulfate concentrations in these samples, which come from 18 separate cloud
interception events.
the need for scanning across wavelengths or mass-to-charge
ratios. Prior to analysis, the TOFMS instrument was tuned
and calibrated using a standard ESI-L Low Concentration
Tuning Mix (Agilent Technologies). The instrument was
calibrated in the low-mass range m/z < 1700 using six ions
from the calibration mixture with masses of 112.985587,
301.998139, 601.978977, 1033.988109, 1333.968947, and
1633.949786 Da in negative mode, and 118.086255,
322.048121, 622.02896, 922.009798, 1221.990637, and
1521.971475 Da in positive mode. External mass calibration
was not used during the analytical run; however, mass shift
during the run was insigniﬁcant (<1.5 ppm) as conﬁrmed
by monitoring the mass of an impurity ion.
[11] A Kinetex 100×3 mm C18 column with 2.6 μm particle
size (Phenomenex) was used for chromatographic separation.
This chromatographic separation is based on polarity; highly
polar compounds elute quickly, while less polar molecules
interact more strongly with the stationary phase and elute at
longer times. The injection volume was 15 μL and the ﬂow
rate 0.5 mL/min. Gradient separation was used with 0.01%
of formic acid in water and methanol. The methanol concentration was 20% at the beginning of the run. After 1 min, the
methanol concentration was changed linearly to reach 80%
at 10 min and was held at 80% for another 5 min.
[12] The combination of liquid chromatography with both
online absorbance and MS detection permits direct identiﬁcation of compounds in cloud water associated with strong
absorbance in the near UV and visible. More than 90% of
the time, observed absorbance peaks in cloud water UV/Vis
chromatograms exhibited a corresponding ion current peak
in MS chromatograms. The high-resolution, accurate mass
spectra from the ToF-MS allowed determination of the elemental composition of the detected ions. Measured UV/Vis
absorbance spectra for these compounds were compared with
reference spectra when available.

Results and Discussion

[14] Figures 1a and 1b show photographs of ﬁltered and
unﬁltered samples of Mt. Tai cloud water collected between
6 and 8 AM (all times local) on 19 June. The unﬁltered
samples are obviously dark, presumably due to suspended
BC, but after ﬁltering through a 0.2 μm pore size ﬁlter to
remove suspended particles, the samples have an obvious
yellow color. As discussed below, these samples were collected
from clouds strongly impacted by biomass burning emissions.
3.1. The Composition of Biomass Burning-Impacted
Cloud Samples
[15] The relationship between TOC and sulfate concentrations for all Mt. Tai bulk cloud water samples (105 samples
from 18 separate cloud interception events) collected during
the summer ﬁeld campaign is shown in Figure 2. Most of the
samples exhibit a rather strong (R2 = 0.73) correlation
between cloud water TOC and sulfate concentrations. For
several samples, the ratio of TOC to sulfate is signiﬁcantly
higher than the typical ratio observed in other cloud water
samples collected throughout the summer campaign. The high
TOC/sulfate ratio points represent two consecutive sets of
samples that were collected between 2:00 and 8:00 AM on
19 June and between 2:00 and 8:15 AM on 20 June.
Concentrations of water soluble K+, one marker for biomass
burning [Ma et al., 2003], were signiﬁcantly elevated in cloud
water samples from these two events. The average concentration (± one std dev) of potassium ion observed during the event
on 19 June was 10.3 ± 4.8 mg/L and on 20 June was
7.3 ± 2.9 mg/L, higher than the 2.9 ±3.5 mg/L average for
summer 2008 Mt. Tai cloud water samples. The ion peak at
m/z 60 (mainly C2H4O+2 ) in the AMS mass spectrum of atomized cloud water, another biomass burning marker derived
from the fragmentation in the AMS of levoglucosan and other
structurally similar molecules derived from combustion of
cellulose [Schneider et al., 2006; Alfarra et al., 2007; Lee
et al., 2010], was also found to be elevated in these 19 and
20 June cloud samples. The fraction of m/z 60 in 19 June
samples (0.78%) is much higher than that observed (~0.12%)
in the absence of strong biomass burning impact. Two-day back
trajectories calculated using NOAA’s Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model (shown
in Figure 1S in the supplement) (R. R. Draxler and G. D.
Rolph, Model access via NOAA ARL READY Website,
2012, http://ready.arl.noaa.gov/HYSPLIT.php, NOAA Air,
Resource Laboratory, Silver Spring, MD) further conﬁrmed
that the 19 and 20 June air masses sampled at Mt. Tai crossed
regions to the southwest with signiﬁcant agricultural burning
indicated by numerous MODIS ﬁre counts (see Figure 2S).
The most heavily impacted biomass burning event occurred
from 2:00 to 8:00 am on 19 June (referred to as BB-1) with
the somewhat less impacted 20 June event labeled as BB-2.
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Figure 3. (a) MS, Extracted ion chromatogram (EIC) and UV/Vis diode array detector chromatogram
(DAD1) for the cloud water sample collected during the biomass burning-impacted event on 19 June
2008 (TS061808A06). The mass spectrum was acquired using negative mode electrospray ionization.
(b) Extracted UV/Vis spectra for selected peaks with assigned elemental formulae.
[16] The average concentration of TOC in cloud water
during BB-1 was 100.6 ppmC, approximately eight times
higher than typical values observed in summertime Mt. Tai
cloud water in the absence of biomass burning, indicating the
strong inﬂuence that agricultural burning has on cloud organic
content. Elevated concentrations of K+ and Cl were also
observed in these samples; however, no large impact was
observed on cloud water concentrations of sulfate, nitrate,
and ammonium. Recent studies from the Fire Laboratory at
Missoula Experiments show that the most abundant component emitted from the combustion of most biofuels is carbonaceous material. Cl and K+ are also abundant in smoke emitted
from biomass burning (accounting for 40 ± 14% and 22 ± 8%,
respectively, of measured water soluble ion content), while sulfate and nitrate appear to be only minor emissions for most biofuel combustion [McMeeking et al., 2009; Levin et al., 2010].
3.2. Speciation of BrC in Cloud Water
[17] Figure 3 presents the MS and UV/Vis detector signals
for analysis of a cloud water sample collected during the

Table 1. Elemental Formulae Assigned to the Species Responsible
for Major Peaks in the UV/Vis Chromatogram
RT,
min

Formula

Area,
AU

2.9

C7 H6 O3

1.46

3.1
3.7
5.4
6.3
6.8
7.1
7.6
7.9
8.3
8.5
8.7
9.0
9.3
10.1
10.5

C6 H5 N O5
C9 H8 O3
C6 H5 N O4
C7 H7 N O5
C8 H7 N O5
C6 H5 N O3
C7 H7 N O4
C8 H9 N O5
C8 H7 N O3
C9 H9 N O4
C7 H7 N O3
C8 H9 N O4
C7 H7 N O3
C8 H9 N O3
C8 H9 N O3
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Compound

Reference

3,4-Dihydroxy
benzaldehyde

[Láng, 1975]

1.00
7.31
33.65
4-Nitrocatechol
[Cornard et al., 2005]
4.41
1.34
26.70
4-Nitrophenol
standard
25.72
8.64
16.14
16.79
3.75 3-Methyl-4-nitrophenol [Preiss et al., 2009]
2.60
7.00 2-Methyl-4-nitrophenol [Preiss et al., 2009]
2.23
0.53
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Table 2. Concentrations of 4-Nitrophenol Measured in Selected Cloud Water and Aerosol Samples and Corresponding Absorptiona
Date/Time
6/17 0:00–2:00
6/17 0:00–2:00
6/19 3:00–4:00
6/19 3:00–4:00
6/19 4:00–6:00
6/19 4:00–6:00
6/20 3:30–5:00
6/20 3:30–5:00
4/20 0:00–1:00
4/9 14:00–16:00
6/19 08:00 – 6/19 18:00
6/19 18:00 – 6/20 08:17
6/20 08:17 – 6/20 16:45
6/20 16:45 – 6/21 08:00
6/21 08:00 – 6/22 08:00

Sample Type

4-Nitrophenol
Aqueous Conc. (μM)

4-Nitrophenol
3
Air Equivalent Conc. (ng/m )

300–400 nm Abs
Arbitrary Units

LF
SF
LF
SF
LF
SF
LF
SF
Bulk
Bulk
Aerosol
Aerosol
Aerosol
Aerosol
Aerosol

0.021
0.002
15.1
14.5
6.7
8.1
2.2
3.1
0.001
0.004
0.014
0.036
0.008
0.024
0.017

1.060
0.057
380
634
160
237
35
80
0.058
0.139
1.72
3.00
1.14
1.93
0.85

54
51
3853
5471
1498
3044
644
790
34
56

Conditions
NBB
NBB
BB
BB
BB
BB
BB
BB
NBB
NBB
BB
BB
BB
BB
BB

a
Samples marked as LF and SF are large and small droplet fraction samples collected by sf-CASCC; samples marked as Bulk are bulk samples collected by
CASCC, BB are samples impacted by biomass burning, and NBB are not impacted.

[19] A number of nitrophenols have been found in precipitation in previous studies. In precipitation samples collected in
Hanover, Germany [Alber et al., 1989; Böhm et al., 1989], a
set of nitrophenols was identiﬁed, including nitrophenols,
methyl nitrophenols, and dinitrophenols. Nitrophenols have
also been observed in fog water in California [Collett et al.,
1999] and in cloud water and fog water collected in
Germany [Richartz et al., 1990; Lüttke et al., 1999]. Biomass
burning is known to be a source of nitrophenols, but the
concentration of nitrophenols found in cloud water and rain
is much higher than might be explained by direct emission.
Nitrophenols can be formed in the atmosphere through gas
phase and aqueous phase chemistry. The mechanism of
nitrophenol formation in the atmosphere is discussed in detail
in the review article by Harrison et al. [2005].
[20] The acidity of the BB affected cloud samples was in
the pH range 3–3.5, which might have aided nitrophenol formation in aqueous phase. A higher rate of photonitration of
phenol in aqueous phase was found at lower pH [Vione
et al., 2001]. Similar concentrations of 4-nitrophenol were
found in cloud and fog water in Germany, France and the
UK [Harrison et al., 2005] A strong yellow/brown color of
high pH fog samples was also found previously in urban

Identified
Total
Ratio

80

Absorpt. (mAu), Ratio (%)

BB-1 event. The absorbance chromatogram shows absorption
between 300 and 400 nm, and the MS chromatogram shows
total ion counts in the m/z range between 60 and 400
Daltons. Almost every peak in the absorbance chromatogram
has a corresponding peak in the MS chromatogram (except the
one with a retention time (RT) of 3.7 min). Fortunately, the
chromatographic separation is sufﬁcient such that we generally observe only one major compound in the MS during each
absorbance peak. The accurate mass measurements of the
ToF-MS allow determination of an elemental formula for each
absorbing compound peak also observed in the MS chromatogram. A list of these peaks with assigned elemental formulae is
shown in Table 1. Corresponding UV spectra for these
compounds are shown in Figure 3b.
[18] The majority of assigned formulas contain one nitrogen
atom and at least three oxygen atoms, suggesting nitro compounds. The presence of oxidized forms of nitrogen is also
supported by the detection of these compounds in the negative
ion mode of the MS. The absorbance spectrum of the peak that
elutes at 7.1 min with assigned elemental formula C6H5NO3
was compared with available standards and was found to
match the spectrum for 4-nitrophenol. A number of other measured UV/Vis spectra were compared with spectra available in
the literature. As shown in Table 1, 4NC (RT = 5.4 min), 2methyl-4-nitrophenol (RT = 8.75 min), and 3,4-dihydroxy
benzaldehyde were identiﬁed through matching elemental formulae and absorbance spectra. The compound C7H7NO4 at
RT 7.7 min has a UV/Vis spectrum very close to the spectrum
of 4NC (C6H5NO4). It is known that substitution of the methyl
group does not change absorbance spectra of aromatic compounds signiﬁcantly [Perkampus, 1992]. In addition, its mass
spectrum shows a second peak with an assigned formula of
C6H4NO4. The odd number of electrons suggests that this
peak is produced by the loss of a methyl group due to
fragmentation in the mass spectrometer and not a co-eluting
compound. Therefore, this compound is likely to be methyl4NC. 4-nitrophenol, 4NC, and methyl nitrocatechols were also
found in PM2.5 aerosols affected by biomass burning [Claeys
et al., 2012; Kitanovski et al., 2012a, 2012b]. These compounds were also detected in ﬁne aerosol from Los Angeles
not impacted by biomass burning [Zhang et al., 2011, 2013]
but account for only 4% of light absorption at 365 nm.
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Figure 4. Total absorption, absorption from identiﬁed
compounds, and the ratio of identiﬁed/total absorption vs.
wavelength.
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Figure 5. UV/Vis chromatogram and MS chromatogram
multiplied by average ratio (K) of the MS to absorbance
detector responses.
radiation fogs impacted by residential wood burning in
Fresno, California [Collett et al., 1999], and thus its occurrence is not limited to low pH or other conditions speciﬁc
to Mt. Tai. NOx levels in eastern China are comparable to
NOx levels in Europe and the eastern US [Miyazaki et al.,
2012]. It is not clear, however, that a high regional NOx
concentration is essential for nitro-aromatic production,
given that biomass burning itself is a signiﬁcant source of
NOx emission [Zhang et al., 2003; Koppmann et al., 2005;
McMeeking et al., 2009]. In aerosol samples from
Budapest, K-puszta (Europe), and BB-impacted aerosol samples from Brazil, the highest concentration of 4-nitrophenol
was found in the samples from Brazil [Claeys et al., 2012]
where the background NOx level tends to be low.
[21] A commercial 4-nitrophenol standard was used to
calibrate instrument response and measure 4-nitrophenol
concentrations in the Mt. Tai samples. The concentrations
of 4-nitrophenol in a few samples of Mt. Tai summer 2008

cloud water and aerosol are presented in Table 2. Air equivalent concentrations (the cloud water concentration multiplied by the cloud water LWC to yield mass of compound
per volume of air) are presented for the cloud samples to
facilitate comparisons to the aerosol concentrations. The
cloud water 4-nitrophenol equivalent concentration was
1 μg/m3 during the peak TOC concentration between 3 and
4 AM on 19 June. It dropped to 400 ng/m3 over the next 2
h. The cloud water 4-nitrophenol air equivalent concentration
was approximately 116 ng/m3 during the second BB impact
event on 20 June. In the absence of biomass burning impact,
the 4-nitrophenol concentration was much lower, being
1.1 ng/m3 on 17 June. In addition, the concentration of the
4-nitrophenol found in aerosol samples even a few hours
after biomass burning impact was found to be low, around
1.7 ng/m3. While cloud scavenging of aerosol particles can
be an important contributor to cloud water concentrations
of many organic species, the much higher 4-nitrophenol
concentrations observed in cloud water support uptake from
the gas phase as a likely dominant process. The Henry’s law coefﬁcient for 4-nitrophenol was estimated to be around 7.6×104
mol/kg *atm at 288 °K [Guo and Brimblecombe, 2007]. They
estimate that one third to two thirds of 4-nitrophenol will partition to cloud droplets at LWC of 0.2–1.0 g/m3.
[22] Table 2 shows that short wavelength (300–400 nm)
absorbance of the cloud water samples was signiﬁcantly
higher (one to two orders of magnitude) during BB impact
events. The change in cloud water absorption due to BB
inﬂuence is also illustrated in Figure 3S, which compares
two UV/Vis absorbance spectra of cloud water samples collected before and during BB impact as well as the absorbance
chromatogram measured as these samples were analyzed by
LC. The measured cloud water absorption correlates well
with cloud water 4-nitrophenol concentrations (R2 = 0.93).
The summed absorption by all 16 identiﬁed peaks and the
total measured absorption over the wavelength range
300–400 nm are shown in Figure 4. This fraction is approximately 26% at 300 nm, grows to 55% at 370 nm, and then
drops to 20% at 450 nm. The total area of the 16 peaks from
Table 1 accounts for 48% of the overall peak area of the
absorbance chromatogram. The absorption chromatogram

Figure 6. MS, extracted ion chromatogram (EIC), and UV/Vis detector chromatogram (DAD1) for a
cloud water sample collected during BB event on 19 June 2008. The mass spectrum was acquired using
positive mode electrospray ionization.
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Figure 7. MS, Extracted ion chromatogram (EIC) and UV/Vis detector chromatogram (DAD1) for the
same 19 June 2008 cloud water sample zoomed to the ﬁrst minute. The mass spectrum was acquired using
positive mode electrospray ionization. There is no obvious correlation between MS and absorbance detector signals. The MS chromatogram was time corrected to account for the time needed for the sample to pass
between the UV/Vis and MS detectors.
can be used to determine the imaginary part of the refractive index needed for radiative transfer modeling if the
concentration of the corresponding compounds can be
measured using standards or otherwise evaluated.
[23] Figure 4S shows absorption spectra of the cloud water
sample collected at the beginning of the BB event before and
after ﬁltering. At wavelengths longer than 450 nm, absorption is dominated by nonsoluble material (mostly elemental
or BC), while at shorter wavelengths, absorption due to
dissolved compounds is more signiﬁcant. At 300 nm, 80%
of the total absorption is due to BrC.
3.3. Other Compounds
[24] Table 1S shows elemental formulas for all MS peaks
with intensities higher than 2000 counts. This threshold
was chosen because for smaller peaks unambiguous determination of the elemental composition is difﬁcult. There are
two distinct groups of compounds. The ﬁrst group consists
of 40 compounds that elute in the ﬁrst 2.5 min. The number
of carbon atoms for compounds in this group, with two exceptions, is between 3 and 6, the double bond equivalent
(DBE) is between 1 and 3, and the O/C ratio is between 0.5
and 1. The fraction of measured (300–400 nm) absorbance
during the ﬁrst 2.5 min is approximately 7%. The second
group of compounds consists of 65 compounds that elute between 2.5 and 11 min. They have between six and nine carbon atoms and DBE between 5 and 7, indicating that most
likely they are aromatic. Forty-six of the 65 compounds in
this group contain one or two nitrogen atoms, consistent with
a high abundance of nitrogenated species detected in

previous studies of fog and precipitation samples [Altieri
et al., 2009; Mazzoleni et al., 2010]. The fraction of total
measured (300–400 nm) absorbance in this part of the chromatogram (RT = 2.5 to 11 min) is approximately 92%.
3.4. Baseline Absorption
[25] Clear, distinguishable peaks on the absorbance chromatogram, which can be easily correlated with peaks on the
corresponding MS chromatogram, sum up to approximately
half of the total absorbance chromatogram area. All of these
clearly identiﬁable peaks eluted after 2.5 min; at shorter
RTs, peaks were not resolved in both chromatograms. Due
to co-elution of a number of ions in the MS chromatogram,
it was hard to assign the absorbance peak to a single ion.
The rest of the absorption is due to small and overlapping
peaks, and, therefore, it is difﬁcult to assign particular MS
ions to them. If we assume that, on average, both absorbance
and MS detector responses for the 65 compounds from the
second group are similar to the 16 compounds included in
Table 1, we can estimate the overall contribution from the
65 compounds to the total absorbance from the MS peak
heights. We calculated an average response factor, K, for
the 16 compounds from Table 1 as the average ratio of the absorbance peak intensity to the MS peak intensity. Applying
this average response factor K = 1.28*10 5 ± 0.76*10 5
(mAu s/counts) (± one standard deviation) to the other compounds suggests that, together, these 65 compounds with intensities higher than 2000 counts (including the 16
compounds in Table 1) can explain approximately two thirds
(±10%) of the total sample absorption. While this estimate
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relies on the assumption that the average detector response
ratio of the larger compound group is approximately represented by the subset of 16 clearly isolated compounds, it does
give a useful ﬁrst estimate of the possible contributions of the
larger group of compounds to measured cloud water absorbance. Most likely, compounds that yielded intensities lower
than 2000 counts in the MS detector (compounds with low
abundance and/or compounds that did not yield signiﬁcant
response in the negative ion detection mode with
electrospray) account for most of the rest of the absorption.
[26] Figure 5 presents two chromatograms: absorption and
total ion current for m/z between 121 and 226 Daltons multiplied by K. Corresponding blanks were subtracted from both
the absorbance and MS chromatograms. The integration
range 121–226 Daltons was chosen to cover the range from
lowest to highest masses in Table 1S. Baselines of both the
modiﬁed MS and absorbance chromatograms closely
followed each other, suggesting that the ions detected by
mass spectrometry are sufﬁcient to explain all the measured
absorbance. The assumption behind this conclusion is that
the absorbance and mass spectral detection responses of ions
with intensities less than 2000 counts are on average approximately the same as those for ions with intensities exceeding
2000 counts, which assumes their structural similarity.
Unfortunately, electrospray ionization mass spectrometry is
not sensitive to unfunctionalized aromatic hydrocarbons,
and PAH still can contribute to the total UV absorption.
Their contribution, however, seems to be small. There is only
one absorbance peak without a corresponding MS peak.
3.5. Positive Mode MS Analysis
[27] Compounds detected in positive mode ESI MS also
fall into two groups: those that elute in the ﬁrst 2.5 min and
compounds that elute after 2.5 min. The second group of
compounds is similar to the compounds detected in negative
ion mode as illustrated in Figure 6. Formula assignment for
absorbing peaks based on positive mode mass spectra yields
the same result as assignments made using negative ion mode
detection. By contrast, a number of nitrogen-containing compounds that elute in the ﬁrst 1.5 min are detected only by positive ion MS. These compounds are presented in Table 2S
and shown in Figure 7. They have at most one oxygen atom
and one or two nitrogen atoms, suggesting that they are
amines and imidazoles. At the eluent pH of approximately
3, these compounds are protonated and will elute quickly
from the separation column. Protonated amines have absorption spectra shifted to shorter wavelengths than their neutral
forms. Since the Mt. Tai cloud water pH was in the range
3–4 [Shen et al., 2012], these compounds should also be protonated in the cloud drops. Accordingly, the absorbance
spectra measured in our analysis should reﬂect the absorption
behavior of these species in the clouds. There is no apparent
correlation between the absorbance and MS chromatograms
in this early time segment. Based on our measurements,
amines and imidazoles in the cloud water are estimated to
contribute no more than 3% of the total 300–
400 nm absorption.

4.

Conclusions

[28] Cloud water impacted by agricultural biomass burning
was found to contain substantial amounts of BrC. Analysis of

the cloud water by liquid chromatography with simultaneous
mass spectrometric and absorbance detection provided an
opportunity to determine the elemental composition of major
chemical solutes that absorb strongly in the UV and short
wavelength visible. This approach was used to determine
the composition of the 16 strongest absorbers in collected
cloud samples. The most important light-absorbing species
were nitrophenol derivatives and aromatic carbonyls.
Electrospray ionization mass spectrometry is not sensitive
to nonfunctionalized aromatic hydrocarbons and PAH that
can contribute to total sample absorption. Their contribution,
if any, however, seems to be small. Only one absorbance
peak was observed without a corresponding MS signature.
Absorbance contributions by reduced nitrogen species, while
not individually resolved, also appear to comprise less than a
few percent of total observed absorbance in the 300–400 nm
wavelength range. Total sample absorbance and concentrations of nitrated organics were considerably lower in the absence of biomass burning impact.
[29] This work represents some of the ﬁrst quantitative
measurements of the contributions of individual compounds
to light absorption in the 300–400 nm range in the atmospheric aqueous phase. There are several recent studies that
examine the BrC constituents in PM2.5 aerosols from photochemical smog events [Zhang et al., 2011, 2013] and in biomass burning [Claeys et al., 2012]. These analyses were
completed on aqueous cloud water samples. Aerosol samples
are generally easier to obtain, suggesting future analyses
should be extended to more widely available aerosol extracts.
Such an effort should include an assessment of whether the
absorbance characteristics of compounds of interest are altered by their aqueous dissolution. Future efforts should also
quantify the inﬂuence of BrC contained in biomass burningimpacted clouds, like those sampled at Mt. Tai, on atmospheric radiative transfer.
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Joint Fire Science Program. We thank Jia Guo, Wenxing Wang, and Tingli
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