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Abstract. Aerosol (TSP) samples were collected at the nificantly decreased during the period 8-11 June, when the
summit of Mount Tai (elevation: 1534 m a.s.l, 362§ wind direction shifted from southerly to northerly. Similar
117.10 E) located in the North China Plain using a high- temporal trends were found for ketocarboxylic acids and
volume air sampler and pre-combusted quartz filters. Sameicarbonyls as well as total carbon (TC) and water-soluble
pling was conducted on day/night or 3h basis in the pe-organic carbon (WSOC). The temporal variations of water-
riod from 29 May to 28 June 2006 during the field burn- soluble organics were interpreted by the direct emission from
ing of wheat straw residue and the post-burning season. Ththe field burning of agricultural wastes (wheat straw) in the
filter samples were analyzed for low-molecular-weight di- North China Plain and the subsequent photochemical oxida-
carboxylic acids, ketoacids anedicarbonyls using capil- tion of volatile and semi-volatile organic precursors emitted
lary gas chromatography (GC) and GC-MS employing wa-from field burning as well as dark ozonolysis of volatile or-
ter extraction and butyl ester derivatization. Molecular dis- ganic compounds and other organics, accretion reactions and
tributions of dicarboxylic acids (£C11, 220-6070 ng m3) oxidation of nonvolatile organics such as unsaturated fatty
were characterized by a predominance of oxalig) (&cid acids. This study demonstrates that the field burning of agri-
(105-3920 ng m3) followed by succinic (G) or malonic  cultural wastes in early summer strongly influenced the air
(C3) acid. Unsaturated aliphatic diacids, including maleic quality of the free troposphere over the North China Plain.
(M), isomaleic (iM) and fumaric (F) acids, were also de-
tected together with aromatic diacids (phthalic, isophthalic
and terephthalic acidsp-oxocarboxylic acids (&Co, 24—
610ngnT3) were detected as the second most abundanf Introduction
compound class with the predominance of glyoxylic acid
(11-360 ngm?), followed by a-ketoacid (pyruvic acid, 3— Central East China (CEC) is one of the most polluted regions
140 ng nT3) and«-dicarbonyls (glyoxal, 1-230 ngn{ and in the world due to the rapid economic growth in the last
methylglyoxal, 2-120ng m?). We found that these lev- two decades (Ohara et al., 2007). Very high levels of column
els 6000ngnT3 for diacids) are several times higher NO> have been reported in the CEC region by satellite ob-
than those reported in Chinese megacities at ground levelsservation compared to those for the northeast of the United
The concentrations of diacids increased from late May toStates and northern Europe (Richter et al., 2005). High levels
early June, showing a maximum on 7 June, and then sigof tropospheric ozone are also commonly obtained in this re-
gion based on the observations from ground sites (e.g., Gao
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et al., 2005) and satellite (e.g., Hayashida et al., 2008). Air2006 in order to characterize water-soluble organic aerosols
pollution is a very serious problem in China as a result of in-at molecular levels during the field-burning season of agri-
creased usage of fossil fuels. One-fourth of primary anthro-cultural waste (wheat straw) and after. The sample collection
pogenic organic aerosols in the world is generated in Chinayas performed as part of the Mount Tai Experiment 2006
ca. 70% of which is derived from coal burning (Cooke et campaign (MTX2006) in early summer. Kanaya et al. (2013)
al., 1999; Streets et al., 2004). The air pollutants, in partic-report an overview of the MTX2006 campaign with many
ular, dusts and anthropogenic aerosols are responsible to ttmutcomes of the project: for example, high concentrations
degradation of visibility, health risks to human beings andof ozone, volatile organic compounds including glyoxal and
climate changes in East Asia and the outflow regions includ-methylglyoxal, inorganic ions, black carbon, satellite obser-
ing the North Pacific (Huebert et al., 2003). Recently, field vation of tropospheric N§ etc. Here, we report the molec-
burning of agricultural wastes is found to be a source of se-ular distributions of diacids, ketoacids aaedicarbonyls in
rious air pollution in East China (Fu et al., 2008; Li et al., atmospheric particles as well as total carbon (TC) and water-
2008; Wang et al., 2009). soluble organic carbon (WSOC). To better understand their
High loadings of organic aerosols have been reported irsources, transport pathways and photochemical processing
Chinese cities (Wang and Kawamura, 2005; Wang et al.during long-range atmospheric transport, we compare the re-
2006a), among which low-molecular-weight (LMW) dicar- sults of the mountaintop observation with those from Chinese
boxylic acids are recognized as the most abundant organiarban sites and the outflow regions in East Asia and the Pa-
compound class (Ho et al., 2007). In general, their molecularcific Ocean. We also discuss the photochemical processing
distributions are characterized by the predominance of ox-of organic aerosols in the free troposphere over the polluted
alic acid (G), followed by malonic (@) and succinic (G) regions of the North China Plain based on the detailed anal-
acids. LMW dicarboxylic acids have been reported in ur- yses of molecular compositions of diacids and related com-
ban (Kawamura and Ikushima, 1993; Sémgpand Kawa- pounds.
mura, 1994; Rohrl and Lammel, 2001; Wang et al., 2002;
Yao et al., 2002; Rompp et al., 2006; Kitanovski et al., 2011),
mountainous (Legrand et al., 2007), marine (Kawamura an® Samples and experiment
Sakaguchi, 1999; Mochida et al., 2003a, b) and Arctic and
Antarctic atmospheres (Kawamura et al., 1996a, b; Kermi-2.1 Sampling site and aerosol collection
nen et al., 1999; Narukawa et al., 2002, 2003; Kawamura et
al., 2005, 2010). In general, concentrations of LMW diacidsMount Tai (36.28N, 117.10 E) is located in Shandong
were found to be higher in Asian cities and its coastal regionsProvince, central East China (38—40° N, 110 E-130 E),
in the Asian Pacific region (Fu et al., 2013). whose topography is characterized by flat lands of less than
Because small dicarboxylic acids and related polar com-200 m in altitude. Thus, Mt. Tai (elevation: 1534 m above sea
pounds are highly water soluble and abundant in atmospheritevel) is an independent peak in the CEC region (see Fig. 1)
aerosols, they can significantly enhance the hygroscopicityand the summit often stays within the free troposphere at
of the particles (Saxena et al., 1995; Saxena and Hildemanmight. As part of the MTX2006 campaign, daytime/nighttime
1996). Previous studies have shown that the presence of dand 3h aerosol samplings were performed from 28 May
carboxylic acids affect both deliquescence relative humid-to 28 June 2006 on the balcony of two-story building of
ity and hygroscopicity of aerosol particles (Cruz and Pan-the observatory~10 m above ground level) on the top of
dis, 1998; Brooks et al., 2002). Although LMW diacids can Mt. Tai. Eighty-one samples (including 5 whole-day, 19 day-
be emitted from primary sources such as vehicular exhaustsme (06:00-18:00 LT), 20 nighttime (18:00-06:00) and 37
(Kawamura and Kaplan, 1987), biomass burning (Legrand3 h samples) were collected during the campaign using a
and de Angelis, 1996; Narukawa et al., 1999), cookinghigh-volume air sampler and pre-combusted (@&0or 6 h)
(Schauer et al., 2002) and natural marine sources (Rinaldjjuartz fiber filters at a flow rate of 1.0°min~1. We col-
et al., 2011), they are mainly produced from the atmo-lected TSP samples rather than £Min order to obtain
spheric photooxidation of various organic precursors (Kawa-the information of bioaerosols including pollen and fungal
mura and Gagosian, 1987; Stephanou, 1992; Kawamura anspores whose particle sizes are larger tharp PfFu et al.,
Sakaguchi, 1999) most likely in the aqueous aerosol phas2008). Four blanks were taken during the campaign by set-
(e.g., Sorooshian et al., 2006; Carlton et al., 2007; Ervens eting the filter on the filter cartridge without sucking air. The
al., 2008, 2011). LMW dicarboxylic acids and related com- filter sample was placed in a clean glass bottle (150 ml) with
pounds can contribute to 0.2—-1.8 % of total carbon (TC) ina Teflon-lined screw cap and stored in a freezer at the obser-
urban Tokyo (Kawamura and Ikushima, 1993) and up to 16 %vatory. After shipping to Sapporo, the samples were stored in
of TC in remote marine aerosols (Kawamura and Sakaguchia freezer room at-20° C prior to analyses.
1999; Wang et al., 2006b). The heights of planetary boundary layer (PBL) around
In this study, we collected atmospheric aerosols at theMt. Tai were estimated during the campaign using a
summit of Mt. Tai, located in CEC, from late May to June in WRF/Chem model (Takigawa et al., unpublished data),
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vatory in central East China. The lgftaxis is for ambient temper-
Fig. 1. A map of East Asia with the location of Mt. Tai (sampling ature, wind speed and rainfall, whereas the right axis shows relative
site, triangle) and major megacities in Asia. humidity (%) and wind direction (degree).

which reached a maximum of ca. 4000 m at midday and al993; Kawamura and Ikushima, 1993). GC/mass spectrom-
minimum of 200 m during night to early morning with av- eter (Thermo Trace MS) was used to confirm the identi-
erage heights of 2200m (daytime) and 600 m (nighttime).fication of the GC peaks (Kawamura et al., 1985; Kawa-
Thus, nighttime samples were most likely collected in themura, 1993). Quantifications of diacids and related com-
free troposphere. pounds were performed by the comparison of GC-FID re-
The meteorological data are obtained at the Mt. Tai ob-sponses of the derivatives with those of authentic succinic
servatory located on the mountaintop. The results are sumacid dibutyl ester assuming that the FID responses (GC peak
marized in Fig. 2. The ambient temperatures ranged fromarea) are proportional to the amounts of carbon atoms of the
8 to 24 C. Relative humidity in daytime was generally low esters and derivatives regardless of the chemical structures.
(around 50 %) but increased over 95 % at night. Wind speedd he reliability of this technique is verified using dibutyl es-
ranged from less than 1m5to 20ms™. Winds generally  ters of G-Cy diacids.
came from the west or southwest; however, the northwest A spike experiment using authentic standards (oxalic, mal-
to north winds dominated during the periods of 8—11 Juneonic, succinic and adipic acids) that were added into quartz
and 14-15 June, when cold and dry air masses arrived ovdilter showed that recoveries were 77 % for oxalic acid and
Mt. Tai from North China and Siberia (see Fig. 2). Weather better than 86 % for other diacids. Recoveries of glyoxylic
conditions were generally clear or partly cloudy throughoutacid, pyruvic acid and methylglyoxal were 88 %, 72 % and
the campaign, but minor rain events occurred on 7, 13, 1447 %, respectively (Kawamura and Yasui, 2005). Recovery
21, 26 and 28 June. A major rain event occurred on 29 Juneof glyoxal was 91 % (Kunwar and Kawamura, 2013, sub-
However, the filter sampling was ended just before the largemitted to JGR). Field blank was analyzed by the analytical

rainstorm. procedure used for the actual samples. Although the blanks
_ showed small peaks of oxalic acid and phthalic acid on the
2.2 Analytical procedures GC chromatogram, their amounts were less than 5% of the

) _ actual samples. The concentrations of the compounds re-
Aliquots of filter samples were extracted with organic-free ported here are all corrected for the field blanks. Duplicate
pure water (Milli-Q) to separate water-soluble diacids andanalyses of the sample showed that the analytical errors in
related organic compounds. The water extracts were Conge procedures were within 10 % for major components.
centrated using a rotary evaporator under vacuum and then agrosol samples were also analyzed for total carbon (TC)
con_verFed to dib_utyl esters and butoxy acetals employing theynq nitrogen (TN) contents. A small disc (area 3.14)owas
derivatization with 14% BE in n-butanol (Supelco). The pynched from aerosol filter samples and analyzed using an
derivatives were dissolved im-hexane (100 or 200 ul) and  glemental analyzer (EA) (Carlo Erba, NA 1500) (Kawamura
two pl of then-hexane solution were injected into a gas chro- et a),, 2004). The TC and TN contents are reported here after
matograph (GC, Agilent 6980) installed with a split/splitless the plank correction. Analytical uncertainties (as presented
injector (250’ C), HP-5 column (0.2 mmx 25m, film thick-  py standard deviation relative to mean value) of TC and TN

ness 0.5um) and FID detector for the determination ofmeasurements were within 2% based on triplicate analyses
dicarboxylic acids (g-Ci1p), ketocarboxylic acids (&£Co) of selected samples.

anda-dicarbonyls (glyoxal and methylglyoxal) (Kawamura,
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For the measurements of water-soluble organic carbon(a) 100 :
(WSOC), another filter disc (1.54 &@nwas extracted with —e—Total Carbonl
organic-free Milli-Q water for 15 min under ultrasonication.

The water extracts were subsequently passed through a sy-
ringe filter (Millex-GV, 0.22 um, Millipore), and WSOC was
measured with a carbon analyzer (Shimadzu, TOC-5000A)
equipped with a catalytic oxidation column/nondispersive in-
frared detector (Aggarwal and Kawamura, 2008). The sam-
ple was measured three times, and the average value was
used. Before the sample analysis, external calibration was ZAV\
performed using a potassium hydrogen phthalate solution. ;

The analytical uncertainties in the WSOC measurement were A Y S
within 15 % with a detection limit of 0.1 pg C . May to June 2006

(b) 50 T
—e— Total Nitrogen I

80

60

40 4

Concentrations, ug m-3

20 4

3 Results and discussion 40

3.1 Variations of TC, TN and WSOC in the mountain
aerosols

30 4

20
Figure 3 shows temporal variations of total carbon (TC) and

total nitrogen (TN) contents in the Mt. Tai aerosols as well 0] ﬂ{
as C/N ratios. TC concentrations increased from late May S

to mid-June and then significantly decreased during the pe-
riod 8-11 June, when wind direction shifted to northerly or Ty P S
northwesterly over Mt. Tai (see Fig. 2). The TC concentra- May to June 2006

tions again increased during the period 12-13 June, When(c) 6
wind direction shifted to southerly. Itis important to note that e C/NRatio]
field burning of agricultural wastes (wheat straw) occurred in 5

the south of Mt. Tai during the first half of sampling period

Concentrations, pg m-3

(see Fig. 4a for the fire spot and air mass trajectories). As
seen in Figs. 3a and 4, it is clear that TC concentrations are
high when air masses arriving over Mt. Tai traveled over the
fire spots (see the fire spots in Fig. 4b). The field-burning
activities in the CEC region maximized during the period

Concentration Ratios
w
|

8-11 June (Fig. 4b), but TC concentrations were very low 14 JMN‘
(Fig. 3a) because wind directions shifted to northerly and the

air masses did not meet with the areas ofmt_enswe fire quts. D I A
In the second half of the campaign after mid-June, the fire May to June 2006

activities declined although the fire regions migrated from
the south to north of the sampling site following the north- Fig. 3. Temporal variations ofa) total carbon (TC)(b) total ni-
ward shift in the harvest areas of the wheat crops (Fig. 4ctrogen (TN) andc) C/N concentration ratios for the atmospheric
d). Following the decrease in the fire activities (Fig. 4c), TC aerosols collected from Mt. Tai.
concentrations decreased in the second half of the campaign
(Fig. 3a).

Interestingly, ranges of TC concentrations (3—85 jigm
obtained for Mt. Tai aerosols are comparable to those (15-aerosol samples (Fu et al., 2008), suggesting that the peaks of
99 ug n3) reported for 14 Chinese cities during winter, but TC are mainly caused by a significant contribution from field
higher than those (6—-35ugT) during summer (Wang et burning of agricultural wastes (wheat straw). Thus, the field
al., 2006a). High loadings in early June (60—80 pifjrare  burning of agricultural wastes and the atmospheric transport
much higher than those reported in Tokyo (10-44pdm  of burning products significantly control the TC concentra-
maximum in winter) (Kawamura and Ikushima, 1993). It tions of atmospheric aerosols over Mt. Tai. Interestingly, TC
is important to note that TC contents of Mt. Tai aerosols did not show a correlation with dehydroabietic acid (a tracer
showed a good correlation{= 0.63) with levoglucosan (a for burning of pines) in the Mt. Tai aerosols (Fu et al., 2008).
tracer of biomass burning, pyrolysis of cellulose) in the sameThis supports that forest fires are not the source of the Mt. Tai
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aerosols, but the field burning in the CEC region is the major
source of the high aerosol carbon.
@) o4 : Day/night samples did not show a diurnal trend of TC,
although 3h samples collected during the periods of 2-5,
80 , e r 23 and 25 June gave a peak in early morning, afternoon or
: o/ ' ) evening; that is, peaks were observed at 01:27 LT (local time)
on 3June, 19:34 on 3June, 13:38 on 4 June, 13:28 on 23 June
- and 13:30 on 25 June (Fig. 3a). Such a peak of TC at dif-
ferent time may be associated with the transport of polluted
air masses together with the changes in the height of PBL
over Mt. Tai, within which accumulation of biomass burn-
ing products transported upwind from the ground surface in
low lands occurs. It is important to note that the two peaks
appeared in the afternoon around 13:30 in late June (23 and
25), when the field burning of agricultural wastes declined.
The daytime maxima of TC may be caused by photochemi-
cal secondary formation of organic aerosols under the lesser
influence of field burning of agriculture wastes on low lands.
TN contents showed temporal variations similar to TC,
except for relatively small peak for 12—13 June and rela-
tively high peaks in late June (Fig. 3b). TN concentrations
140 160 significantly declined during the period 8-11 June when
winds from the north dominated over Mt. Tai and the fire
spots located south of the sampling site (Fig. 4b). Clean air
masses were probably transported over the sampling site dur-
ing the 8-11 June period. However, when the wind direction
changed to the north the TN levels again increased. Diurnal
variations of TN were obtained during 3 h sampling, which
showed a peak in late afternoon or evening (Fig. 3b). It is
consistent with the variation of TC (Fig. 3a), although ampli-
- I tudes of the TN peaks in late June are a little higher than TC
2 o I ‘" ‘ (Fig. 3b). Thus, C/N weight ratios stayed almost unchanged
60 8 100 120 140 160 during the period of 31 May to 7 June (Fig. 3c). However,
ronotuaeC®) the ratios significantly increased up to 5.6 during the period
@ w l . . L 8-11 June, when wind direction shifted to northerly (Fig. 3c
’ s and Fig. 4b). Further, C/N ratios decreased to the value of
R \ less than unity after 19 June, when the activity of field burn-
ing declined (Figs. 3c and 4c). The lower C/N ratios may
be derived from the relative increases in inorganic nitrogen
(NO3 and Nl—ﬁ) and organic nitrogen; the latter may include
amino acids and proteins.
During the period of 22—-23 June, the winds came from
" O = Y el ‘ the east or southeast (Fig. 2), suggesting that contributions
60 & 100 120 140 160 of marine organic matter enriched with organic nitrogen may
rongitude (€) result in the lower C /N ratios (Miyazaki et al., 2011). In fact,
Fig. 4. Fire spots and backward air mass trajectories at Mt. Tai _a'r mass .trajectory analyse; showed that on 23 June the tra-
for selected periods in June 2006. Fire spot data were obJethry hit the_ Yellow Sea In the SQUthWESt of the Korean
tained from MODIS fire spot websitenitp:/earthdata.nasa.gov/ Peninsula (afigure of the trajectory is not shown here). Inter-
data/near-real-time-data/firjnsAir mass trajectories were drawn €stingly, higher concentrations of azelaic acid were detected
by the data obtained by HYSPLIT4 model from NOAA ARL Web- on 21 June (Fig. 6e). However, air mass trajectory for this
site (http://ready.arl.noaa.gov/HYSPLIT.phThe arrival height of  date did not hit the oceanic regions, but the trajectories orig-
air mass trajectory was 1500 m a.s.l., whereas the duration was 1fhated from Siberia. The source of azelaic acid may be re-
days. lated to terrestrial plant emissions of unsaturated fatty acids
followed by photochemical oxidation during long-range at-
mospheric transport (Kawamura and Sakaguchi, 1999).
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(a) 40 ) result indicates that the air masses delivered from the north
35 @l ) (North China and Siberia) contain organic aerosols enriched
@ o with less water-soluble organic compounds, which may in-
E clude biogenic lipid class compounds or fossil fuel com-
5 51 bustion products. In fact, sterols, fatty alcohols and hopanes
-% 20 ] were relatively abundant in the Mt. Tai aerosols during the
2 period of 8-10 June (Fu et al., 2008).
< Diurnal variations of WSOC were observed during 3h
O 104 sampling periods of 2-5 June with peaks in the late after-
5 M\Mﬁ‘ noon or evening at 19:37 on 2 June, 16:39 on 3 June and
o 13:38 on 4 June (Fig. 5a). This result may suggest that
5/28  6/2  6/7 612 617 6/22 6/27 7/2 more water-soluble organic compounds are transported over
May to June 2006 Mt. Tai in the late afternoon or evening by biomass burning
plumes. In contrast, during the period of 23-25 June max-
(b) 06 ; ima of WSOC were obtained around noontime at 13:28 on

23 June and 13:30 on 25 June when the field-burning activi-
ties declined. This may suggest that photochemical oxidation
of organic precursors produces more water-soluble organic
species, which were probably accumulated over Mt. Tai. The
latter point will be discussed in more detail using the molecu-

lar composition of dicarboxylic acids and related compounds

as tracers of photochemical possessing.

0.5 4

0.4

M

—e— WSOC/TC
011 I———I 3.2 Molecular distributions of dicarboxylic acids,
ketocarboxylic acids ande-dicarbonyls

Ratios

0.3 4

0.2

0 i
5/28 6/2 6/7 6/12 6/17 6/22 6/27 7/2

May to June 2006 In the Mt. Tai aerosols, we detected homologous series of
o, w-dicarboxylic acids (g-Ci2), branched-chain diacids
(iC4-iCg), unsaturated diacids (maleic, fumaric and methyl-
maleic), aromatic diacids (phthalic, isophthalic and tereph-
thalic) and hydroxy diacid (malic) as well as diacids with

Temporal variations of water-soluble organic carbon keto-group (ketomalonic and 4-ketopimelic). Their total con-

(WSOC) are shown in Fig. 5a. The WSOC variation patternCentrations range from 112 to 6070 ng?t_m Table 1 sum-
gave two peaks on 7 and 13 June, which are very similaffarizes the concentrations of dicarboxylic acids as well as
to that of TC (Fig. 3a). However, WSOC/TC ratios are not ketoacids andr-dicarbonyls with their average and median

constant (Fig. 5b). Rather, the WSOC/TC ratios gradua||yconcentrations. Figure 6 presents a bar graph for these or-
increased from 0.3 in late May to 0.56 in 7 June show-9anic species in selected aerosol samples. Generally, oxalic

ing a diurnal variation with peaks early in the morning (i.e., 2€id (G) was found as the most abundant diacid species fol-

07:37 (center time) on 2 June, 07:38 on 3 June and 04:34wed by malonic () and/or succinic (&) acids, which
on 4 June (Fig. 5b)). The enhanced WSOC/TC ratios ma)js consistent with previous studies of continental aerosols

suggest aqueous phase production of WSOC in the aerosof§@wamura and lkushima, 1993; Kundu et al.,, 2010b).
early in the morning when relative humidity significantly in- HOWever, azelaic acid € was occasionally found to be

creased (Fig. 2), a point to be discussed later. very abundant in the aerqsol sgmples (§ee Fig'. 6e). We
Because biomass burning can produce water-soluble of2!S0 detected ketocarboxylic acids including seriesvef
ganic compounds such as anhydrosugars (Simoneit et aloXocarboxylic acids (&Ce) and pyruvic acid, among which
1999; Simoneit, 2002; Engling et al., 2006), the higherglyoxyllc acid @Cz) was found as most.abundant ketoacid
WSOC/TC ratios may be associated with more contribu-(Table 1 and Fig. 6). Such a molecular signature has been re-

tion of field burning to atmospheric aerosols over the agricul-POrted in previous studies of ambient a(?rosols (Kawamura et
tural fields in CEC. In fact, significant influence of biomass &-» 1996a; Kawamura and Yasui, 2005; Kundu et al., 2010a,

burning was supported by high abundances of levoglucosafl)- TWoa-dicarbonyls (glyoxal and methylglyoxal) were de-
(tracer of biomass burning) over Mt. Tai (Fu et al., 2008). It tected in the aerosol samples with a predommance_of methyl-
is also consistent with both fire spots and air mass trajecto9/y0xal in most samples. Concentrations of ketoacidscand
ries for 57 June (Fig. 4a). However, the WSOC/TC r(,]ltiosdlcarbonyl_s are roughly one order of magnitude lower than
significantly dropped in the period 8-12 June when wind di- h0se of diacids (Table 1).

rection shifted to northerly with minimum value of 0.2. This

Fig. 5. Temporal variations ofa) water-soluble organic carbon
(WSOC) and WSOC/TC.
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Table 1. Concentrations (ng ﬁ13) of dicarboxylic acids, ketocarboxylic acids ametlicarbonyls as well as concentrations (pg3r)10f TC,
TN and WSOC in the aerosols collected over Mt. Tai during the period of 29 May to 28 June 2006.

Components, abbreviation Concentrations (rTg3m

minimum maximum average median

Dicarboxylic acids

Oxalic, G 61.0 3920 1046 863
Malonic, G 7.4 475 152 130
Succinic, G 7.0 829 194 149
Glutaric, G 0.7 137 39.9 33.3
Adipic, Cg 0.6 68.0 21.7 18.5
Pimelic, G 0.5 70.1 18.7 15.3
Sebacic, @ 0.0 38.0 7.2 3.7
Azelaic, G 1.8 313 31.7 24.1
Decanedioic, & 0.0 19.5 3.8 2.9
Undecanedioic, ¢ 0.0 18.0 3.8 29
Dodecanedioc, & 0.0 3.5 0.6 0.5
Methylmalonic, iG 0.0 11.9 3.1 2.6
Methylsuccinic, iG 11 80.8 17.2 131
2-methylglutaric, iG 0.0 10.3 34 2.6
Maleic, M 0.6 91.0 12.6 10.4
Fumaric, F 0.3 37.5 7.6 5.6
Methylmaleic, mM 0.0 61.5 15.6 14.3
Phthalic, Ph 4.8 131.4 52.0 45.0
Isophthalic, iPh 0.0 21.4 6.2 5.2
Terephthalic, tPh 0.6 112 22.7 16.3
Malic, hCy 0.0 43.9 10.2 6.5
Oxomalonic, kG 3.1 68.0 19.2 16.2
4-oxopimelic, kG 0.8 31.6 13.8 13.3
Subtotal 112 6073 1702 1385

Ketocarboxylic acids

Pyruvic, Pyr 3.0 140 50.5 42.9
Glyoxylic (2-oxoethanoic)eCs 10.6 359 106 86.4
3-oxopropanoiceyCg 2.0 51.9 19.9 195
4-oxobutanoicwCy 1.2 711 21.8 16.5
5-oxopentanoicpCsg 0.3 16.2 4.4 3.2

7-oxoheptanoicpCy 1.1 42.5 14.3 12.4
8-oxooctanoicwCg 0.0 70.9 19.2 135
9-oxononanoicpCgq 0.0 49.1 6.0 4.4

Subtotal 26.6 742 242 210

a-dicarbonyls

Glyoxal, Gly 1.0 228 23.1 17.1
Methylglyoxal, mGly 1.8 118 45.2 42.0
Subtotal 2.8 325 68.3 64.1

Bulk parameters

TC 3.1 85.4 24.4 21.6
TN 1.7 40.5 16.5 15.9
WSOC 0.5 37.2 10.4 8.4
C/N ratio 0.5 5.6 1.7 15

BDL: below detection limit. BDL is ca. 0.01 ngT?'?.
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Fig. 6. Molecular distributions of dicarboxylic acids, ketocarboxylic acids and dicarbonyls detected in the selected atmospheric aerosol
samples collected at the summit of Mt. T@a) Sample ID: CHNO30 (sampling center time and date: 00:02, 7 JdmelHNO36 (00:01,
10 June)(c) CHNO40 (0:05, 13 Junejd), CHNO53 (12:01, 20 Junefe) CHNO55 (18:14, 21 June) arff) CHNO70 (13:30, 25 June).

The averaged concentrations of diacids (1702 n§)yke- 2010). Further, the concentrations of Mt. Tai aerosols are
toacids (242 ng m3) anda-dicarbonyls (68.3ngm?) inthe 3 to 4 times higher than those (438, 43 and 11 ng nme-
Mt. Tai aerosols (Table 1) are 2—7 times higher than thosespectively) reported in Pearl River Delta region near Hong
(760, 45 and 9 ng P, respectively) reported in Beijing dur- Kong, South China, during winter and summer (Ho et al.,
ing August/September (Ho et al., 2010) and those (660, 52011). Compared with European mountain sites (Legrand et
and 12 ng m?, respectively) from the Gosan site, Jeju Island, al., 2007) and the High Arctic Alert station (Kawamura et al.,
outflow region of Chinese aerosols (Kundu et al., 2010b). In1996a), the concentrations of diacids in Mt. Tai aerosols are
particular, ketoacids and-dicarbonyls in Mt. Tai aerosols two orders of magnitude higher. These levels are significantly
are very high compared with megacity aerosols (Ho et al.,

Atmos. Chem. Phys., 13, 8288302 2013 www.atmos-chem-phys.net/13/8285/2013/
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higher than those of remote marine aerosols from the Pacific(a) 7000 ——
(Kawamura and Sakaguchi, 1999; Miyazaki et al., 2010). 6000 [Ef"“"’f;l
However, concentrations of diacids and related com-

pounds in the Mt. Tai aerosols are equivalent to the levels
reported in biomass burning aerosols from a pasture site in
Amazonia (Kundu et al., 2010a) and in urban aerosols from
New Delhi, India, in winter (Miyazaki et al., 2009). These
comparisons demonstrate that the Mt. Tai aerosols are signif-
icantly enriched with diacids, ketoacids aaedicarbonyls,
showing the highest levels in the mountaintop aerosols. 1000 1

5000 A

4000 ~

3000

Concentrations, ng m-3

2000

O W

3.3 Temporal variations of dicarboxylic acids, 28 6/2 677 6112 617 622 627  7/2
ketocarboxylic acids ande-dicarbonyls and their May to June 2006
contributions to TC and WSOC

7
Figure 7a presents temporal variations of total diacids. Their ()
concentrations increase from 2 to 7 June, quickly decrease 61
during the 8-11 June period and then increase in 12-13 June,
when the highest concentration of levoglucosan was reported
(Fu et al., 2008). Interestingly, in 7 June, the concentrations
of total diacids reached maximuns 6000 ng n73), which is
the highest value ever reported in the aerosol samples col-
lected around the world. These variations are similar to those
of TC and WSOC (Figs. 3a and 5a, respectively), again sug-
gesting that the diacid concentrations are closely associated
with the field burning of agricultural wastes and changes in 0 , : : : :
the wind direction. Their concentrations also decreased to- R T T A
ward the end of field-burning season in late June. These re- May to June 2006
sults suggest that diacids are largely produced as a result of
biomass burning of agricultural crop wastes in the CEC re- (©) %0 ‘ ‘
gion. This is supported by a positive correlation={0.70) 8 Tots dcics]
between total diacids (this study) and levoglucosan (Fu et
al., 2008). Diacids have been reported abundantly in biomass
burning plumes of the fires in Indonesia (Narukawa et al.,
1999) and Amazonia (Kundu et al., 2010b).

Although we analyzed the day/night samples to discuss
diurnal variations of diacids, no clear diurnal trend was de-
tected for the diacid concentrations. However, the sample S
sets of 3 h sampling showed diurnal trends of the concentra- WMM
tions (Fig. 7a), although the peaking times are not consistent; e A Ay a8
that is, the diacids concentrations peaked at 01:27 on 3 June May to June 2006
(center time of sampling), 19:34 on 3 June, 10:38 on 4 June
and 04:29 on 5 June, except for the sample sets collectefiig. 7. Temporal variation ofa) total dicarboxylic acids (ng m°),
in the late period of the campaign, which showed a concen{b) their contributions to TC (%), angc) the contributions to
tration peak at 13:28 on 23 June and 13:30 on 25 June (se®/SOC (%) for the aerosol samples collected at Mt. Tai.

Fig. 7a). These diurnal patterns are similar to those of TC and
WSOC as described above.

Figure 7b and c present contributions (%) of total diacidsand Ikushima, 1993). However, they are lower than those
to total carbon (TC) and water-soluble organic carbon(1.5-7.0%, 4.0%) reported in the Arctic (Alert) aerosols
(WSOC), respectively. Total diacid-C/ TC ratios ranged from from February to June (Kawamura et al., 2010) and are sig-
1.2% to 6.6% with an average of 2.4%. These valuesnificantly lower than those (1.1-15.8 %, 8.8 %) reported in
are much higher than those (range: 0.28 to 2.1%; averthe remote marine aerosols collected in the North to central
age: 0.87 %) reported in the marine aerosols from the ArcticPacific including tropics (Kawamura and Sakaguchi, 1999).
Ocean in summer (Kawamura et al., 2012) and those (0.18Because diacid-C/TC ratios increase with photochemical
1.8 %, 0.95 %) reported in urban Tokyo aerosols (Kawamuraaging of organic aerosols (Kawamura and Sakaguchi, 1999),

—— Total diacids

Contributions to TC, %

w B
o o
I L

Contribution to WSOC, %
n
o

o
L
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the values obtained during the MTX2006 campaign in the (a) 800
North China Plain suggest that the mountaintop organic ] +Tota|ketoacids|

~
o
o

aerosols are, to some extent, processed by photochemical ox-
idations during atmospheric transport. However, the degree  « 600 1
of the photochemical aging is not as strong as remote marine ; 500 ]
aerosols. We consider that the Mt. Tai aerosols are photo- 4
chemically more aged than urban aerosols, but less aged than § ***]
marine aerosols. § 300
Contributions of total diacids to TC significantly dropped € 5001
during the 8-11 June period, when the air mass came from © A‘
the north (Fig. 7b), suggesting that the aerosols were not pho- 1004 M
tochemically aged. On 22 June, a very high ratio (6.6 %) 0

T T
5/28 6/2 6/7 6/12 6/17 6/22 6/27 7/2

was obtained partly due to the high abundance of azelaic May to June 2006

acid (G), which is a specific oxidation product of unsatu-
rated fatty acids (Kawamura and Gagosian, 1987; Stephanou

1992). In contrast, the contributions of total diacids to WSOC (b)
are relatively constant around at 5%, although a large peak e Totaketoacis |
was again observed on 22 June (Fig. 7b). We did not detect 0.8 1
any diurnal trend in the contributions of total diacids to TC 3} f
and WSOC (Fig. 7b, c), suggesting no serious photochemi- = 0.6 1
cal production of diacids over the sampling site. The diacids- 2
C/TC or WSOC ratios may have been determined prior to é 04
the atmospheric transport over the sampling site of Mt. Tai. 2
Figure 8a shows temporal variations in the concentra- §
tions of ketocarboxylic acids in the Mt. Tai aerosols. To- 02
tal ketoacids showed the variation pattern similar to diacids
(Fig. 7a), although the peak on 7 June is relatively small 0
compared to diacids. We could not detect a systematic trend /28 b2 b BNz en7 b2z Gler sz
for the ketoacids concentrations between day and night sam- May to June 2006

ples. In contrast, the time-resolved samples collected each( s

3h showed diurnal distributions (see Fig. 8a); however, we (¢ .

observed that the peaks appeared differently: total ketoacids

peaked at 01:27 (center time) on 3 June, 22:28 on 3 June,

10:38 on 4 June, 04:29 on 5 June, 13:28 on 23 June and

13:30 on 25 June. These peak timings are similar to those

of diacids. The variability of the concentration maxima may

be caused by the complicated transport processes of polluted 2 1

air masses over the mountaintop, coupled with the vertical .

movement of the PBL during the field-burning season. How- 1 W

ever, the last two peaks appeared in the early afternoon dur-

ing late June, when the field burning was weakened. . . . .
Figure 8b and c present contributions of total ketoacids 5/28  6/2  &/7 612 617 6/22 6/27T  7/2

to TC and WSOC, respectively. Contributions of ketoacids May to June 2006

to TC ranged from 0.17 to 0.81 (av. 0.43%), whereas thosq;ig_ 8. Temporal variation of(a) total ketocarboxylic acids

to WSOC ranged from 0.4 to 4.9% (av. 1.1%). These val- ng m~3), (b) their contributions to TC (%) an¢t) the contribu-

ues (ketoacids-C/TC) are similar to those (0.2-0.6 %) re-ions to WSOC (%) for the aerosol samples collected at Mt. Tai.

ported for the Arctic aerosols from Alert (Kawamura et al.,

2010), but much higher than those (0.05-0.26 %, av. 0.10 %)

reported for in the Arctic Ocean aerosols (Kawamura ethowever, the amplitude of the drop in the 8-11 June period

al., 2012). This may suggest that these ketoacids are dds not as strong as diacids (Fig. 7b). This may suggest that

rived from biomass burning and anthropogenic sources. Thé&etoacids (semi-volatile species) may be more partitioned

ketoacids-C/TC ratios increased from 2 to 5 June, showingo aerosol phase due to the lower ambient temperature dur-

some diurnal peaks, and then declined toward 8-11 Juneéng the period 8-11 June (Fig. 2), causing the ketoacids-

when the wind direction changed from southerly to northerly C/TC ratios to be relatively high. This trend seems much

(Fig. 2). This trend is somewhat similar to that of diacids; clearer for the temporal variation of ketoacids-C/WSOC

Contributions to WSOC, %
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() 350 ; for 3 h samples with concentration peaks at 01:27 on 3 June,
[Ze—Total dicarbonyis] 19:34 on 3 June, 10:38 on 4 June, 01:31 on 5 June, 13:28 on
23 June and 13:30 on 25 June (Fig. 9a). These diurnal pat-
terns are similar to those of diacids and ketoacids. Again the
last two peaks of-dicarbonyls appeared early in the after-
noon when the field burning was weakened.
The relative abundance efdicarbonyls in TC and WSOC
ranged from 0.03-0.37 % (av. 0.14 %) and 0.06-1.9% (av.
0.35%), respectively (Fig. 9b and c¢). These values (
A. dicarbonyl-C/TC) are similar to those (0.05-0.26 %, av.
0.10 %) reported for the Arctic Ocean aerosols (Kawamura
s o o o o e e et al., 2012), but bit lower than those (0.2—0.6 %) reported
May to June 2006 in the Arctic Alert aerosols (Kawamura et al., 2010). The
a-dicarbonyl-C/WSOC ratios of the Mt. Tai samples are
higher than those (0.02-0.35 %) reported in the Arctic Alert
aerosols that were collected in late winter to early sum-
mer including the season of polar sunrise (Kawamura et al.,
2010). This result may suggest that Mt. Tai aerosols are
more contributed from anthropogenic sources than the Arctic
aerosols and/or be more processed by photochemical reac-
tions. Interestinglyyx-dicarbonyls showed a positive relation
with levoglucosan (biomass burning tracer) in the Mt. Tai
0.1 aerosolsK = 0.54) (figure not shown here). Gaseous glyoxal
005 1 \_N% and methylglyoxal, which are much more abundant than the
| | aerosol phase-dicarbonyls, also showed a positive correla-
T A N 4 tion with levoglucosan/{= 0.82 and 0.78, respectively) dur-
May to June 2006 ing the same campaign (Kawamura et al., 2013).
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Contributions to TC, %

3.4 Compositional changes of dicarboxylic acids

Molecular compositions of dicarboxylic acids have been
used as tracers of source strength (biogenic vs. anthro-
pogenic) or photochemical processing of organic aerosols
(Kawamura et al., 2012). For example, adipig)Cazelaic
(Cg) acid ratios and phthalic (Ph) kCacid ratios are use-
ful tracers to evaluate anthropogenic vs. biogenic contribu-
tions to organic aerosols becausga®d Ph are produced by
the oxidation of anthropogenic cyclic hexene (Hatakeyama
et al.,, 1985) and aromatic hydrocarbons such as naphtha-
S s s S S0 lene (Kawamura and lkushima, 1993), whereasi<pro-
May to June 2006 duced by the photooxidation of biogenic unsaturated fatty
acids that have a double bond predominantly at C-9 position
Fig. 9. Temporal variation ofa) total «-dicarbonyls (ng rﬁ3), (b) (Yokouchi and Ambe, 1986; Kawamura and Gagosian, 1987;
their contributions to TC (%) an(t) the contributions to WSOC  Kawamura et al., 2005). As shown in Fig. 10a and &/ Cy
(%) for the aerosol samples collected at Mt. Tai. and Ph/ G ratios are higher in early June, when the influence
of field burning is significant, suggesting more contribution
from anthropogenic sources.
ratios (Fig. 8c), which show more constant values around Biomass burning may be technically defined as anthro-
1%, except for high values on 21 June. pogenic activity (at least this is the case for 90 % of all
As shown in Fig. 9a, totak-dicarbonyls showed simi- fires on a global basis), although the materials are mostly
lar temporal variation with ketoacids, although the peak onof biogenic origin. Hence, azelaic acid could be produced
7 June is very large, mainly due to the high abundance of gly-by the biomass burning because the biomass should contain
oxal (228 ng m®). Diurnal variations ofr-dicarbonyls were  its precursors (unsaturated fatty acids). Similarly, during the
not clearly observed in the day/night samples, being simi-biomass burning, cyclic olefins may also be produced in a
lar to ketoacids. However, diurnal variations were obtainedsimilar manner as in fossil fuel combustion processes and

—e— a-Dicarbonyls

@
L

Contributions to WSOC, %
<]
n ~
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Fig. 10. Changes in concentrations ratios (@) adipic (G)/azelaic (@) acid ratios,(b) phthalic (Ph)/@ acid ratios,(c) malonic
(C3)/succinic (G) acid ratios(d) maleic (M) /fumalic (F) acid ratios ang) glyoxylic (wC>) / oxalic (&) acid ratios in the Mt. Tai aerosols.

further oxidized to G in the atmosphere during the trans- burning season in the North China Plain; /Cg ratios are

port from the ground surface to the summit of Mt. Tai. Al- also high in the periods of 15-16 and 19-20 June as well
though these possible pathways may cause a slightly complias 23—-25 June. In contrast, these ratios are significantly low
cated situations of §J Cy ratios as a tracer, we feel that con- during periods 8-11 and 21 June, when the air masses came
tributions of G and Ph from biomass burning are minimal, from North China and Siberia (Figs. 2 and 4b), suggesting
and thus consider that anthropogenic components of fossithat the aerosols are more influenced by biogenic sources.
combustion origin are likely transported to the mountain- The Ph/ ratios of the Mt. Tai aerosols are similar to those
top together with biomass burning plumes during the field-reported for summer aerosols from Gosan site, Jeju Island

Atmos. Chem. Phys., 13, 8288302 2013 www.atmos-chem-phys.net/13/8285/2013/
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(Kundu et al., 2010b), except for very high values (up to 9)icantly with the range of 0.04 to 2.2, we found that dur-
in the period 23-25 June, which are similar to those reportedng 3 h sampling periods theC,/C;, ratios maximized in
from the Gosan site in winter (Kundu et al., 2010b). late morning (center time around 10:30) or early afternoon
Malonic (G3)/succinic (G) acid ratios can be used as a (around 13:30) and minimized in late evening or night. The
tracer to evaluate the photochemical processing of organienaxima of the ratios in daytime probably suggest that gly-
aerosols because the (4 ratios significantly increased up oxylic acid is preferentially formed by photochemical oxida-
to 3 in summer following the increase of ozone in the ur- tions of various precursors, including anthropogenic volatile
ban Tokyo atmosphere (Kawamura and Ikushima, 1993). Therganic compounds (VOC) as well as biogenic VOC such as
ratios are low in the fossil fuel combustion products due toisoprene during daytime, when solar radiation and oxidants
the thermally unstable structure of malonic acid. Figure 10c(e.g., ozone) are enhanced (Kanaya et al., 2013). These ob-
shows temporal variation of 2C4 ratios in the Mt. Tai  servations are consistent with the diurnal distributions of gly-
aerosols. During the first week of June, the period with anoxylic acid in the time-resolved aerosols from Tokyo, whose
influence of field burning, the £3C,4 ratios were around concentrations showed a positive correlation with ambient
0.8-1.0, and decreased down to 0.2 in 7 June, when totaemperature and ozone (Kawamura and Yasui, 2005). In the
diacids maximized (Fig. 7a). The3zCCy ratios increased late afternoon or night to early morning, when relative hu-
during the period 8-11 June when the air masses came fromnidity increases@Cy can be oxidized to oxalic acid possi-
the north. The higher ratios may be caused by photochemicdbly in the aerosol aqueous phase (Warneck, 2003; Miyazaki
production of @ from C4 during a long-range atmospheric et al., 2009; He and Kawamura, 2010).
transport. The @/ C4 ratios declined around 13 June when
diacids increased (Fig. 7a) due to the influence of field burn-3.5 Photochemical processing of diacids and related
ing of wheat straw wastes. The ratios fluctuated with a peak ~ compounds as a function of relative abundance
in 15-16 June (winds came from the north) and a drop in of oxalic acid
21-23 June (winds came from the south). The fluctuations ) ) ) )
of C3/C, ratios seem to be consistent with the patterns of airX€lative abundance of oxalic acid {&) in total normal
mass origin and long-range transport. Howevar, C4 ratios saturated diacids (=C10) has been proposed as a tracer to

(0.2-1.5) are much lower than those (up to 10) from remoteEvaluate the photochemical aging of organic aerosols be-

marine aerosols, where photochemical transformation is se€2US€ @is produced by the oxidation of longer-chain diacids

rious (Kawamura and Sakaguchi, 1999). and other precursor compounds (Kawamura and Sakaguchi,
We detected unsaturated dicarboxylic acids (i.e., maleict999)- Laboratory experiments also showed thaisCpro-

(M) and fumaric (F) acids). Maleic acid (cis configura- duced by the OX|dat|9n of longer-chain d.|aC|ds such gs C

tion) is produced by the oxidation of aromatic hydrocar- C4 and G (Charbouillot et al., 2012). Figure 11a-d pro-

bons such as toluene and benzene via combustion and/dfde refative abundances op@nd its precursors (e.g., pyru-

photochemical processes and can be photo-isomerized to #dC acid methylglyoxal) in TC or WSOC as a function of
trans isomer (F). The M/F ratios (0.22-5.1, av. 2.0) in theC2 %. Relative contributions of £to TC increased with an

Mt. Tai aerosols were found to bel except for one sam- increase in Q%.(Fig. 11a). A similar result was obtained
ple (7 June) (Fig. 10d), which is much higher than thosefor the contribution of Q to _W,SOC (Fig. 11b). Thesg re-
(0.06-1.3, av. 0.26) from the marine aerosols from the NorthSU/tS support that oxalic acid is more produced during the
Pacific (Kawamura and Sakaguchi, 1999). This comparisorP0tochemical aging of organic aerosols. Interestingly, we
suggests that photochemical transformation is not as signifiound that G/C, ratios increased with an increase in C2 %
icant in the Mt. Tai aerosols as in marine aerosols. It is of(correlation coefficient = 0.83; figure is not shown here).
interest to note that M/ F ratios of Mt. Tai aerosols are sim- Ve also confirmed that4Cyo diacid-C/TC ratios inversely
ilar to those (0.94) from urban Tokyo aerosols (KawamuraCOrrelate with ¢ % (figure is not shown here), supporting
and Ikushima, 1993). Interestingly, M/F ratios increased inthat longer-chain diacids serve as precursors of oxalic acid in
the second hf;llf of the campaign ('Fig. 10d). The higher ra-the mountaintop aerosols over the North China Plain. Inter-
tios suggest that the aerosols of Mt. Tai were not seriouslynediate compounds (e.g., pyruvic acid and methylglyoxal)
subjected to photochemical processing; rather they are delfat can serve as precursor of oxalic acid also show an in-

rived from fresh aerosols either from fossil fuel combustion C€@se relative to TC as a function 0p®@ (Fig. 11c and
or biomass burning. d), although the plots for pyruvic acid and methylglyoxal are

Glyoxylic acid Cy) is an intermediate compound to pro- somehow scattered (Fig. 11c, d). This may suggest that the
duce oxalic acid (g) (Kawamura et al., 1996a; Warneck oxidation of the intermediates to oxalic acid is slower than

2003; Lim et al., 2005: Hegde and Kawamura, 2012; Wangtheir replenishment in the atmosphere. These results again
et al., 2012). T’huswCig/CZ ratios can serve ,as a 'Eracer suggest that in addition to the formation of end product (i.e.,

to evaluate the oxidation process of organic aerosols. Figo*@lic acid), intermediate precursors are also produced in
ure 10e presents the temporal variationaa®,/ C, ratios the atmosphere during the photochemical aging of organic

in the Mt. Tai aerosols. Although the ratios varied signif- 2€rosols.
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To understand the relations between the intermediate pre4 Summary and conclusions
cursor (e.g., glyoxylic acid) and end product (i.e., oxalic
acid), correlation plots were drawn between the precur-Aerosol samples collected at the summit (1534 m a.s.l.)
sor/product concentration ratios ang%. We found a nega- of Mount Tai in central East China (36.2H; 117.10 E)
tive correlation betweenCa/C ratio and G % (Fig. 11e).  showed high loadings of dicarboxylic acids, ketocarboxylic
Similar negative relation was obtained feC2/TC ratios  gcids ande-dicarbonyls, whose concentrations are several

and G %, although correlation was weaker= 0.11). These imeg higher than those reported in Chinese megacities. Their
results suggest that glyoxylic acid is oxidized to oxalic acid concentrations are largely influenced by the field burning of

in the course of photochemical aging that is expressed as_ . ; . ) .
C,%. Similar treng was obtained fogr giqyoxalloxalilc): acid ra- adricultural wastes in the North China Plain and the air mass

tios (Fig. 11f). Although the sources of aerosols and sourcer@ectories that transport the biomass burning products over
regions of air masses are significantly variable during theth® mountaintop as well as photochemical processes during
campaign as discussed above, these relations demonstrdfte atmospheric transport. We found that total dicarboxylic
that the production of oxalic acid (end product) is closely acids accounted for 1.2 to 6.5% of TC and 5 to 40% of
linked with the photochemical behaviors of its precursor WSOC.
compounds (e.g., pyruvic acid, glyoxal, methylglyoxal) and  Although atmospheric photochemical processing over
intermediate (glyoxylic acid) that have similar chemical mt. Tai is not as strong as remote marine aerosols, we de-
structures as described below. tected a close link between the oxidation of glyoxylic acid
Precursorse.g, CHsCOCOOH HCO—-CHO, CHsCOCHO) — anda-di(_:arbonyls and production of oxalic a_u_:id. Based on
the detailed analyses of molecular compositions of the or-
intermediatg HCO—COOH) — end productHOOC-COOH) ganic species and the aging factor presented by the relative

To better understand the reaction mechanisms of the predbundance of £in total diacids (G %), we conclude that
cursor compounds, we examined the correlation plots forchain reactions in the oxidation of glyoxylic acid and methyl-
pyruvic acid/ G vs. G % and methylglyoxal/gvs. G %.  9lyoxal resultin oxalic acid occurring in the aerosol aqueous
The former plots did not show any correlation, whereas thePhase in the atmosphere over the mountaintop. Further, this
produced during the enhanced photochemical aging of orfoP aerosols. _ o .
tive correlation with G %, although correlation is very weak agdriculture residues in early summer often enhanced water-
(V — 010) Further studies are needed to exp|ore the forma.SOlUble organic acids in the mountain aerosols in the free tro-
tion mechanisms from precursors and intermediates to oxali®0Sphere over the northern China Plain. The field burning of
acid in the atmosphere. agricultural wastes in this region not only controls the high

Recently, a depletion of oxalic acid has been reportedioading of organic aerosols in central East China but also af-
in the Arctic aerosols after polar sunrise (Kawamura et al. fects the air quality and atmospheric chemistry in the outflow
2010) and the Arctic Ocean aerosols collected in summefegions of Chinese aerosols in the western North Pacific.
(Kawamura et al., 2012). AlthoughyGs generally the most
abundant diacid in the atmospheric aerosolshb&€ame less . .
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