Levels and Spatial Distributionsof Levoglucosan andDissolved OrganicCarbon in SnowpitsOver the Tibetan Plateau Glacier
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Abstract:
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]In this study, we collected 60 snowpit samples on nine glaciers from the northernto the southern of the Tibetan Plateau (TP), to study levoglucosan and dissolved organic carbon (DOC). The lowest concentration of levoglucosan was found in the Yuzhufeng (YZF) glacier with the mean value of 0.24 0.08 ng L−1,while the highest concentration of levoglucosan was in the Gurenhekou (GRHK)glacier with the mean value of 11.72 15.61 ng L−1. For the DOC, the lowest concentration was in the Dongkemadi (DKMD)glacier with the mean value of 0.36 0.21mg L−1, whereas the highest concentration wasin the Muztagh (MZTG)glacier with the mean value of 1.04  0.15mg L−1. Levels of levoglucosan and DOC in snow pits of the TP glaciers exhibited regional variations, demonstrated by levoglucosan/DOC ratio that ranged from 0.02 to 6.03 ‰ in the Tibetan Plateau glacier. The levoglucosan/DOC ratio and the correlations between levoglucosan and DOC suggested that biomass burning products contributed only marginally to DOC in the TP glaciers.Ananalysis of air mass backward trajectories showed that levoglucosan and DOC in TP glaciers should be transported from the northwestern TP, internal TP, Central Asia, South and East Asia regions.
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1. Introduction:
Biomass Burning is one of the most importantsources of carbonaceous aerosolswhich can scatter solar radiation and affect the formationof cloud condensation nuclei(Malletet al., 2017, Mochida et al., 2004). Levoglucosan (1,6-anhydro-β-D-glucopyranose), is a specific tracer of biomass burning, because it can only be produced during the pyrolysis ofmaterials containing cellulose and hemicellulose when the combustion temperature is higher than 300 °C(Simoneit, 2002; Simoneit and Elias, 2001; Simoneit et al., 1999).In the past few years, levoglucosan has been widely studied in aerosols(Barbaro et al., 2015; Zangrando et al., 2016a; Zangrando et al., 2016b) and sediments(Kirchgeorg et al., 2014; Schüpbach et al., 2015). These results indicated that levoglucosan can be used as a tracer for the long-range transport of biomass burning aerosol.Asa matter of fact, glacier is also an important matrix to record the levoglucosan concentration in the atmosphere. To date, levoglucosan has been detected in ice core (Gambaro et al., 2008; Kawamura et al., 2012; Zennaro et al., 2014; Zangrando et al., 2015) and snow pits (Kehrwald et al., 2012) in Greenland, Antarctica and European Alpine regions. These related research results demonstrated that levoglucosan could be used to reconstruct past biomass burning over annual to millennial time scales (Zennaro et al., 2014; Zangrando et al., 2015).
Glacier ecosystems accumulate organic carbon from local and distant sources and then discharge at the glacier terminus into proglacial downstream (Hood et al., 2015). DOC accounts for a large ratio of organic carbon in glaciers, and glacier-derived DOC is highly biologically available, which may influence on the biogeochemical cycling (Stubbins et al., 2012). Moreover, some parts of DOC have also been proven to absorb sunlight significantly at ultraviolet range (Kirillova et al., 2014), and can cause climate changes (Yan et al., 2016). Levoglucosan, an important molecular marker for biomassburning, represents an important fraction of the DOC in atmospheric particles(Hoffmann et al., 2010), with the potential sources of residential wood and dung-cake burning for heating and cooking (Kumar et al., 2011; Stone et al., 2010), wildfires(e.g. forest fires, grass / wood land fires) and agricultural waste fires (Chan, 2017; Zangrando et al., 2016a).
The Tibetan Plateau (TP) is known as the “Third Pole” or the “Asian Water Tower” (Yao et al., 2012), covered with vast glaciers and ice caps. TP glaciers are often considered as pristine environmentsbut receive significant organic matter inputs from natural and anthropogenic sources (Xu et al., 2009).We compiled the published data on DOC(Li et al., 2016a;Li et al., 2016b;Yan et al., 2016; Liu et al., 2016)and levoglucosan from TP glaciers (Yao et al., 2013a; You et al., 2016a; You et al., 2016b). These results indicated that Tibetan Plateau glaciers mainly act as receptors of biomass burning emissions from surrounding regions (You et al., 2016a), andmountain glaciers represents a quantitatively important store of organiccarbon (Li et al., 2016a). However, the data on the geographic distribution of levoglucosan and DOC in TP glaciers were relatively limited. In this study, shallow snowpit samples were collected in nine glaciers from the northernto the southern of the TP to determine the levels and spatial distributions of levoglucosan and DOC, and to explore their possible sources. These research results will further complement the existing database of levoglucosan and DOC in TP glaciers. Moreover, integrated research of levoglucosan and DOC in TP glaciers willdetermine and quantifytheir possible contribution to Tibetan glacier retreat.
2.Materials and Methods:
2.1 Sampling Sites:
A total of 60snowpit samples were collected from nine glaciers (Fig.1) along a southwest-northeast transect on the TP in May and June2015, including Tienshan (TS) glacier, Laohugou (LHG) glacier, Qiyi (QY) glacier, Muztagh (MZTG) glacier, Meikuang (MK) glacier, Yuzhufeng (YZF) glacier, Dongkemadi (DKMD) glacier, Gurenhekou (GRHK) glacier and Yulong (YL) Snow Mountain. The sampling altitudes ranged from 4130 m a.s.l. at TS glacier to 5780m a.s.l. at MZTG glacier.
Fig.1 Sampling sites over the Tibetan Plateau Glacier
Table 1. Location information of the snowpits over the Tibetan Plateau Glaciers
2.2Snowpit Sampling:
Every sampling sites are located in the accumulation zone,a detailed description of the sampling sites is presented in Table 1.At each sampling site, a shallow snowpit was dug into the snowpack with depths varying between 30 cm and 80 cm, samples were collected from the snowpits with a vertical resolution of 5 ~ 10 cm using a stainless steel scoop. Polypropylene clean-room suits and non-powder vinyl cleanroom gloves were worn during the sample collection to minimize potential contamination of the samples. The snowpit samples were transferred directly into pre-cleaned (HDPE) containers, and were kept frozen during the transportation to the laboratory.
Empty bottles were taken to the field as blanks during each sampling campaign. The sample bottles and blanks were stored in a freezer (−20 °C) and were transported to the State Key Laboratory of Cryospheric Sciences, Chinese Academy of Sciences. All the samples were kept frozen at −20 °C until pre-treatment.
2.3 Sample Analysis:
The DOC concentration was determined by a TOC-5000A analyzer (Shimadzu Corp, Kyoto, Japan) withthe detection limit of 15 μg L-1 and the accuracy of ± 5%.
The levoglucosan concentration was analyzed using liquid chromatography/negative electrospray ionization/ tandem mass spectrometry (HPLC/(-)ESI-MS/MS). 675 L of melted each snow sample was spiked with 25 L of a stable isotope labelled internal standard of levoglucosan13C6(98% isotopic enrichment, 98% purity, Cambridge Isotope Laboratories Inc., Andover, MA, USA)with a concentration of 7ng mL-1. The procedures for the direct determination of levoglucosan at the picogram per milliliter level is less than 1 mL of polar snow or ice. Analytical performances and method details were in the studies by Gambaro et al(2008). and Kehrwald et al (2012). The mean blank value of levoglucosan is 156 pg/mL. The levoglucosan concentrations in the snowpit samples were obtained by subtracting the blank values.
3. Results and discussion
3.1 Spatial distribution of levoglucosan in TP glacier
The spatial distribution of levoglucosan concentrations in the snowpits from TP glaciers was depicted in Fig.2. and Table 2. All samples in this study were collected in very shallow snowpits, and these snowpits may present the period of winter in 2013 and spring in 2014. Thus, the levoglucosan concentration showed no clear seasonal trend, but showed distinct regional variation. As a whole, the levoglucosan concentration in the snowpits of the southern TP glaciers was the highest, followed by the northern plateau, and the levoglucosan concentration in the central plateau was the lowest. The concentration of levoglucosan in the GRHK glacier over the central southern TP, was the highest with the mean value of 11.7215.61 ng mL-1.It was lower than that of YaL glacier (26.66 4.77 ng mL-1) which is located on the southern side of Mt. Xixiabangma, but higher than those of the YL Snow Mountain (2.41  1.47 ng mL-1), ZQP glacier (1.41  1.69 ng mL-1), CPG glacier (0.91 0.92 ng mL-1) and DML glacier (0.28  0.47 ng mL-1) of the southeastern TP (You et al., 2016a). The increasing order of levoglucosan concentration in the northern Tibetan Plateau glacier is LHG (0.44  0.32 ng mL-1)< TS (0.46  0.07 ng mL-1)< QY (0.50  0.06 ng mL-1) < MZTG (0.75  0.43 ng mL-1). The average levoglucosan concentrations in the DKMD glacier, MK glacier and YZF glacier of the central TP were 0.36  0.14 ng mL-1,0.33  0.19 ng mL-1 and 0.24  0.08 ng mL-1, respectively. The average levoglucosan concentrations in GRHK glacier and YL Snow Mountain were approximately 49 and 10 times of YZF glacier, respectively. The average levoglucosan concentrations in TS glacier, LHG glacier, QY glacier and MZTG glacier were about 1.8 ~ 3 times of YZF glacier. The average levoglucosan concentrations in MK glacier and DKMD glacier were about 1.4 and 1.5 times of YZF glacier, respectively.
Compared with other glaciers in the world, levoglucosan concentrations in Tibetan glacier were significantly higher than those from the Antarctic (lower than 0.03 ng mL-1) (Gambaro et al., 2008) and the Arctic (0.1 ng mL-1) (Kehrwald et al., 2012) and (0.41 ng mL-1)(Zennaro et al., 2014). But there was an exception, the levoglucosan concentrations in the central TP were even lower than that of the Arctic. Due to the lack of local emissions,the concentration of levoglucosan in Arctic, Antarctic and the central TP are mainly influenced by smoke aerosols from long-range transport (Stohl et al., 2007). The average concentrations of levoglucosanin the southern and southeastern Tibetan glacier were higher than those from the Kamchatka peninsula (0.75 ng mL-1) (Kawamura et al., 2012). In contrast, the levoglucosan concentrations in the northern and central TP glacier samples were lower than those from the Kamchatka peninsula. The Kamchatka peninsula is located directly downwind of intense biomass burning region, caused much higher levoglucosan concentrations in Kamchatka peninsula (You et al., 2016a).

Fig 2. Spatial distribution of levoglucosan concentrations in sixteen glaciers of the TP.The data of MJ, KKSL, YaL, DSP, ZQP, DML and CPG glacier are cited from Youchao(You et al., 2016a), and the data of TS, LHG, QY, MZTG, YZF, MK, DKMD, GRHK and YL glacier are collected fromthis study.

The southern TP is located adjacent to South and Southeast Asia, wherethe regions are often characterized by intense biomass burning emissions(Venkataraman et al., 2005), including abundant solid fuels (i.e., firewood, animal dung, and agriculture residues) for cooking and heating.Intense emission sources from biomass burning may lead tothe highest levoglucosan concentrationsin snowpit samples from the southern TP glaciers(You et al., 2016a). GRHK glacier is located in the Yangbajing region at the foot of Nyainqêntanglha Range. It is also very close to Damxung County, where there are many natural pasture and primevalforest. Thelocal residents there largely rely on burning yak dung for daily cooking and heating. Therefore, the burning of pasture, peripheral primevalforest and yak dung are mainly contributors to thelevoglucosan concentration.The YL Snow Mountain is located in the southeastern TP as a part of the southern Hengduan mountains with higherforest coverage(Zhang et al., 2012). Wildfire and agriculture residue burning in Yunnan province may contribute to the relatively high levoglucosan concentration (Engling et al., 2011).As levoglucosan is a hydrophilic organic compound (Wang et al., 2009), it can be scavenged easily by atmospheric precipitation (Hu et al., 2013).The higher amount of precipitation in the YL Snow Mountain could possibly dilute the concentrations of levoglucosan, thus the levoglucosan concentration in YL Snow mountain is lower thanthat of GRHK glacier.
TS glacier, QY glacier and LHG glacier are located on the north fringe of TP, which are adjacent to residential areas where crop residues burning, household cooking / heating with firewood combustion can contribute withparts oflevoglucosan. MZTG glacier is located in the southern Xinjiang, previous studies reported that firewood and crop residueburning was prevalent in southern Xinjiang and northern Gansu provinces (Cao et al., 2009; Streets et al., 2003; Fu et al., 2016). Research found that the TP in the south of the Tanggula Mountains was mainly affected by the Indian monsoon in summer, while the north of the Tanggula Mountains was primarily influenced by the westerlies (Yao et al., 2013b). However, the high mountains around the Pamir Plateau on the northwest TP can block most of the smoke particles, as well as particle-bound with levoglucosan carried by the westerlies from source regions in the windward direction (You et al., 2016a). Therefore, the levoglucosan concentration in the northern TP glaciers was lower than southern TP glaciers. The levoglucosan concentrationwas the lowestin central TP glaciers, due to sparse vegetationcoverand greater distance to the biomass burning sources in the internal TP.
3.2 Spatial distribution of DOC in TP glacier
The average concentrations (mean ± SD) of theDOCin the snowpitscollected from seven glacierswere listed in Table 2. As a whole, the DOC concentrations in the MZTG glacier (1.0 ± 0.2 mg L-1), QY glacier (0.65 ± 0.52 mg L-1), YZF glacier (0.58 ± 0.46 mg L-1)of the northern TP were the highest, followed by the GRHK glacier (0.6 ± 0.3 mg L-1)and YL Snow Mountain (0.48 ± 0.05 mg L-1)of the southern plateau, and the lowest DOC concentration was in DKMD glacier (0.4 ± 0.2 mg L-1) and MK glacier (0.4 ± 0.4 mg L-1)of the central plateau.Li et al. (2016b) proposed that mineral dust was the largest DOC source of snowpit. MZTG, YZF, and QY glaciers have typically high atmospheric dust loadings because they receive less precipitation and are closer to several large deserts source region (e.g., Qaidam Basin and Taklimakan Desert). Therefore, the DOC concentrations in snowpits of the northern TPare higher than those ofthe southern TP. This result was consistent with that of Yan et al. (0.22 ~ 0.33 mg L-1) (2016) and Li et al. (0.15~0.42 mg L-1) (2016a). The DOC concentration was the lowest in central TP glaciers (0.5 ± 0.3 mg L-1). The spatial patterns of DOC were also different from those of black carbon (BC) (Ming et al., 2009), polycyclic aromatic hydrocarbons(PAH) (Li et al., 2011) and inorganic ions (Xiao et al., 2002). The concentration of BC and PAH generally displayed increasing trends from the peripheral region to the central TP, and the inorganic ions concentration showed a decline from the northern TP to the southern TP.
Fig 3. Spatial distribution of DOC concentrations in seven glaciers of the TP.

Compared with other glaciers in the world, all the average DOC concentrations in these TP glaciers were higher than the values from the Greenland ice sheets (0.20 mg L-1) (Legrand et al., 2013), the Alaska snowpit (0.19 mg L-1) (Stubbins et al., 2012), Europe snowpit (0.14 mg L-1) (Singer et al., 2012) and (0.32mg L-1) (Legrand et al., 2007). In addition,the average DOC concentration of the Antarctic ice sheets (0.46 mg L-1) (Hood et al., 2015) was between those of MK glacier and MZTG glacier.

Table 2. The average levoglucosan and DOC concentrations in the TP glaciers and other regions

3.3 Sources of levoglucosan and DOC over the TP glaciers
Levoglucosan is a specific organic molecular marker only produced by biomass burning with temperatures above 300°C(Simoneit et al., 2002),and can be transported far away from source regions (Agarwal et al., 2010).Unlike levoglucosan, DOC in the snowpits of TP glaciers may also derive from complex sources like fossil fuel combustion, secondary formation, natural dust, microorganism and other anthropogenic emissions (Li et al., 2016a; Yan et al., 2016). In this study, regression analysis was adopted to examine the potential sources of levoglucosan and DOC in the TP glaciers. As shown in Fig.4, there were good correlations between levoglucosan and DOC in the southern TP glacier (Fig.4b, R2=0.51, p = 0.05), indicating that the southern TP was evidently affected by biomass burning. The highest correlation coefficient in the central TP glacier (Fig. 4c, R2=0.67, p = 0.05) impliedmain biomass burning contributions from internal Tibetan sources (for example, yak dung combustion). The lowest correlation coefficient in the northern TP glacier (Fig. 4d, R2= 0.47, p = 0.05) indicated that DOC predominantly derived from fossil fuel combustion, the contribution of biomass burning was less (Li et al., 2016a).
The ratios of levoglucosan/ DOC were summarized in Table 2, ranging from0.07
to 6.03% with the mean value of (1.71 2.03)% in the southern TP, 0.02 ~ 0.11 % withthe mean value of(0.07 0.02)% in the central TP and 0.02 ~ 0.18% withthe mean value of(0.17  0.05)%in the northern TP. The highest ratios of levoglucosan/DOC were obtained on southern TP, indicating a strong influence of biomass burning on it, consistent with the section 3.1. The ratioin southern TP is similar with that in the Amazon rainforest sites (levoglucosan-C/WSOC of 2 to 7 %) where the burning happened in situ (Graham et al., 2002). Moreover, it is also higher than those of the Pearl River Delta sites in China (levoglucosan-C/WSOC of 0.59 to 3.12 %) that are directly affected by biomass burning in southern China (Ho et al., 2014).The ratios from northern TP and central TP were much lower, especially for central TP where is still a background region.
Fig.4. Correlations between levoglucosan and DOC in TP glacier
3.4 Long range transport 
To better understand the source regions of levoglucosan and DOC over the TP glaciers, we conducted the backward air mass trajectory analysis at different glacier sampling sites for one year of 2014 using the HYSPLIT model of the national oceanic and atmospheric administration (Draxler and Rolph,2003). As shown in Fig.5, HYSPLIT backward air mass trajectory results showed that sampling sites of YL Snow Mountain (Fig.5a) in the southeastern TPand GRHK glacier (Fig.5b) in the central-southern of TP exhibited similar air mass trajectories, which were not only impacted by the long-range transport of the westerlies but also by South Asia local air mass. Previous studies showed that biomass burning activities, such as agricultural straw burning and forest fires in the South Asia region (including Northern India and Nepal) were the most intensive in the spring (Streets et al., 2003). The YL Snow Mountain and the GRHK glacier might be affected by the transport of biomass emissions from South Asia. The air mass in the DKMD glacier (Fig. 5c), YZF and MK glacier(Fig. 5d) in the central TP mainly flowed from the northwest and internal TP, which crossed the countries and regions of Central Asia, and the part of western TP, China. In the northeastern TP, the air mass in theQY glacier (Fig.5f) and LHG glacier (Fig.5g) mainly flowed from the northern,eastern and northwestern TP, which crossed the countries and regions of Eastern Asia, and the part of northwestern TP, China.In addition, air mass in MZTG glacier (Fig.5e) andTS glacier(Fig.5h), in the northern TP mainly flowed from northwest China. In general, since the long-range transport of levoglucosan and DOC was related to the upstream direction of the air mass, the concentrations of levoglucosan and DOC in the snowpits of the TP glaciersare affected by the air mass, which covered a large dry area of the western and internal TP, Central Asia, South and East Asia regions.

Fig. 5. The backward air trajectories reaching TPsimulated by the HYSPLIT model during 2014.
4.Conclusions.
The levoglucosan and DOC concentrations in the central TP glaciers were both lower than those of the southern and northern TP glaciers. However, the levoglucosan concentration in the southern TP glaciers was higher than the northern TP. On the contrary, the DOC concentration in the northern TP glaciers was higher than southern TP glaciers, and the lowest DOC concentration was in the central TP glacier.
The ratios of levoglucosan / DOC in the southern TP glacierswere higher than the central and northern TP. The correlation coefficient between levoglucosan and DOC were high in the southern TP glacierand central TP glacier, while the low correlation coefficient were identified in the northern glacier. Which indicating that the glacier in the southern and central TP was strongly affected by the biomass burning.Above-mentioned these differences may indicate that levoglucosan and DOC deposited on TP glaciers have different sources, and levoglucosan may only accounts for parts of DOC in the TP glacier.Results obtained in this study with other observations reported in previous similar studies could address future works on next measurement in the TP glacier to understand complex processes cause of spatial distribution and fate of levoglucosan and dissolved organic carbon levels at high altitude sites due to biomass burning emissions. 
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