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Abstract Ice sheets and glaciers have been shown to deliver large amounts of labile dissolved organic
carbon (DOC) to downstream aquatic ecosystems, but recent studies may underestimate the release of
DOC frommountain glaciers. To date, continuous measurements of DOC frommountain glaciers throughout
entire glacier melt season are very limited. Here we present high-density data on DOC from two Asian
mountain glaciers over a full melt season in 2013 and compile a global data set of DOC from 42 mountain
glaciers. Based on our study and previously published DOC data, we estimate the storage and release of DOC
associated with Asian mountain glaciers to be 8.8 to 13.8 Tg C and 0.19 Tg C/a, respectively. Rough
extrapolation of glacier runoff to a global scale suggests that DOC release from mountain glaciers is on the
order of 0.8 Tg C/a, which is 1.4 times higher than the most current estimates. The current release of DOC
frommountain glaciers is therefore far more significant than previously thought and should be considered in
future evaluation of the global carbon cycle.

1. Introduction

Glaciers and ice sheets have been recognized as unique ecosystems, with potentially significant implications
for the global carbon cycle (Anesio & Laybourn-Parry, 2012; Hodson et al., 2008; Hood et al., 2015). These dis-
tinctive ecosystems accumulate organic carbon from in situ primary production in the supraglacial (Bhatia
et al., 2013; Lawson et al., 2014; Musilova et al., 2017), subglacial (Bhatia et al., 2013; Lawson et al., 2014;
Skidmore et al., 2000), and proglacial (Bardgett et al., 2007; Hodson et al., 1998; Hood et al., 2009) environ-
ments as well as from external terrestrial (Bhatia et al., 2010; Singer et al., 2012; Smith et al., 2017) and anthro-
pogenic (Stubbins et al., 2012; Stibal et al., 2012; Spencer, Vermilyea, et al., 2014) sources. Microbes also break
down organic carbon and generate CO2, which reenters the atmosphere. The balance between these pro-
cesses governs the export of organic carbon from glaciers and ice sheets. Organic carbon not consumed
by microbes on site is exported into downstream aquatic ecosystems by meltwater flushing (Hood et al.,
2009, 2015; Y. Liu et al., 2016). Glacially derived dissolved organic carbon (DOC) is highly biologically available,
and the high bioavailability of glacial DOC may prime the metabolism of apparently stable terrestrial DOC in
downstream ecosystems (Bianchi, 2011; Hood et al., 2015). It is also likely to stimulate the heterotrophic meta-
bolism in downstream aquatic ecosystems and ultimately contribute to CO2 outgassing to the atmosphere
(Singer et al., 2012).

Recently, the storage and release of DOC from glaciers and ice sheets has been quantified (e.g., Bhatia et al.,
2013; Hood et al., 2015; Yan et al., 2016). At regional scales, the releases of glacially derived DOC were esti-
mated at 130 Gg C/a (Gg = 109 g) from Gulf of Alaska (Hood et al., 2009), 0.34 Gg C/a from European Alps
(Singer et al., 2012), 80 Gg C/a from Greenland ice sheet (Bhatia et al., 2013), 12.7 to 13.2 Gg C/a from the
Tibetan Plateau (Yan et al., 2016), and 15.4 Gg C/a from Chinese Territory (Y. Liu et al., 2016). At global scales,
glacier runoff liberates 1,040 Gg C/a of DOC to the proglacial ecosystems (Hood et al., 2015), with the
largest contribution from mountain glaciers (580 Gg C/a) compared to Greenland and Antarctic ice sheets
(460 Gg C/a). In addition, glacier-stored DOC is 3.96 Tg C (Tg = 1012 g) in Chinese glaciers (Y. Liu et al., 2016),
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4,410 Tg C in ice sheets, and 70 Tg C in mountain glaciers (Hood et al., 2015). However, recent studies may
underestimate the reserves and export of DOC from mountain glaciers due to the higher deposition and
release efficiency of DOC from mountain glaciers in Asia (ASG; Y. Liu et al., 2016; Yan et al., 2016).
Considering that the ASG are one of the main contributors to global ice volume loss (Farinotti et al.,
2015; Kraaijenbrink et al., 2017; Radić et al., 2014) and stream runoff in Asia is increasing consistently
due to increasing glacier melt and precipitation (Lutz et al., 2014), we contend that further evaluating
the storage and release of DOC from mountain glaciers is critical for understanding how glacier volume
loss is impacting the transport of DOC from terrestrial to downstream aquatic ecosystems. Significantly,
recent warming has accelerated the loss of glacier volumes, and present-day glacier loss rate was esti-
mated at 369 to 905 Gt/a (IPCC, 2013).

Although a few studies have been conducted on concentration and/or flux of DOC from mountain glaciers
(e.g., Barker et al., 2006; Stibal et al., 2008; Stubbins et al., 2012; Spencer, Guo, et al., 2014, Spencer,
Vermilyea, et al., 2014; Zhu et al., 2016), spatiotemporally intensive seasonal data describing the concentra-
tions and flux of DOC from mountain glaciers are lacking. This can be attributed to challenging logistics of
sampling glacier outflow over a full melt season in remote glacial catchments. However, comprehensive time
series are critical given that solute concentrations from mountain glaciers have a significant seasonality as a
result of the evolution of glacial drainage system and biological process therein (Hodson et al., 2010; Singer
et al., 2012; Stibal et al., 2012). Here we present a comprehensive data set of concentrations and fluxes of DOC
from two Asian mountain glaciers over a full melt season. These temporal and spatial data, combined with
previously published data, provide a comprehensive estimate of the storage and release of DOC related to
ASG. We further use previously published data to estimate DOC fluxes from mountain glaciers in other
regions including Svalbard and Jan Mayen (SJG), Alaska (ALG), Western Canada and United States (CUG),

Figure 1. Location of Dongkemadi Glacier (DG) and Urumqi Glacier No. 1 (UG1) as well as Koxkar Glacier (KOG), Laohugou
Glacier (LHG), Qiyi Glacier (QG), Yulong Glacier (YLG), Nyainqentanglha Glacier (NG), and Karola Glacier (KG) in Asia (a, b).
Sampling sites (S, S1, S2, and S3), weather stations (WS) and gauging sections (GS) at DG and UG1 catchments are
marked. Mountain glaciers globally are shown in red, and glacier outflow sampling sites (blue squares) are widely
distributed in Asia (a, b), Svalbard and Jan Mayen (c), central Europe (d), Arctic Canada (e, f), Alaska (g), and Western Canada
and the United States (h; Pfeffer et al., 2014; Bliss et al., 2014).
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Arctic Canada (ACG), and Central Europe (CEG). We propose that the storage (8.8–13.8 Tg C in Asia) and
release (0.8 Tg C/a) of labile DOC associated with mountain glaciers may be far larger than recent estimates,
which could potentially influence downstream aquatic ecosystems, and should thus be considered in future
evaluation of the regional and global carbon cycles in a warming climate.

2. Materials and Methods
2.1. Site Description

Dongkemadi Glacier (DG; 92°040E, 33°040N) is located in the Tanggula Mountains (Figure 1). It has an area of
16.4 km2 and ranges in altitude from 5,275 to 6,049 m (X. Li et al., 2016). The local atmospheric circulation is
dominated by the Indian monsoon and westerly jet. Urumqi Glacier No.1 (UG1; 86°490E, 43°060N) is located in
the Tianshan Mountains (Figure 1). It has an area of 1.65 km2 and ranges in altitude from 3,740 to 4,486 m
(Han et al., 2015). The local atmospheric circulation is dominated by the westerly jet and polar air mass.
Overall, the climate is characterized by dry-cold (January to May and October to December) and warm-wet
(June to September) seasons at the DG and UG1 basins. The glacial drainage system evolves from a distrib-
uted drainage system to a channelized system (Han et al., 2015; X. Li et al., 2016), which is typical of glacial
drainage system for Asian mountain glaciers, such as Koxkar Glacier (KOG) in the Tianshan Mountains
(Wang et al., 2010), Qiyi Glacier (QG) in the Qilian Mountains (X. Li et al., 2013), and Dunagiri Glacier and
Gangotri Glacier in the Himalaya (Deepak et al., 2014; Singh et al., 2014). Within China, mountain glaciers with
an area of less than 20 km2 make up 99.4% of glaciers, 48.9% of glacier volume, and 73.5% of glacier area,
over 97.5% of which occurs within a range of 3,000 to 6,500 m (S. Liu et al., 2015). Thus, we contend that
DG and UG1, combined with Nyainqentanglha Glacier (NG, 5,530 m), Karola Glacier (KG, 5,370 m), and
Laohugou Glacier (LHG, 4,210 m; Y. Liu et al., 2016; Spencer, Guo, et al., 2014; Yan et al., 2016; Figure 1), are
broadly representative of larger population of ASG, which is dominated by mountain glaciers within
Chinese territory (S. Liu et al., 2015; Pfeffer et al., 2014).

2.2. Sample Collection

Field sampling was performed in proglacial streams over a full melt season in 2013 (Figure 1). For DG, glacial
outflow was sampled at three sites located 0.5 km (S1, with an altitude of 5,250 m and a drainage area of
27.96 km2), 4.8 km (S2, 5,160 m and 38.33 km2), and 9.8 km (S3, 5,030 m and 52.75 km2) from the glacier ter-
minus over 29 May to 30 September. Samples were collected bihourly at even times at S1. At S2 and S3 sam-
ples were collected simultaneously bi-hourly at even times from 12:00 to 10:00 hr the following day over four
diurnal cycles (7 to 8 June [D1], 5 to 6 July [D2], 5 to 6 August [D3], and 22 to 23 September [D4]). For UG1,
glacial outflow was sampled at site S (3,659 m and 3.34 km2) located 0.5 km from the glacier terminus over
29 May to 4 October. Samples were collected twice daily at approximately minimum (9:00 hr) and maximum
(17:00 hr) flows. After sampling, all samples were immediately filtered through precombustedWhatman glass
fiber membranes (pore size 0.7 μm) in a designated lab tent. In detail, 150-ml water samples were first filtered
to rinse the filtration apparatus, and then the residual samples were filtered and collected in the acid-washed
HDPE bottles. Blank samples were prepared using MilliQ ultrapure water (X. Li et al., 2016). Field samples were
kept in a refrigerator and then transported to the State Key Laboratory of Cryospheric Science (SKLCS) of
Chinese Academy of Sciences and kept frozen until laboratory analysis.

2.3. Laboratory Analysis

Concentrations of DOC in four samples each day (04:00, 10:00, 16:00 and 22:00 hr) at site S1 and in all samples
at sites S2, S3 and S were determined by a Vario EL TOC/TNb analyzer (Elementar, Hanau, Germany) in the
SKLCS of CAS. The system was calibrated using a potassium hydrogen phthalate standards for DOC. The
detection limits were 30 μg/L for DOC defined as three times the standard deviation of low concentration
samples. The reproducibility (the relative deviation from the mean value) was better than 5%. Mean concen-
tration of DOC in blank samples was 76 μg/L, and all data reported here are corrected for this.

2.4. Water and DOC Fluxes

Water fluxes from DG and UG1 were calculated by measuring discharge at gauging stations located ~1.0 km
downstream of the glacier terminus (Figure 1). Water stages were logged by self-recording pressure transdu-
cers every 30 min, and discharge was measured regularly using current meters at river cross sections imme-
diately below gauging stations. Water stage measurements were converted to glacial discharge using the

10.1029/2017JF004333Journal of Geophysical Research: Earth Surface

LI ET AL. 2125



rating curves based on discharge measurements at a wide range of water levels. Glacier runoff from ASG, SJG,
ALG, CUG, ACG, and CEG were assumed to be equivalent to annual mean runoff during 2003 to 2020, taken
from a recent study that quantified glacier runoff (defined as all melt and rain water that runs off the glaciated
area without refreezing) using an elevation-dependent glacier mass balancemodel with the temperature and
precipitation scenarios from 14 global climate models (Bliss et al., 2014). Thus, glacier runoff from ASG, SJG,
ALG, CUG, ACG, and CEG glacial regions are 359, 73, 338, 62, 212, and 9 Gt/a, respectively.

To calculate the first-order estimates of DOC fluxes from ASG, SJG, ALG, CUG, ACG, and CEG glacial regions,
we use glacier runoff multiplied by mean DOC concentrations from DG, UG1, NG, KG, and LHG (in Asia);
Tschierva/Roseg Glaciers, Rotmoos stream, and Austrian 26 glaciers (in central Europe), Werenskioldbreen
Glacier, and Austre Brøggerbreen Glacier (in Svalbard and Jan Mayen); John Evans Glacier (in Arctic
Canada); Bow Glacier and Outre Glacier (in Western Canada and United States), and North Dawes Glacier,
Carroll Glacier, Mendenhall Glacier, and Herbert Glacier (in Alaska; Table 1). The errors in DOC budgets were
defined as the standard deviations of DOC concentrations multiplied by glacier runoff. This method has been
adopted in recent estimates (e.g., Bhatia et al., 2013; Hood et al., 2015; Y. Liu et al., 2016).

3. Results

Concentrations of DOC from DG and UG1 spanned an order of magnitude, ranging from 0.20 (UG1) to
2.16 mg/L (DG; Table 1). DOC concentrations exhibited a pronounced seasonality, with higher values during
late May to July and lower values during August (Figures 2a and 2b). During September to early October, DOC
presented different patterns, with higher values for DG and lower values for UG1. At diurnal timescales (D1 to
D4) for DG, DOC concentrations displayed a relatively complex variation. During the low flow season on either
side of glacier melt season (D1 and D4), higher values generally occurred in afternoon hours (12:00–16:00 hr)
with lower values in morning hours (04:00–10:00 hr; Figures 3a–3c). During glacier melt season (D2 and D3),

Table 1
Summary Statistics for DOC Concentrations (mg/L) in Proglacial Stream Water Draining From Dongkemadi Glacier (DG), Urumqi Glacier No. 1 (UG1), Nyainqentanglha
Glacier (NG), Karola Glacier (KG), and Laohugou Glacier (LHG) in Asia (AS), As Well As Four Mountain Glaciers in Alaska (AL), Two Mountain Glaciers in Western
Canada and United States (CU), One Mountain Glacier in Arctic Canada North (AC), Two Mountain Glaciers in Svalbard and Jan Mayen (SJ), and 28 Mountain Glaciers
in Central Europe (CE)

Mountain glaciers
Distance from glacier
terminus (km) Sampling period Mean (±SE) Range

Sample
size Source

Glacier No.1 (AS) 1.0 26 May to 4 October 2013 0.35 (0.09) 0.20–0.72 78 This study
Dongkemadi Glacier (AS) 0.5 29 May to 30 September 2013 1.17 (0.34) 0.45–2.16 374 This study
Nyainqentanglha Glacier (AS) Snout August 2011 0.42 a (N/A) N/A 1 Spencer, Guo, et al. (2014)
Karola Glacier (AS) Snout August 2011 0.44 a (N/A) N/A 1 Spencer, Guo, et al. (2014)
Laohugou Glacier (AS) 1.0 20 May to 9 October 2015 0.34 (0.14) 0.15–0.84 184 Yan et al. (2016)
North Dawes Glacier (AL) <5.0 July, September, and

November 1967/1968
0.38 (0.18) 0.15–0.53 5 Loder and Hood (1972)

Carroll Glacier (AL) <1.0 September 1968 0.14 (N/A) N/A 1 Loder and Hood (1972)
Mendenhall Glacier (AL) Snout August 2009 0.38 (0.02) 0.37–0.39 2 Stubbins et al. (2012)

Snout May to October 2011 0.32 (0.08) 0.18–0.53 25 Spencer, Vermilyea, et al. (2014)
Herbert Glacier (AL) Snout May to October 2012 0.23 (0.09) 0.13–0.39 12 Fellman et al. (2014)

Snout August 2009 0.28 (N/A) N/A 1 Stubbins et al. (2012)
Bow Glacier (CU) <3.0 May to August 1998–2000 0.40 (0.13) 0.15–0.77 61 Lafrenière and Sharp (2004)
Outre Glacier (CU) Snout July to August, 2002 0.10 (0.08) 0.06–0.18 72 Barker et al. (2006) and

Skidmore et al. (2005)
John Evans Glacier (AC) Snout June to July, 2001 0.23 (0.08) 0.12–0.43 48 Barker et al. (2006)

<0.1 June to August 2002 0.80 (0.78) 0.20–3.70 9 Bhatia et al. (2006)
Werenskioldbreen Glacier (SJ) N/A Summer 2006 3.40 (3.50) N/A 27 Stibal et al. (2008)
Austre Brøggerbreen Glacier (SJ) 3.3 August 2012 0.88 (0.37) 0.25–1.18 5 Zhu et al. (2016)
Tschierva/Roseg Glaciers (CE) 0.5 July to September 1997 0.30 (0.20) N/A 11 Tockner et al. (2002)
Rotmoos stream (CE) <3.0 August to October 1999 0.35 (0.10) 0.24–0.57 15 Battin et al. (2001)
Austrian 26 glaciers (CE) Snout July to August 2010 0.27 (0.36) N/A 26 Singer et al. (2012)

Note. N/A denotes no available data.
aValues that are corrected by the ratio (0.62) of monthly (August) to seasonal mean concentrations from adjacent Dongkemadi Glacier (DG) over a full melt season
of 2013 due to significant seasonality of DOC concentrations in glacial meltwater.
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DOC concentrations were variable and showed no discernable diurnal trend (Figures 2a–2d). Precipitation
was dominated by snowfall during May–June and September–October compared with rainfall and/or
snowfall during July–August. Snow cover usually lasted for a few days in proglacial areas, but a large
snowfall occurred in late May and snow cover persisted more than a week at DG (Figures 2c and 2d).

Daily fluxes of DOC from DG and UG1 were estimated by daily mean DOC concentrations multiplied by daily
mean discharge. DOC fluxes were positively related to glacial discharge, and the cumulative discharge and
fluxes increased sharply during peak runoff from early July through August for DG and from late July through
early September for UG1, with the largest daily fluxes (1,138 kg for DG and 23.6 kg for UG1) occurring during
July and the smallest daily fluxes taking place during May for UG1 (0.6 kg) and during September for DG
(13.2 kg; Figure 4). Total seasonal discharges in 2013 were 27.5 × 106 m3 for DG and 2.94 × 106 m3 for
UG1, which transported an estimated 30,665 kg of DOC from DG and 986 kg of DOC from UG1. This equated
tomelt season area weighted DOC yields (DOC flux divided by the contributing area) of 1,097 kg·km�2·a�1 for
DG and 295 kg·km�2·a�1 for UG1.

The range of concentrations of DOC from DG and UG1 overlapped with those in the majority of previously
published studies for mountain glaciers (Table 1). We scaled up our high-resolution data from DG and UG1
in combination with published data from three mountain glaciers (NG, KG, and LHG) in Asia to estimate a
regional DOC flux at 194 Gg C/a of DOC from ASG (Table 2). Similarly, other regional DOC fluxes were esti-
mated at 156 Gg C/a from SJG, 98 Gg C/a from ALG, 16 Gg C/a from CUG, 110 Gg C/a from ACG, and
2.8 Gg C/a from CEG. This equated to glaciated area weighted DOC yields of 4,599 kg·km�2·a�1 for SJG, fol-
lowed by 1,594 kg·km�2·a�1 for ASG, 1,357 kg·km�2·a�1 for CEG, 1,130 kg·km�2·a�1 for ALG,
1,099 kg·km�2·a�1 for CUG, and 755 kg·km�2·a�1 for ACG (Table 2).

4. Discussion
4.1. DOC Concentration and Flux

Glacier runoff is closely related to climate factors, with higher runoff occurring as a result of increases in air
temperature and precipitation. Temporal changes in glacier runoff reflect not only the diurnal and

Figure 2. Hydrology, climate, and hydrochemistry from Dongkemadi Glacier (DG; a, c) and Urumqi Glacier No.1 (UG1; b, d)
proglacial streams at sampling site S1 for DG and at site S for UG1: (a, b) hourly and daily concentrations of DOC, and
(c, d) daily discharge (Q), air temperature (T), and precipitation (snowfall S, rainfall and/or snowfall, R/S) at the seasonal
timescales over a full melt season during late May to early October in 2013.
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seasonal variations in surface ablation and meltwater generation but also
the balance of melting, refreezing, and meltwater storage change in
mountain glacial environments (Hodgkins, 2001; Hodgkins et al., 2013).
Glaciers support microbially dominated food webs, and its hydraulic con-
figuration governs the distribution of water and nutrients (Tranter, 2005).
The snowpack, glacier surface and glacier bed are recognized as key areas
of microbial activity, and the wet snow, cryoconite holes, streams, ponds,
and moraines are the important habitats of microorganisms in glacial eco-
systems (Hodson et al., 2008). Seasonal variations in concentrations of DOC
from DG and UG1 highlight the interactions between meltwater and
microbial activity and carbonaceous materials across the glacier runoff
season (e.g., Bhatia et al., 2006; Hodson et al., 2008; Stibal et al., 2008;
Stubbins et al., 2012). Field observation showed that DG and UG1 are cov-
ered by the snowpack during the early melt season. The snowpack is ferti-
lized by eolian dust and mineral species (X. Li et al., 2007, 2016; Takeuchi
et al., 2000) and provides the inocula, nutrients, and water that cascade
throughout glacial ecosystems (Fountain, 1996; Tranter et al., 1996).
When snow begins to melt during the early melt season (29 May to 20
June for DG and 29 May to 19 June for UG1), there is storage of water in
the snowpack, whose extensive saturation and subsequent ablation allow
wet snow and liquid water to flow across glacier surface to the ice-
marginal and the glacier interior drainage systems (Hodgkins, 2001;
Hodgkins et al., 2013). River discharge is dominated by the release of
supraglacially stored meltwater, which leaches DOC from wet snow
and/or the glacier surface in the supraglacial ecosystems (Musilova
et al., 2017; Spencer, Vermilyea, et al., 2014; Smith et al., 2017), thus
leading to higher DOC concentrations. The elution process may affect
the removal of DOC from the snowpack. This is suggested by the elu-
tion sequences of dissolved species found in the snowpack on UG1
(SO4

2� > Ca2+ > NO3
� > Cl� > Mg2+ > NH4

+; Z. Li et al., 2006). In
the proglacial ecosystems, ground ice in the proglacial region of the
DG and UG1 basins may also contribute to river discharge (Han et al.,
2016; X. Li et al., 2016). The leaching of soil-derived DOC from detritus

and/or senescent biomass may therefore contribute to the DOC content of stream runoff (McClelland
et al., 2014), because the distance from sampling site to the glacier terminus is 500 m. This can be sup-
ported by an obviously increasing concentration of DOC from S1 to S3 at DG during D1 and D4 (Figure 3).

During the peak flow season (21 June to 3 September for DG and 20 June to 7 September for UG1), the supra-
glacially stored water runs off glacier surface to the subglacial drainage systems. River discharge is dominated
by the release of subglacially stored meltwater, as indicated by high peaks of runoff (Figures 2e and 2f).
Observations showed that cryoconite holes are widely distributed in the ablation areas of DG and UG1,
and it certainly exerts a major influence on the biogeochemical cycling in glacial ecosystems. Cryoconite
holes represent the most active microbial habitat upon snow-free andmelting ice and harbor a greater diver-
sity of microorganisms than the snowpack (e.g., Hodson et al., 2008; Takeuchi et al., 2000). After supraglacial
meltwater enter the subglacial drainage systems (Hodson et al., 2008; Tranter et al., 1993), the supraglacial,
englacial, and subglacial ecosystems may be coupled, and the flushing of meltwater may enable the acquisi-
tion of DOC from basal ice/till mixtures in the subglacial ecosystems, hence resulting in higher DOC concen-
trations during the early stage of the peak flow season (21 June to 28 July for DG and 20 June to 21 July for
UG1). During the later stage (29 July to 3 September for DG and 22 July to 7 September for UG1), the potential
for DOC leaching increases, yet most of the DOC has been released from the subglacial ecosystems during
the early stage, thus leading to lower DOC concentrations. This is supported by river discharge during the late
stage, which is 1.0 and 2.5 times higher than those during the early stage for DG and UG1, respectively.
Noticeably, DOC concentrations in glacier runoff are quite stable during the late stage, suggesting that glacial
discharge is compositionally similar across the main runoff season. During the late melt season (4 to 30

Figure 3. Bi-hourly concentrations (CON) and/or meltwater discharge (DIS)
from Dongkemadi Glacier proglacial stream at sampling sites S1 (a), S2 (b),
and S3 (c) at the diurnal timescales (D1 to D4; see Figure 1) during June to
September in 2013. DOC = dissolved organic carbon.
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September for DG and 8 September to 4 October for UG1), the supraglacial
meltwater store is largely expended, and there is renewed storage of water
within the contracting englacial and/or subglacial conduits (Hodgkins,
2001; Hodgkins et al., 2013). River discharge is dominated by the release
of subglacially stored meltwater, as indicated by relatively stable runoff
(Figures 2c and 2d). DOC may come from the subglacial and/or proglacial
ecosystems at this stage of the season (Mindl et al., 2007; Skidmore et al.,
2005, 2000). Higher concentrations of DOC from DG may be related to
well-developed soils and plants in the proglacial area, in comparison to
bare glacial deposits at UG1.

Published concentrations of DOC range from 0.06 to 3.70 mg/L for moun-
tain glaciers, with a mean concentration of 0.54 ± 0.74 mg/L (n = 506;
Table 1). The mean and range of DOC concentrations are larger than that
(0.37 mg/L, 0.10 to 3.40 mg/L) from mountain glaciers reported by Hood
et al. (2015). Our mean concentration of DOC from DG and UG1 is
0.76 mg/L (n = 452), which is within the range of concentrations of DOC
from mountain glaciers (Table 1). Concentrations of DOC from mountain
glaciers demonstrate high spatial variations, as a result of many factors
including atmospheric deposition, biological activity, and distance of sam-
pling sites from the glacier terminus (Table 1). At spatial scale, DOC reveals
an increasing concentration from S1 to S3 particularly during D1 and D4
(Figures 3a–3c). In detail, mean DOC concentrations during D1 to D4
increase by 1.9 times from S1 to S2 and by 3.0 times from S1 to S3
(Figure 5). This downstream change is most likely related to the leaching
and/or flushing of snow water during D1 and D4, and snow and/or rain
water during D3 and D4 (Figures 2c and 2d) from surrounding mountain
slopes within the glacial basins. This suggests that the selection of sam-

pling locations in the field is important for studies on glacier meltwater hydrochemistry, and meanwhile,
the loss of terrestrial DOC frommountain slopes might outweigh the input of glacial DOC or to a large extent
compensate for the loss of glaciers from the headwaters of mountain regions. In addition, sampling seasons
also affect the spatial variation of DOC concentrations. For example, if we sampled only during August, mean
DOC concentrations would have been 0.75 mg/L from DG and 0.30 mg/L from UG1, which are 1.6 and 1.2
times less than seasonal mean concentrations for DG and UG1, respectively. These values can be compared

Table 2
Annual Fluxes and Yields of DOC in Meltwater Runoff Draining From Mountain Glaciers in Asia (ASG), Alaska (ALG), Western Canada and United States (CUG), Svalbard
and Jan Mayen (SJG), Arctic Canada North (ACG), and Central Europe (CEG) During the Current Period 2003–2022, in Comparison to the Fluxes and Yields of DOC From
Mountain Glaciers and Ice Sheets Globally

Mountain
glaciers Glacial area (km2) Glacier runoff (Gt/a) Sample size

Mean concentration
(mg/L) DOC flux (Gg/a)

DOC yields
(kg·km�2·a�1) Source

ASG 121,694a 359b 638 0.54 ± 0.35 (0.34–1.17) 194 ± 126 1,594 ± 1,035 This study
SJG 33,922a 73b 32 2.14 ± 1.78 (0.88–3.40) 156 ± 130 4,599 ± 3,832 This study
ALG 86,715a 338b >45 0.29 ± 0.09 (0.14–0.38) 98 ± 30 1,130 ± 346 This study
CUG 14,559a 62b 133 0.25 ± 0.21 (0.10–0.40) 16 ± 13 1,099 ± 893 This study
ACG 145,767a 212b 57 0.52 ± 0.40 (0.23–0.80) 110 ± 85 755 ± 583 This study
CEG 2,063a 9b 52 0.31 ± 0.04 (0.27–0.35) 2.8 ± 0.4 1,357 ± 194 This study
Mountain
Glaciers

726,792a 1,667 55 0.37 ± 0.06 (0.10–3.40) 580 798c Hood et al. (2015) and Bliss
et al. (2014)

Greenland
Ice Sheet

1,711,279d 963 9 0.43 ± 0.05 (0.20–0.90) 216 120c Hood et al. (2015), Bhatia
et al. (2013), and Bamber
et al. (2012)

Antarctic
Ice Sheet

12,295,000e 1,621 23 0.51 ± 0.11 (0.18–1.20) 243 20c Hood et al. (2015) and
Rignot et al. (2008)

aValues from Pfeffer et al. (2014). bValues from Bliss et al. (2014). cValues fromDOC flux divided by glacier/ice sheet areas. dValue from Kargel et al. (2012) and
Pfeffer et al. (2014). eValue from Fretwell et al. (2013).

Figure 4. Daily and cumulative meltwater discharges, as well as daily and
cumulative dissolved organic carbon (DOC) fluxes from Dongkemadi
Glacier (a) and Urumqi Glacier No.1 (b) over a full melt season during late May
to early October in 2013.
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with those from Austre Brøggerbreen Glacier (0.88 mg/L) and Mendenhall
Glacier (0.38 mg/L) sampled during the same month (August).

There is also significant seasonality in the fluxes of DOC from DG and UG1,
which is closely associated with the release of glacially stored meltwater.
The fluxes of DOC from the subglacial stored water during the peak flow
seasons are significant compared with those from the supraglacial or sub-
glacial stored water during the early and late melt seasons. Although DOC
concentrations are higher during the early melt seasons, their fluxes only
account for 9.9% and 8.1% of total DOC fluxes from DG and UG1, respec-
tively. However, during the peak flow seasons they account for 87.0%
and 88.6% of total DOC fluxes from DG and UG1, respectively. Although
DOC concentrations are lower during the late-summer peak, their fluxes
are higher for DG and UG1 due to high levels of glacial discharge
(Figures 2 and 4). Temporal variation in fluxes of DOC we observed can lar-
gely be attributed to water fluxes, which changed on daily and seasonal
timescales. This suggests that glacier meltwater is the dominant source
of stream runoff and DOC transport at glacial catchments. This is consis-
tent with previous studies that DOC fluxes are controlled more by glacier

runoff volume than by DOC concentration (Bhatia et al., 2013; Hood et al., 2009; Hood & Scott, 2008). Thus,
the majority of glacial DOC is annually released during the peak flow season. In comparison, DOC concentra-
tions exhibit a similar seasonal pattern, and DOC export increases with glacial discharge at Bow Glacier and
John Evans Glacier catchments (Lafrenière & Sharp, 2004; Barker et al., 2006). Although DOC flux from UG1 is
4.0 times lower than that from LHG (3,917 kg C/a), its yields is 1.5 times higher than that from LHG
(192 kg·km�1·a�1, Yan et al., 2016). This suggests that the efficiency of meltwater production and concomi-
tant microbiological activity together affect the yields of DOC from mountain glaciers.

The overall seasonality in concentration of DOC from DG and UG1 is reflected in the ratios of monthly to sea-
sonal mean concentrations of DOC over a full melt season, which are higher in June (1.08–1.17) and July
(1.08–1.12), compared to the following runoff season months of August (0.62–0.93) and September (0.94–
0.96). Changes in these ratios reveal the amplitude of seasonal variations of DOC concentrations and provide
a template that can be used to estimate seasonal mean concentrations of DOC sampled during the limited
periods of glacier runoff season at mountain glacial basins within Asia that have a similar climate and atmo-
spheric environments. Enrichment of DOC during the first half of melt season with higher ratios implies the
release of concentrated meltwater from the supraglacial, englacial, and subglacial drainage systems due to
the flushing of meltwater and microbiological activity therein.

4.2. DOC Export and Implication

Although the flux of DOC from mountain glaciers is dominated by glacial discharge, the impact of glacial
discharge on the regional and global carbon cycles depends on the magnitude of DOC flux as well as the
bioavailability of DOC released. When glacially derived DOC enters downstream aquatic ecosystems, their
ecosystem-level significance depends on the mass of DOC from mountain glaciers and also on the beha-
vior of DOC following its release to aquatic ecosystems. Our estimate of current release of DOC from ASG
is larger than those from Gulf of Alaska (130 Gg C/a; Hood et al., 2009), European Alps (0.34 Gg C/a; Singer
et al., 2012), and Svalbard Archipelago (20 Gg C/a; Zhu et al., 2016). Total release of DOC from ASG, SJG,
CUG, ALG, ACG, and CEG is 577 Gg C/a of DOC, which can be compared with global mountain glacier
DOC release (Table 2). In addition, the area-weighted flux of DOC from ASG is higher than those from
ALG, CUG, ACG, and CEG (Table 2) as well as from European Alps (70 kg·km�2·a�1; Singer et al., 2012)
and Svalbard Archipelago (550 kg·km�2·a�1; Zhu et al., 2016). Given the high bioavailability of glacially
derived DOC, this underscores the regional relevance of Asian mountain glaciers for downstream biogeo-
chemistry. Noticeably, the release and yields of DOC from ASG are far larger than that from ALG despite
glacier runoff is similar. This implies a higher concentration of DOC in the ice, the meltwater, or both from
ASG. By using glacier mass (8,736–13,702 Gt/a) from ASG (Grinsted, 2013; Huss & Farinotti, 2012; Marzeion
et al., 2012; Radić et al., 2014) multiplied by mean concentration (1.01 mg/L) of DOC in surface snow/ice
from four glaciers (DG, UG1, LHG, and Yulong [YL]) in Asia (Figure 1; Y. Liu et al., 2016), we estimate that

Figure 5. Variation in concentration of dissolved organic carbon (DOC) in
stream runoff from site S1 to S3 along glacial river at the Dongkemadi
Glacier basin during the diurnal cycles D1 (June), D2 (July), D3 (August), and
D4 (September) over a full melt season in 2013.
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the mass of DOC stored in ASG ranges from 8,800 to 13,800 (±2,400) Gg C, which accounts for 13–20% of
DOC stored in worldwide mountain glaciers (70,000 Gg C; Hood et al., 2015). This is more than the con-
tribution (6–11%) of ASG to the liquid water content of mountain glaciers. It should be noted that we did
not take into account the subglacial store of DOC in mountain glaciers because there is no available data
enabling us to quantify this component. Our estimate may represent an upper limit of DOC storage in
ASG due to higher concentration of DOC in mountain glaciers during recent decades, in which DOC con-
centrations from ice core has increased due to increased anthropogenic emissions (Lavanchy et al., 1999).
Moreover, mean DOC concentration on the surface is significantly higher than that in englacial ice for
mountain glaciers (Hood et al., 2015). Under climate warming, higher microbial activity in the supraglacial,
englacial, and subglacial ecosystems may also result in higher concentration of DOC in comparison to
cold climate (Y. Liu et al., 2016).

Given that these six glacier regions account for 90% of mountain glacier runoff (1,167 Gt/a; Bliss et al., 2014;
Hood et al., 2015), if we crudely extrapolate DOC release from these six glacial regions to a global scale by
their percentage of glacier runoff, DOC release from mountain glaciers, combined with DOC release
(145 Gg C/a) via ice calving frommountain glaciers (Hood et al., 2015), would be 786 Gg C/a. On a global scale,
our estimate of DOC release from mountain glaciers is 1.7 and 1.4 times higher than recent estimates for ice
sheets (459 Gg C/a) and mountain glaciers (580 Gg C/a) respectively that was based on a lower concentration
for mountain glaciers (Hood et al., 2015). It is noteworthy that recent estimate of DOC from Antarctic ice sheet
only includes ice calving (Hood et al., 2015), and the surface and subglacial runoff (55.2–253.8 km3/a; Hodson
et al., 2017) is completely overlooked. By using this estimated Antarctic surface runoff flux (22.7–156.3 km3/a)
multiplied by the median concentration (0.22 ± 0.36 mg/L) of DOC in surface streams (Hodson et al., 2017),
DOC release is estimated at 5.0–34.4 Gg C/a. Assuming the DOC content in surface runoff is similar to that
in the subglacial runoff, DOC release from the Antarctic ice sheet, combined with DOC release (243 Gg C/a)
via ice calving (Hood et al., 2015), would be 255–299 Gg C/a. Our estimate of DOC release frommountain gla-
ciers is therefore 1.5–1.7 times higher than that from the Antarctic and Greenland ice sheets (471–515 Gg C/a).
In the context of land-to-ocean organic carbon export, our estimate of DOC flux from mountain glaciers
liberated annually equates to 0.5% of the global riverine flux of DOC to the coastal oceans (Dai et al., 2012).
Although glacier runoff frommountain glaciers only accounts for 65% of the combined runoff from ice sheets,
its area-weighted DOC flux is 15.6 times higher than the mean flux from ice sheets. This suggests that
mountain glacial ecosystems have large potential for substantial DOC export in a form that is highly available
to downstream aquatic ecosystems.

Although DOC from mountain glaciers is considerable, DOC release into downstream freshwater and mar-
ine ecosystems is difficult to constrain. Instream removal affects DOC flux to downstream near-shore eco-
systems, particularly with long transit times associated with runoff from ASG to coastal water. Indeed,
Singer et al. (2012) showed that the instream removal rate of DOC is 59% within glacier-fed streams.
Previous studies have also shown that roughly 1.7 to 50% of riverine DOC is removed in the estuarine
environments (Alling et al., 2010; Amon & Benner, 1996; Dai & Martin, 1995; Dai et al., 2012; Moran
et al., 1999; Raymond & Bauer, 2000). Since glacial DOC is labile and biologically available, its transforma-
tion into CO2 by downstream bacterial production is highly likely, and this might in itself constitute a sig-
nificant regional carbon flux. For example, a bacterial growth efficiency of 19.4% (Del Giorgio & Cole, 1998;
Singer et al., 2012) means that the instream metabolism of DOC from mountain glaciers potentially con-
tributes 187 Gg C/a to respiratory CO2 that eventually leaves glacier-fed streams to the atmosphere.
These findings therefore highlight that the role of mountain glaciers might also include non-negligible
CO2 evasion fluxes, as well as regionally significant DOC fluxes.

Our estimates contain substantial uncertainty. The largest source of uncertainty is the scarcity of data on
concentrations of DOC from mountain glaciers. There is a great deal of regional variability in concentra-
tions of DOC and the data assembled here do not allow for any statistically valid inferences about how
atmospheric deposition or glacier size influences the concentrations of DOC in glacier runoff. For exam-
ple, DG has a higher mean DOC concentration than either UG1, which is substantially smaller than DG,
or LHG, which is larger than DG (Table 1). This implies that our extrapolation from a small number of gla-
ciers to produce the regional and global estimates of the DOC flux from mountain glaciers have a high
degree of uncertainty. However, even using the average concentration (0.56 ± 0.72 mg/L, n > 957) of
DOC from worldwide mountain glaciers as the global average concentration of DOC in mountain
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glacier runoff equates to a global flux of 799 ± 985 Gg C/a from mountain glaciers, which is close to the
value (786 Gg C/a) discussed above. This suggests that our estimate is representative of DOC release from
mountain glaciers to date.

5. Conclusions

Concentrations of DOC from DG and UG1 were continuously monitored over the full melt season of 2013.
DOC concentrations exhibited a significant seasonal variation, with higher values in early melt seasons and
lower values in late peak flow seasons. Utilizing current data, combined with published data, produced an
estimate of the storage/release of DOC. Storage of DOC in ASG ranges from 8,800 to 13,800 Gg C, which
accounts for 13–20% of DOC stored in mountain glaciers. Release of DOC from ASG (194 Gg C/a) and from
other glacial regions (SJG, CUG, ALG, ACG, and CEG) indicate the release of DOC at 786 Gg C/a, which is 1.4
times higher than that estimated by Hood et al. (2015) prior to this work. Although our results contain sub-
stantial uncertainty, our findings provide strong evidence that current release of DOC is far larger than recent
estimates from mountain glaciers. Further evaluation is crucial for improving our understanding of down-
stream ecological impacts of glacier runoff in a warming climate.
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