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Abstract To identify the atmospheric controls of the summertime glacier surface energy balance

in the Himalayas, in situ meteorological data collected at 6,523 m above sea level during May-July 2005
were obtained and analyzed. Our results showed that net shortwave radiation (103 W m™?) and turbulent
sensible heat flux (12 W m™2) acted as energy sources, and net longwave radiation (—62 W m™?) and
turbulent latent heat flux (—20 W m™2) represented heat sinks. Cloud cover controlled the summer
surface energy balance. During the active period of the South Asian Summer Monsoon, the frequent
cloud coverage increased the incoming longwave radiation more than it decreased the incident solar
radiation. Intensification (weakening) of the South Asian Summer Monsoon strengthened (suppressed)
surface melting. The melt energy measured during the nonmonsoon period was small due to the energy
consumption associated with glacier volume warming, energy loss from sublimation, and large heat loss
through net longwave radiation due to the low amount of incoming longwave radiation caused by the
low cloudiness. The comparison of glacier surface energy balances on the Tibetan Plateau shows that on
continental glaciers, net radiation is lower and accounts for a smaller contribution to energy sources, and
the dominant energy sinks are sublimation and evaporation, rather than melting, which is the primary
energy sink for maritime/subcontinental glaciers. This implies an important spatial variability in glacial
sensitivity to different climatic conditions on the Tibetan Plateau.

1. Introduction

The largest glacier area outside the Arctic and Antarctic is found on the Tibetan Plateau and its surrounding
regions (TP) (Xu et al., 2009). These glaciers are located at the headwaters of many prominent Asian rivers
(e.g., Ganges, Indus, Brahmaputra, and Yangtze), which supply water for billions of people living down-
stream (Barnett et al., 2005; Xu et al., 2009). Glaciers are excellent indicators of climate change (Francou
et al., 2005). Over the past few decades, because of climate warming (Qin et al., 2009; You et al., 2010),
most glaciers on the TP experienced a negative mass balance and rapid shrinkage (Pellicciotti et al., 2015;
Ren et al., 2004; Wagnon et al., 2013; Xiao et al., 2007; W. Yang et al., 2016; Yao et al., 2007, 2012; Ye
et al., 2015, 2017), with the most negative mass balances occurring in the Himalayas (Yao et al., 2012),
thereby endangering the water supply from Asia's water tower.

Glaciers are products of the surrounding climate, and their evolutions depend on climatic settings. For ex-
ample, for the maritime glaciers in the monsoon-influenced southeast TP, the energy/mass budgets are par-
ticularly sensitive to the progression of the South Asian Summer Monsoon (SASM) (W. Yang et al., 2011);
while in the Karakorum Mountains and the north TP, glaciers are stable or advancing (Agarwal et al., 2017;
Scherler et al., 2011; Zhou et al., 2017), which can be attributed to the more intense continental climate (W.
Yangetal., 2011) and strengthened westerlies (Yao et al., 2012). To accurately predict the response of glaciers
to present and future climate changes, the physical interaction between glacier and atmosphere needs to be
better understood. The glacier surface energy balance (SEB) is one way to describe this relationship (Mélg
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& Hardy, 2004; Sun et al., 2018; W. Yang et al., 2013). To date, a variety of glacier SEB experiments have been
conducted on mountainous glaciers and ice sheets around the world (Ding et al., 2020; Favier et al., 2004;
Molg & Hardy, 2004; Sun et al., 2012, 2014, 2018; Wagnon, Ribstein, Francou, & Pouyaud, 1999; Wagnon,
Ribstein, Kaser, & Berton, 1999; Wal & Oerlemans, 1994; W. Yang et al., 2011; G. Zhang et al., 2013), includ-
ing on debris-covered glaciers (Brock et al., 2010; Carenzo et al., 2016; Reid & Brock, 2010). These studies
show how the glacier SEB differs in different climates.

On the TP, a few glacier SEB studies have been carried out previously, such as on the Chongce glacier
in the western Kunlun mountains (Takahashi et al., 1989), the Xiaodongkemadi glacier in the Tanggula
mountains (Y. Zhang et al., 1996), the Zhadang glacier in the Nyaingentanglha mountains in central Tibet
(G. Zhang et al., 2013; Zhu et al., 2015), the Qiangtang No. 1 glacier in the inland TP (S. Li et al., 2018), the
Laohugou No. 12 glacier in the Qilian mountains in the northeast TP (Sun et al., 2012, 2014, 2018), and the
Parlung No. 4 glacier in southeast Tibet (W. Yang et al., 2011). However, detailed SEB studies observations
are still limited in the Himalayas, especially at high-altitude sites. One took place on the Khumbu glacier
and was conducted in 1999 in the southern Himalayas (Kayastha et al., 2000; Takeuchi et al., 2000), and the
other took place on Xixiabangma glacier and was carried out in 1991 (Aizen et al., 2002) in the northern
Himalayas. However, these two studies failed to describe instruments and technical specifications of the
meteorological sensors in detail and simplified the turbulent heat flux calculations, which might prevent
the evaluation of SEB accuracy and the drawing of general conclusions. Recently, detailed SEB measure-
ments with eddy correlation system were conducted on Lirung glacier in 2016 (Steiner et al., 2018) and on
Yala glacier from October 2016 to April 2017 (Stigter et al., 2018) in the southern Himalayas. Both studies
emphasized the importance of the turbulent heat fluxes on the glacier energy and mass balances. However,
SEB research on the northern Himalayas is still limited.

The Himalaya region is one of the most glacierized regions on Earth (Azam et al., 2018). It has a gla-
cier cover of approximately 22,800 km? (Bolch et al., 2012), among which 8,202 km? are in China (Mi &
Xie, 2002). Mt. Qomolangma (Everest) is the highest point of the Himalayas (8,848 m a.s.l.), lying on the
border between China and Nepal, central Himalayas. Three peaks above 8,000 m a.s.l. and 10 peaks higher
than 7,000 m a.s.l. surround it. The high altitude makes this area an intensively glacierized region. The local
climate is dominated by the SASM in summer but by the midlatitude westerlies in winter. For the mountain
glaciers at Mt. Qomolangma, the glacier mass balance depends fundamentally on the temperature and pre-
cipitation conditions of summer (Hou et al., 2000). As such, this region is an ideal location for studying the
interaction between the atmosphere and glacier surfaces. Nevertheless, owing to the difficult logistic supply
and harsh environment, knowledge of glacier SEBs around Mt. Qomolangma is incomplete.

The Rongbuk glacier is the largest glacier on the northern slope of Mt. Qomolangma. In May-July 2005, a
glacio-meteorological campaign was carried out at 6,523 m a.s.l. in the accumulation zone of the Rongbuk
glacier. This paper uses the meteorological data obtained in this field experiment to analyze the SEB and
to investigate its atmospheric drivers. Additionally, the phenomenological links between variations in SEB
components and the advancement of SASM are examined. The remainder of this paper is organized as
follows: Section 2 outlines the observational site and experimental program, followed by Sections 3 and 4,
which introduce the data treatment and methodology, respectively; Section 5 shows the robustness of the
SEB equation used in this study; Section 6 highlights the results, which are further discussed in Section 7;
and Section 8 presents conclusions.

2. Study Region and Measurement Program

The Rongbuk glacier (Figure 1) is a subcontinental glacier situated on the northern slope of Mt. Qomol-
angma in the central Himalayas (Liu et al., 2010). It consists of three tributaries, that is, the East, the West
and the Central Rongbuk glaciers, with a total area of about 148 km? (X. Yang et al., 2015; Ye et al., 2009).
The glacier surface has a discontinuous debris cover, with debris thicknesses ranging from several meters
near 5,200 m a.s.l. (near the terminus) to several centimeters at approximately 6,000 m a.s.l. (Ye et al., 2015).
In the glacier's low part, ice cliffs develop; in the high area (>6,000 m a.s.l.), seracs exist. Supra-glacier
lakes are located on the debris-covered glacier tongue, with a total lake area and number increasing from
0.05 km?* and 16 in 1971 to 0.71 km?* and 87 in 2008 (Ye et al., 2009). The equilibrium line altitude (ELA) is
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Figure 1. Locations of Rongbuk glacier and the AWS at 6,523 m a.s.. AWS, automatic weather station.

situated between 5,800 and 6,200 m a.s.l., at which altitude the mean annual precipitation was estimated
to be 500-800 mm water equivalent (w.e.), and the mean annual air temperature was estimated to range
from —9 °C to —6 °C (Shi, 2005). The annual net accumulation (i.e., surface mass balance) derived from
the East Rongbuk ice core (27°59' N, 86°55' E, 6,500 m a.s.l.) (Dahe et al., 2017) showed a sharp decrease in
the annual mass balance from the mid-1950s (around 700 mm w.e.) to the late 1960s (450 mm w.e.), and a
subsequent stabilization of approximately 450 mm w.e. (Hou et al., 2002), which is consistent with the sub-
stantially reduced amount of rainfalls over India from the mid-1950s to the late 1960s. The average annual
accumulation values during 1954-1963 and 1964-1997 were 582 and 321 mm w.e., respectively, which are
comparable with the 2000-2001 annual surface mass balance value of 498 mm w.e. measured using stakes
at 6,500 m a.s.l. (D. Zhang et al., 2004). The snow pit record showed an annual accumulation rate of 296 mm
w.e. near our automatic weather station (AWS) from summer 2008 to the spring 2009 (JianZhong Xu, 2016).

Compared to the prevailing continental climatic conditions in the inland TP (e.g., glaciers Xiaodongkemadi,
Zhadang and Qiangtang No. 1) and the meteorological circumstance influenced by the East Asian monsoon
on the eastern margin of the TP (e.g., Laohugou No.12 glacier), the local climate around the Rongbuk gla-
cier is under the combined control of SASM and the westerlies. The period from June to September denotes
the wet season, during which SASM prevails and the climate is wet, containing more than 80% of the annual
precipitation falling (Cannon et al., 2015; M. Wang, 1962), while the period October-May is the dry season,
during which the westerlies dominate and the weather is clear and dry with low precipitation. From 1959 to
2007, the mean annual air temperature at 4,300 m a.s.l. (Tingri county) on the northern slope of Mt. Qomol-
angma increased at a rate of 0.62 °C per decade, with the greatest warming trend in winter and the smallest
in summer (X. Yang, Zhang, et al., 2011).

On May 1, 2005, an AWS was set up and operated at an altitude of 6,523 m a.s.l. on a relatively flat and
open surface of East Rongbuk glacier (28°1'N, 86°57'E) (Figure 1). It was allowed to melt down freely
with the glacier surface, which ensures a relatively constant height of the instruments above the glacier
surface during melting. Continuous data sets were recorded from May 1 to July 22, 2005. Air temperature
and humidity, together with the wind speed and direction, were measured at two heights, 1.5 and 2.5 m,
respectively. The sensors for air temperature and relative humidity measurements were naturally ventilated
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Table 1

Technical Specifications of the Automatic Weather Station's Sensors and Installation Heights

Elements Sensor type Accuracy (calibration range) Installation height (in m)

Air temperature (°C) Vaisala HMP 45D +0.2 °C (—40 °C-60 °C) 1.5,2.5

Relative humidity (%) Vaisala HMP 45D +2% (0.8%-100%) 1.5,2.5

Wind speed (m s™") Young 05103 +0.3ms ' (0-100 ms™") 1.5,2.5

Wind direction (°) Young 05103 +3°(0-355°) 1.5,2.5

Air pressure (hPa) PTB210 +0.35 Pa (50-1,100 hPa) 0.5

Incident solar radiation (W m™?) K&Z CNR1 +10% for daily totals 1.5

Reflected shortwave radiation (W m™2) K&Z CNR1 +10% for daily totals 1.5

Incoming longwave radiation (W m?) K&Z CNR1 +10% for daily totals 1.5

Outgoing longwave radiation (W m ) K&Z CNR1 +10% for daily totals 1.5

and shielded from solar radiation. Incident solar radiation S|, reflected shortwave radiation S1, incom-
ing longwave radiation L] and outgoing longwave radiations LT were measured at 1.5 m, with radiation
sensors perpendicular to the surface and that were leveled horizontally. The AWS was checked for sensor
leveling, and data were downloaded every 3-5 days during the field experiment. A CR 1000 data logger
from Campbell Scientific Inc., USA (with a low temperature resistance of —55 °C) connected all the sensors
and recorded ten-minute data averages based on samples taken every 1 min. Technical specifications of the
meteorological sensors, together with their installation heights, are shown in Table 1. During the intensive
melting period from 10 June to 22 July, the surface mass balance (SMB) near the AWS was obtained using
nine bamboo stakes, and snow density and solid precipitation (P) were also measured. Surface ablation was
calculated with P - SMB. Beijing time (BJT), which is 2 h 12 min earlier than the local time (LT), was used
throughout the whole experiment.

3. Data Treatment

Referring to Sun et al. (2018), Favier et al. (2004), Obleitner and De Wolde (1999), we processed the raw data
we obtained. First, spurious data (only nine data points) in the raw meteorological data set were deleted,
and then the occasionally missing data (three data points), together with the deleted data above, were line-
arly interpolated using their neighboring values. Second, we performed St corrections based on the method
suggested by Favier et al. (2004) since radiation was generally affected by snow cover and rime on the dome
of the radiation sensors and therefore needed calibration (van den Broeke et al., 2004). Third, following
Obleitner and De Wolde (1999), we conducted L] corrections for a window heating offset from the absorp-
tion of S|. Finally, all the recorded 10-min data were averaged into half-hourly values and used as input to
solve the SEB equation. The correction process of St and L| are detailed in Section 4.1.

4. Methods

By defining a volume extending from the glacier surface to a depth where the vertical heat flux is nonsignif-
icant and ignoring horizontal energy transfer, the glacier SEB can be written as follows (in W m™2), where
the fluxes toward the glacier surface are defined positive (Oke, 1987):

S+L+H+LE+G+P=AQ, +AQ, = AQ, (1)

where S is the net shortwave radiation (S = § 4 +S 71), L is the net longwave radiation (L = L { +L 1), and
H and LE are the turbulent sensible and latent heat fluxes, respectively. G is the conductive subsurface heat
flux and can be computed from the one-dimensional temperature-depth profile from the glacier surface to a

or
depth of 20 m. Its value is given byG = —K; o where K7 is thermal conductivity, which is 2.2 Wm™ K™*
Z

for pure ice and 0.4 W m™' K" for old snow (Oke, 1987). The observed ice temperature at a depth of 20 m
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was nearly stable at —9.80 °C. P, the heat added to the surface by liquid precipitation, is insignificant in
comparison to the other terms (Favier et al., 2004; Wagnon, Ribstein, Francou, & Pouyaud, 1999) because
the near-surface air temperature was well below 0 °C at the observational site for most of the observation
period; therefore liquid precipitation hardly occurred, and P is neglected in our study. AQ,, is the heat used
to melt snow and ice, and AQ, is the rate of gain/loss of heat of a vertical column extending from the surface
to the depth at which seasonal variations in temperature are negligible (Paterson, 1994). AQ, the sum of
AQ,, and AQ,, corresponds to a temperature change within the surface layers if the very top layers of the
glacier have temperatures below 0 °C (i.e., AQ, =AQ) or is used to melt snow and ice if these layers are at
0°C(i.e., AQ, =AQ) (Favier et al., 2004). The SEB was calculated at half-hourly intervals.

4.1. Net All-Wave Radiation

The net all-wave radiation R is the sum of S and L:

R=S+L=S4y+ST+L{+L T, 2

where § 4, ST, L and L T are radiation fluxes directly measured by the AWS (Table 1). The gla-
cier surface albedo can be defined as ¢ = —§ 1/ {; and therefore, Equation 2 can also be written as
R=S{(1-a)+L{+L T

Considering that ¢ = 0.9 is the realistic maximum and § 1 might be affected by the surface inclination and
snowfalls covering the pyranometer, ¢ 1 — _g | x 0.9 is applied for a systematic § T correction in case of
_S 1> S 4 x0.9- which was previously adopted by Favier et al. (2004). Additionally, heating of the pyra-
nometer dome by solar radiation can result in large 1 | recordings (Weiss, 1981). Therefore, to reduce the
influence of incident solar radiation on L {, L { is corrected based on the method suggested by Obleitner
and De Wolde (1999):

Li=Ll-kxs!, 3

where k is a correction coefficient. k = 2.7% was found in the dry conditions of the Sahel (Culf & Gash, 1993),
but a smaller k of 1.2% was adopted by Obleitner and De Wolde (1999) on Vatnajokull, which is the major
ice cap in Iceland. k , 2% was observed by analyzing [ | measurements under a shadowing ring and ana-
lyzing L T measurements on a melting surface of Zongo glacier in the Bolivian Andes (Sicart, 2005). Given
that the Rongbuk and Zongo glaciers are both mountainous glaciers located in mid-latitudes, the k value
used on Zongo glacier (2%) was adopted in this study. In addition, since the glacier surface temperature
maximum is 0 °C, the measured [ T was limited to a maximum value of 315.6 W m ™ with the assumption
that the surface longwave emissivity is 1.

4.2. Turbulent Heat Fluxes Calculation
4.2.1. Bulk Aerodynamic Method

Based on the Monin-Obukhov similarity theory, the bulk aerodynamic method with a stability correction
can be applied to calculate turbulent heat fluxes (Oke, 1987). Compared to the profile method, the bulk
aerodynamic method is less sensitive to measurement uncertainties and thus is more appropriate for ap-
plication on sloping glacier surfaces where katabatic winds prevail and the wind speed maximum can fall
just within a few meters above the glacier surface (Denby & Greuell, 2000). This method only needs one
level of meteorological measurement, although it requires input for surface roughness variables (Arck &
Scherer, 2002). Atmospheric stability within the surface layer can be described by the bulk Richardson num-
ber R;,, which relates the relative effects of buoyancy to the mechanical generation of turbulence (Daniel
Moore, 1983; Oke, 1987):

AT

T[ﬂJ Tu
Az
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where T is air temperature (in K); y is horizontal wind speed (in m s7!), where T and y are measured; z is
the height (in m); g is the acceleration of gravity (¢ = 9.81 m s™%); and 7, is the surface temperature (in K).
Zom, the surface roughness length for momentum (in m), is a fictitious height at which the horizontal wind
speed can be extrapolates to zero. Positive (negative) R;, values represent stable (unstable) atmospheric
stratification.

Assuming that the local gradients of mean horizontal wind speed, mean air temperature and mean specific
humidity are equal within the finite differences between the measurement level and glacier surface, analyt-
ical expressions for turbulent heat fluxes can be calculated as follows (Oke, 1987):

Cuk*(T - T,)

s

In—= || =
Z()Wl Z()l

H =p (q)mq)h )_l’

(5

(6)

-2 || m-2
Zom Zoq

where p is the air density at 6,523 m a.s.l. and was calculated based on the measured air temperatures
(T) and air pressures; Cp is the specific heat capacity of air at constant pressure and can be estimated by
Cp =Cpy (1 + 0.84q), with the specific heat capacity for dry air at a constant pressure of Cp; = 1005 I kg™*
k™. L, (2.834 x 10° J kg™") is the latent heat of sublimation for snow/ice when the glacier surface temper-
ature 7, < 273.15 K, or the latent heat of evaporation (2.501 x 10° J kg™') when T, = 273.15 K (i.e., glacier
surface is melting). k is the von Karman constant (0.4); ¢ is air specific humidity (in kg kg™") and can be ob-
tained using the observed relative humidity and air temperature values; 4,, the specific humidity (in kg kg ™)
at the glacier surface, can be obtained under the assumption of a saturated glacier surface; and T, the gla-
cier surface temperature, is calculated from the Stefan-Boltzmann equation L T=o T (o = 5.67 X 107° W
m~> K™*) (Favier et al., 2004; Wagnon et al., 2003) under the assumption that the snow/ice emissivity is uni-
ty. Zom, Zot, and Z,q are surface roughness lengths for momentum, temperature and humidity, respectively (in
m). @, ®,, and ®, are nondimensional stability functions for momentum, heat and moisture, respectively.
They can be expressed in terms of R;, (Brutsaert, 1982; Oke, 1987):

For Ry, > 0 (stable atmosphere):

-1

(q)md)h )71 :(cbmq)v) :(1 - SRt’b )2’ (7)
For R, < 0 (unstable atmosphere):

(@,@,)" =(®,®,)" =(1-16R, )0‘75, )

4.2.2. Roughness Lengths

To calculate H and LE, the surface roughness lengths, that is, Z,, Zog, and z,, must be known. Many previous
studies have revealed that z,, and z,; were 1 or 2 orders of magnitude smaller than z,, (Andreas, 1987, 2002;
Morris, 1989; Munro, 1989), except for the work conducted in Antarctica by King and Anderson (1994), who
found zo;, Zog >> Zom- Zom Can be estimated by wind profile method, eddy covariance measurement, micro-
topography and energy-balance closure method (Brock et al., 2006). In this study, the scheme proposed by
Brock et al. (2006) was adopted to compute z,,, as this scheme has been demonstrated to be robust for z,,
calculation on glacier surface. Following Brock et al. (2006), only the wind speed observations meeting the
following criteria were used in the iterative process for the z,, calculation: (1) the wind speed at the higher
AWS level exceeds that at the lower level and (2) nonobstructed airflow exceeds fetches of at least 500 m. In
view of the topography near the AWS (Figure 1), this criterion can be met by only choosing the wind with
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directions ranging from 270° to 360° (northwest wind) and from 135° to 180° (southeast wind) because there
was no airflow obstruction in these direction ranges. Further criteria include the follows: (3) wind speeds
at the higher level are larger than 3.5 m s™', which ensures a well-mixed turbulent flow; and (4) the atmos-
phere is near-neutral, which is indicated by —0.03 < R;, < 0.03.

The z,, and z,, values were often set to be equal to z,,, in many previous glacier SEB studies (Brock et al., 2010;
Favier et al., 2004; Molg & Hardy, 2004; Wagnon et al., 2003; Wagnon, Ribstein, Kaser, & Berton, 1999).
This is reasonable because (1) several SEB investigations have showed that it is appropriate to set equal
roughness lengths for smooth glacier surfaces (Brock et al., 2010; Favier et al., 2004; Mdlg & Hardy, 2004;
Sicart, 2005; Wagnon et al., 2003; Wagnon, Ribstein, Francou, & Pouyaud, 1999; W. Yang et al., 2011) and
(2) the theoretical framework suggests using equal roughness lengths if the difference between them is
unknown (Bintanja & Reijmer, 2001). However, some schemes were also proposed to parameterize the Z,,
and Z,, values, such as the schemes proposed by K. Yang et al. (2002), Smeets and van den Broeke (2008),
and Andreas (1987). In this study, the parameterization scheme proposed by Andreas (1987) is adopted
for z,; and z, calculations since it was specially calibrated using data over snow and sea ice and has been
successfully implemented on many glaciers, such as Tibetan glaciers (Guo et al., 2011; Sun et al., 2018; W.
Yang et al., 2011) and the largest Austrian glacier, the Pasterze glacier (Greuell & Smeets, 2001). Following

u'z,,

v
viscosity of air) is introduced to describe the aerodynamic flow regime. More details of this parameteriza-

tion scheme can be referenced to Andreas (1987). Finally, the calculated zom, Zo, and zo, values are averaged.

,wherey =1.16 X 10 > m s~ is the kinematic

Andreas (1987), the roughness Reynolds number (Re, =

4.2.3. Ablation Calculation

As a residual energy component, AQ is consumed by glacier melting when T; reaches 273.15 K. The
half-hourly glacier melting amount is calculated as follows:

AQAt
M =
pLs

(when7, = 273.15K), 9)

where M is the half-hourly glacier melting (in m) with no consideration of refreezing, p is water density
(1,000 kg m™), L is the latent heat of fusion (3.34 X 10° T kg™"), and o (in s) is 30 min, that is, 1,800 s. The
work conducted on Xiaodongkemadi glacier on the TP by Fujita et al. (2017) found that in the accumula-
tion zone for the period May-September, about 60% of meltwater was trapped by refreezing. As meltwater
refreezing was not observed on the East Rongbuk glacier, the refreezing rate of 60% on Xiaodongkemadi
glacier was assumed in this study. Therefore, the meltwater was calculated as 0.4 M.

In addition to glacier melting, mass exchange at the glacier surface also consists of sublimation/deposition
(riming) and evaporation/condensation, which are all associated with the turbulent latent heat flux (LE).
The surface temperature (T;) and the sign of LE determine which occurs at the glacier surface. Negative LE
indicates mass loss in the form of sublimation and evaporation, while positive LE represents mass gains
through deposition and condensation. The mass exchange associated with LE is computed as follows:

—LE At
whenT, = 273.15KW_,, :—L(if LE <0) (10)
PL.
LEAt
W, =—— (if LE >0), (11)
pL,
—LE At

when T, < 273.15KW,,;, = (if LE <0), (12)

s
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where W, is the mass exchange amount (in m), with the subscript x of eva,
con, sub, and dep denoting evaporation, condensation, sublimation, and
deposition, respectively, and L, (2.501 x 10° J Kg™") and L, (2.834 x 10°J
Kg™') are the latent heat of evaporation and sublimation, respectively.
The ablation total computed by the SEB is the sum of 0.4 M, sublimation/
evaporation and condensation/deposition.

5. Ablation Validation

To evaluate the robustness of the SEB model used in this study, the cumu-
lative ablation data derived from stake and precipitation measurements
(called measured ablation hereafter) from 10 June to 22 July were com-
pared with those calculated by the SEB method (Figure 2). Ablation was
strongly suppressed by significant snowfall events on 21 and 23 June, and
on 5 and 6 July. From 10 June to 22 July, the calculated ablation total was
425 mm w.e. at the AWS, exceeding the manually measured ablation by

30 mm w.e. (~7%). This discrepancy is acceptable in view of the standard deviation of 12 mm for the abla-
tion measurement by the nine ablation stakes. In addition, Sun et al. (2014) stated that the underestimation
of the turbulent heat fluxes calculation by the bulk aerodynamic method can also lead to underestimation
of ablation calculation. Overall, it appears that the energy components involved in the SEB model consists
of the primary processes and can give a good simulation of the energy- and mass-balance of the East Rong-

buk glacier.

6. Results
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Figure 3. (a) Scatter plot of the half-hourly wind speed versus wind
direction and (b) histogram showing the frequencies of the half-hourly
wind direction binned into 10° intervals.

6.1. Glacio-Meteorological Conditions

The half-hourly wind observations are summarized in Figure 3. Kataba-
tic winds (90° < direction < 180°) alternated with the up-glacier winds
(270° < direction < 360°) (Figure 3a), with direction frequencies of 35%
and 37%, respectively (Figure 3b). Before 1 June, wind speeds not only had
high values, but also had remarkable variations. Subsequently, however,
they became low and varied slightly. The maximum observed half-hourly
wind speed was 21.8 m s™' (Figure 3a). The daily average wind speeds at
2.5 m ranged from 1.2 to 16.1 m s™, with an overall average of 4.6 m s™*

(Figure 4a).

The observed relative humidity (RH) averaged 60%. Before 1 June, daily
RH values were typically low, with values in late May even reaching be-
low 20%; subsequently, RH increased notably to values above 60%; toward
the end of July, the daily average RH increased to more than 80%. Daily
specific humidity values in the air (q) and at the glacier surface (g;) are
shown in Figure 4b. They had nearly similar ascending trends, although
the daily g, values were always slightly above the daily q throughout the
whole observation period, except for two days (5 May and 7 July). They
both experienced an increase from approximately 2 g kg™ in early May to
approximately 6 g kg™ in late July. As observation went on, the difference
between them decreased. The largest moisture difference occurred in late
May (>2 g kg™"), and the smallest difference was in July (approximately
0.5gkg™).
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Figure 4. Daily averaged (a) wind speed, (b) specific humidity, (c)
temperature, (d) surface albedo, and (e) cloud fraction from May 1 to July

The observed daily mean air temperatures persistently surpassed the sur-
face temperatures during most of the observation period (Figure 4c), with
values always below the melting point of ice (0 °C) and with averages of
—6.7 °C and —9.8 °C, respectively. Both of them gradually increased from
early to late June and then varied little with nearly constant values. The
temperature gradient between surface and air decreased, with a maxi-
mum gradient over 7.6 °C at the beginning of the observation period to
a minimum of 0.4 °C during the last few days. A typical vertical temper-
ature profile observed on 10 June 2005 is shown in Figure 5. During the
night, the surface layer was stable (R;, > 0), similar to that observed on
the debris-free Zongo glacier, Bolivia (Sicart, 2005) and on the debris-cov-
ered Miage glacier, Italian Alps (Brock et al., 2010). During daytime, the
atmosphere became unstable (R < 0), likely as a result of the radiative
heating of the snow surface, which is also observed over polar ice sheets
(van den Broeke, 1997). Brock et al. (2010) attributed the daytime atmos-
pheric instability over Miage glacier to the low wind speeds and steep
temperature gradient present between surface and the observational
height.

By dividing the daily ST by the daily S|, the daily surface albedo values
were obtained (Figure 4d). From 1 May to 18 June, the albedo mostly de-
clined, likely owing to dry snow metamorphism (grain growth), exclud-
ing a few episodes of increase, for example, 1-3 May, 13 May, 20 May, 5
June, and 13 June, during which the albedo rapidly increased, probably
because of snowfalls. After 18 June, however, albedo variability increased,

22, 2005. which might be the combined result of more frequent snowfalls and in-
tense ablation leading to rapid metamorphism and snow darkening. The
average albedo from 1 May to 18 June was 0.69, which was lower than the

average value of 0.77 after 18 June.
The study region is influenced by the SASM (Zou et al., 2009); therefore, cloudy weather prevails during
the monsoon period. Following the method proposed by Favier et al. (2004), n = 1.3-1.4(S|/Sroa) Was used
for the cloud cover estimation, where n is the cloud fraction and Sto, is solar radiation at the top of the
atmosphere (calculated using a solar constant of 1368 W m™>). The cloud cover obtained is shown in Fig-
3.0 - = .
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Figure 5. Vertical temperature profile on June 10, 2005.
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600 = ure 4e. Before 19 June, the local weather was mainly dominated by clear-

S00srS sky conditions, with an average fraction of 0.15; after 19 June, however,

;gg: cloud cover increased, reaching a mean cloud fraction of 0.40. In addi-

200 ] tion, comparing Figure 4d with Figure 4e, it can be seen that period with

100 e oot high/low variability in the cloud fraction before/after 19 June commonly
ol 7 correspond to periods with high/low albedo variabilities.

300

O e w TR NN Following the method shown in Section 4.2.2, 44 half-hourly profiles
556, \/\\/\/J\J\— b) met the criteria, and a single z,,, was generated from each, giving a mean

Zom value of 0.9 mm, which was then used to compute z,, and z,,. The
o, i - i adha P W i mean values of z,, = 0.035 mm and z,, = 0.042 mm were obtained and
00 ..""..T“.. .“.7""”".. T e used as inputs for Equations 5 and 6 for the H and LE calculations. Brock
et al. (2007) summarized z,,, values on glaciers worldwide. They conclud-
ed that on mid-latitude glaciers, z,, over smooth fresh snow surfaces was
generally on the order of 0.1 mm. On a polar snow surface, however, z,,,
was generally lower, with typical values of 0.01 mm, though some were
even smaller 0.001 mm. z,, values on Tibetan glaciers have also been
reported in recent years. On the Parlung No. 4 glacier in southwestern
Tibet, z,, generally varied on orders of 0.1-10 mm (Guo et al., 2011), with
average values of 0.3 mm for smooth snow surface and 0.8 mm for rough
surface (W. Yang et al., 2011). On Laohugou No. 12 glacier in the north-
east edge of the TP, monthly values determined by an eddy-covariance
| s A system on the bare ice ranged from 1.2 to 1.8 mm from June to September
P i P (Sun et al., 2018). By calibrating sublimation values measured in field,

Energy flux (W m)

Energy flux (W m2)

E | 5 Zom Values of 2.9 mm on the Antizana glacier (Favier et al., 2004) and
& Y A | ' I !||||||||l|||||| “|||“___I'|_“||,||l|“ 0.5-1 mm on the Illimani glacier (Wagnon et al., 2003) in the tropical
g 2.0x10° 4 = ‘ Andes were obtained. The mean z,,, of 0.9 mm obtained in this study is
> 2 g
g 0.0 _..|.,.I|||||.|"||I;I|||||I"|!u",..lll| ,,,,, |.|i_ T S W comparable to those reported above.
9}
5 2.0x107 | (h)
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s 20 6.2. Shortwave Radiation
o 5
g 1(5) : ;'.‘\. & o™ Y The amount of downward shortwave radiation theoretically possible at
E 5 s .,p'h.-". e \ﬂf'\,d' the observational latitude of Rongbuk glacier (28°1'N) is quite large and
2 2 o Togted™, ,!"" is close to the extraterrestrial value. Aizen et al. (2002) noted that with-
3 ,
E 1(5) ] out atmospheric effects (reflection and absorption of clouds, etc.), such
3 15 3 12 & high radiation inputs should prohibit the existence of glaciers at these
(D T T T T T T T T A . ) . ) . .
430 510 520 5530 6/9 619 629 79 719 latitudes. Figure 6a shows variations in daily S|, ST, S, and Sroa. Daily
Date S| ranged from 241 to 476 W m™2, with an average of 366 W m™>, and
Figure 6. Variations in (a) shortwave radiation, (b) longwave radiation, had a high interdiurnal variability. Compared to the second half of the
(c) turbulent heat fluxes, (d) surface energy budget, (e) conductive flux, observational period, the S| values in the first half were higher, which
(f) evaporation, (g) sublimation, (h) melting, and (i) the three period was very likely a result of the clear-sky conditions in the first half, as
according to the South Asian summer Monsoon index. seasonal changes in extraterrestrial solar radiation (Stos) are small at low

latitudes during such a short 3-month period. The daily ST magnitudes

ranged between 185 and 364 W m ™, and had an average value of 259 W
m™2. Its sharp magnitude increase generally corresponded to abrupt albedo increase (Figure 4d). The net
shortwave radiation S ranged from 37 to 176 W m ™, with an average value of 107 W m ™, representing the
most influential heat source at the glacier-atmosphere interface.

6.3. Longwave Radiation

The daily longwave radiation fluxes Lt, L|, and L are shown in Figure 6b. L1 showed a positive trend. Cor-
responding largely to the mean daily surface temperature range from —21.0 °C to —3.1 °C, daily Lt ranged
from —231 to —302 W m™?, with an average of —274 W m™2. In comparison to L1, L} had a larger variability
with magnitudes generally smaller than L{. L| ranged from 112 to 301 W m™* and had a daily average of
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208 W m™ The clear-sky emissivity term follows variations in atmospheric temperature and humidity.
Before mid-June, the L] values were relatively low (170 W m™~2) due to the prevailing cold-dry environment.
After that, L| increased considerably because of the warmer and wetter air (Figures 4b and 4c) and more
frequent clouds (Figure 4e). The standard deviations of L] before/after mid-June were 31 and 39 W m 2,

respectively.

L was negative and acted as a persistent energy sink for the glacier surface throughout most of the obser-
vational period, except in the last few days in July when L was close to zero (less than 8 W m™). L thus
exhibited a markedly positive trend, with values ranging from —133 W m™ in the beginning to +8 W m™
toward the end, with an average of —66 W m 2. The averaged daily L before and after mid-June were —90 W
m~? and —35 W m™?, respectively. The coefficients of variation in L| was 26%, 19% higher than that in L1.
Therefore, changes in L were mainly dependent on changes in L|.

6.4. Turbulent Heat Fluxes

The turbulent heat fluxes, including those of H, LE and H + LE, are shown in Figure 6¢c. Compared to S
and L mentioned above, H and LE were relatively small in magnitude. The daily average H ranged from —2
to 80 W m™?, and the daily averaged LE ranged between 1 and —82 W m ™2, with averages equaling to 13
and —22 W m™?, respectively. The magnitudes of H and LE not only maintained identical decreasing trends
but also nearly canceled out. In the stable surface layer that prevailed during the observational period, the
turbulence intensity greatly depended on wind speeds (Equations 5 and 6), which explains the synchronous
decrease in the magnitude of H and LE with declining wind speeds. The variations in H and LE were large
before late May but small after mid-June. Their daily summed values of H + LE were close to zero in the last
few observational days mainly because of the weak wind (Figure 4a). The positive H value obtained during
most of the observation period indicated that H was an energy source and supplied energy to warm glacier.
However, the negative LE implied its role as a persistent and significant energy sink.

6.5. Melting Energy and Conductive Heat Flux

The melting energy AQ,,, energy convergence/divergence for sensible heat AQ, and the conductive heat flux
G are shown in Figures 6d and 6e, respectively. Glacier melting does not happen until both the following

criteria are met: AQ > 0 Wm ™ and T; = 0 °C. During the majority of the observational days before 28 May,
daily AQ represented positive AQ, and there was no melting energy AQ,,. The daytime internal energy gains
caused by variations in radiation and heat conduction surpassed the nighttime energy losses, and thus,
there was energy convergence within the glacier volume, which was mainly used to warm the glacier vol-
ume and increase surface temperature. After 28 May, as more energy was absorbed by the glacier surface,
surface temperatures increased more frequently to the melting point, especially at noon. Melting occurred
almost every day. Under such conditions of glacier melting, AQ was composed of both melting energy
AQ,, and energy convergence/divergence AQ,. Negative AQ; also appeared during the time when there was
intensive melting, which illustrated that under the warm conditions of melting occurrence, the nighttime
energy losses caused by variations in radiation and heat conduction were larger than the daytime energy
gains, exerting an overall cooling effect on the glacier volume, thereby decreasing snow/ice temperature at
a daily time scale during these days. The averaged AQ,, and AQ, values were 11 and 21 W m™?, respectively.

The net radiation R (i.e., S + L = 43 W m™?) provided the largest contribution (128%) to AQ, followed by the
turbulent sensible heat H (13 W m™2, 42%).

G contributed a minor portion to the glacier SEB, with daily values always near 1 W m ™. In mid-June,
G shifted from positive to negative. Before that time, melting scarcely occurred, and G was positive and
directed toward the surface and gradually diminished to zero in mid-June. During this period, the glacier
surface cooled. After mid-June, however, G turned to be negative, and its direction pointed away from the
glacier surface.
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Table 2
Surface Energy Balance Components and Their Respective Contributions at 6,523 m asl on East Rongbuk Glacier From
May 1 to July 22, 2005

Input (W m™?) Output (W m ™) Input (%) Output (%)
Month $ H G I LE AQ G $ H G I LE A0 G
May 123 28 1 —92 —40 -19 - 8 18 0 61 27 13 -
June 121 70 - -76 —-16 -3 0 95 5 - 59 13 28 0
July® 65 20 -  -18 -4 —45 0o 97 3 - 26 7 67 0
Average 103 12 0 —62 —20 —33 - 89 11 0 54 18 29 -

“Mean values from 1 to 22 July.

6.6. Glacial Surface Energy Balance

Based on the surface energy balance components calculated above, the glacial surface energy balance was
estimated (Table 2). S provided near 90% of the energy, followed by H with a share of approximately 10%.
The conductive heat flux G only represented a minor energy source with a very small share of less than
1%. Although the daily S values in July were remarkably low, with their daily average (~65 W m™) only
near a half of those in May and June (~120 W m™2), their contribution in July (97%) increased by 15% and
2% in comparison to May and June, respectively. In other words, the role of S as an energy source became
increasingly important despite its gradually decreasing values. In contrast, the H values, together with its
contribution, decreased continuously, with its monthly values (contributions) declining from 28 W m™
(18%) in May to only 2 W m ™ (3%) in July.

Of the energy sinks in the SEB, L contributed the largest proportion (54%), complemented by the AQ and
LE, which contributed 29% and 18%, respectively. There was a slight decrease in L from May to June (16 W
m™?) but a subsequent remarkable reduction from June to July (58 W m ™). Similar to L, a striking declining
trend was also found in LE, with its monthly magnitude decreasing from 40 W m™ in May to 16 W m ™2 in
June and then further to only 4 W m ™2 in July. Comparatively, the energy change within the volume AQ
increased continuously, with its monthly values increasing from 19 W m ™ in May to 36 W m ™~ in June and
increasing further to 45 W m™ in July. As a result of the decreasing L and LE but the increasing AQ trends,
the contributions of L and LE both decreased, with their percentage proportions decreasing from 61% and
27% in May to 26% and 7% in July, respectively; whereas the contribution of AQ increased from the low
proportions of <30% in May and June (13% and 28%, respectively) to a high contribution of 67% in July.

6.7. Mass Exchange at the Glacier Surface

Mass exchange at the glacier surface consists of sublimation/deposition, evaporation/condensation and
melting. The half-hourly LE values show that deposition and condensation rarely occurred (not shown).
Therefore, mass exchange at 6,523 m a.s.l. on the East Rongbuk mainly consisted of evaporation, sublima-
tion and melt (Figures 6f-6h). Sublimation was persistent, while evaporation and glacier melting did not
occur until late May. The daily sublimation values in May, June and July reached 1.2, 0.4, and 0.05 mm w.e.,
while the daily evaporation values in the above three months are 0, 0.1, and 0.08 mm w.e., respectively. The
averaged daily glacier melt amounts in May, June, and July were 0.3, 8.4, and 8.2 mm w.e. Therefore, gla-
cier melt is the dominative component of the surface ablation, followed by sublimation, while evaporation
constituted only 1.2% of the glacier melt. Hence, evaporation only represents a minor part in the water cycle
at this location and high altitude. Figure 6g also shows that before June, the sublimation rates were rela-
tively high, but subsequently, they decreased until the end of the observational period. This can be partly
attributed to the notable wind speed decrease. Evaporation and glacier melt, however, did not show similar-
ly clear patterns. By summing up the daily evaporation, sublimation, and glacier melting, we obtained the
daily ablation averages in May, June and July as 1.5, 8.9 and 8.3 mm w.e., respectively.

Sublimation was directly measured using a lysimeter by X. Yang (2010) near our AWS in 2008. The daily
sublimation values observed over four days were 2.8 mm w.e. on 28 April, 1.9 mm w.e. on 30 April, 2.3 mm

LIU ET AL.

12 of 24



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD033998

w.e. on 1 May, and 0.66 mm w.e. on 2 May. The daily sublimation av-

Table 3
Sensitivity of Surface Energy Balance Components to Uncertainty in erage in the above 4 days was 1.9 mm w.e., which is comparable to the
Parameter Values and Meteorological Variables values calculated in this study. Sublimation has also been reported on
Variable/parameter H% LEY% S% ¢  otherglaciers. On the Xixibangma glacier, 130 km southwest of Rongbuk,
the daily sublimation at a lower latitude of 5,900 m a.s.l. was 0.02 mm
(e se +77 43 - - w.e. under nonmelting conditions (Aizen et al., 2002). On the Illimani
T-02°C —0e O - - glacier (Wagnon et al., 2003), daily sublimation was 1.2 mm w.e. from
RH — 2% - +2.7 - - 22 to 25 in May and 0.7 mm w.e. from 14 May to 3 June; on the Antizana
RH + 2% - —2.7 - - glacier, daily sublimation values of 0.5 and 0.8 mm w.e. were reported
U—023 _35 3.0 B B during 2 observational years (Favier et al., 2004); and on the Zongo gla-
T e e ~ ~ cier (Sicart, 2005), the averaged daily sublimation values was 1.1 mm w.e.
from 23 July to 24 July. In addition, sublimation was also estimated by a
s +369 —lal N N distributed energy-balance model on the Juncal Norte glacier, Chile. It
T-1k —33.1 +12.7 - - increased from 1.0 mm w.e. at 3,500 m a.s.l. to 1.5 mm w.e. at 5,500 m
T,—1k +37.7 —20.9 = = a.s.l. (Ayala et al., 2017). Overall, the daily sublimation rates obtained in
T,+1k —33.1 +20.0 _ _ our study are comparable to those previously reported.
z—0.5m ST +4.5 = =
z—1m +17.7 +11.8 = = 6.8. Sensitivity of SEB Components to Uncertainty in Parameter
Z2+0.5m 15 —45 _ _ Values and Meteorological Variables
Z+1m —3.8 -12.3 - - Possible errors in the calculation of the SEB components need to be con-
Zom = Zot = Zog 44.6 38.6 - - sidered. Technical specifications provided by the sensor manufacturer
3 Zom +19.2 +15.9 B B (Table 1) suggest that uncertainties from the net radiation instrument
can reach +10%. Errors induced by the tilt of the tripod of AWS can be
Zom + 1 mm +13.1 +10.5 = = . . . .
neglected since the AWS was regularly inspected and maintained. The
¢ == U5 - - L20% - CNRI1 net radiometers used for radiation measurements in this study
have a better performance than the manufacture's specifications under
conditions of a measurement accuracy higher than 5% for daily averages
(van den Broeke et al., 2004). Hence, the maximum error in the net radia-
tion measurement should be smaller than 10% (approximately 4 W m™>).
Uncertainties in turbulent heat flux estimations could result from the ac-
curacy of the meteorological sensors for the air temperature, moisture, and wind speed measurements (Ta-
ble 1). Therefore, we perturbed the air temperature, relative humidity and wind speed within their accuracy
ranges and recalculated the turbulent heat fluxes. Our results (Table 3) show that H and LE both varied by
not more than 8% (1.1 W m™ for H and 1.8 W m™? for LE). This variation in magnitude is slightly lower than
that of 10% on Laohugou No.12 glacier (Sun et al., 2012). The sensitivity of T and Tj to variations in £1 K
changed H and LE by approximately +35% and +16%, respectively. A change in the observation height in-
putted to SEB equation may have also introduced uncertainties in the turbulent heat calculation. When the
observation height decreased/increased by 0.5 and 1.0 m, H and LE increased/decreased by 4.5%-17.7% and
1.5%-12.3%, respectively. The actual data of the observation height change induced by accumulation and
ablation was not available because of the lack of precipitation measurements by precipitation gauges such
as T-200B and SR50 sonic rangers. However, stake measurements starting on 10 June showed that snow
surface increased its height by 30 cm during 10 June-22 June. Given that precipitation mainly takes place
during the monsoonal period (from mid-June), snowfall before 10 June may be small and melting scarcely
occurs due to the low temperature. Thus, 30 cm may largely represent the magnitude of observation height
change over the whole observation period (1 May-22 July). Therefore, we estimated that the turbulent flux
uncertainty introduced by observation height change was within the variation range mentioned above. Ad-
ditionally, H and LE are also sensitive to variations in roughness lengths. As suggested by Favier et al. (2004)
and Wagnon et al. (2003), when zo; = Zoq = Zom Was adopted, H and LE increased by 44.6% (5.8 W m™2) and
38.6% (8.5 Wm™), respectively. When 3z,,,, and z,,+1 mm were inputted into the SEB equation, the increas-
es in H and LE ranged from 10.5% to 19.2%. Changes of +£10% in albedo resulted in variations in S of +21%.
Moreover, the bulk aerodynamic method used for turbulent heat flux calculations could have introduced
uncertainties. For example, W. Yang et al. (2011) found an averaged underestimation of less than 3 W m ™2
for turbulent heat fluxes on Parlung No.4 glacier; Sun et al. (2014) stated the averaged underestimations
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of H and LE on the Laohugou No.12 glacier were 3.4 and 1.2 W m ™, respectively. For this study, however,
the errors in the H and LE calculations introduced by the bulk aerodynamic method cannot be accurately
evaluated since eddy-covariance observations were not simultaneously conducted in the field experiment.
However, given that the three observational sites mentioned above are all located on TP, the averaged cal-
culation errors on the East Rongbuk caused by it should be at the same level as on the Parlung No.4 and
Laohugou No.12 glaciers, that is, approximately 3.3 W m™ or even less. Finally, air temperatures in this
study were measured in a naturally ventilated radiation shield, which could have led to high air temperature
readings owing to potentially insufficient ventilation in the case of a low wind speed and a high shortwave
radiation. We therefore estimated the air temperature measurement errors using the methodology suggest-
ed by Smeets (2006), and obtained a mean correction value of 0.12 °C, which was below the specification
of the Vaisala temperature sensor (+0.2 °C). Thus, errors in turbulent heat flux calculation introduced by
insufficient ventilation in air temperature measurement reached less than 8%, a value mentioned above
when the turbulent heat fluxes were recalculated under the conditions of a changing air temperature within
its accuracy range.

7. Discussion
7.1. The Significance of the SASM in Forcing SEB Variations

From the above analysis, it can be seen that there was a close phenomenological linkage between the gla-
cio-meteorological conditions and the SASM. Therefore, we divided the entire observational period into
three phases, namely P1, P2, and P3, based on the SASM index (downloaded from Asia-Pacific Data-Re-
search center of the IPRC, http://apdrc.soest.hawaii.edu/projects/monsoon/realtime-monidx.html) (Fig-
ure 6i), and analyzed the SEB variation with the monsoon's advancement. From 1 to 28 May, the monsoon
index (MI) was negative; thus, the days before 29 May are assigned to phase P1. This phase represents a
time before monsoon onset. Since 29 May, however, MI shifted to be positive, indicating the onset of the
SASM. We further calculated the average of daily MI values from 29 May to the ending day of 22 July, and
took it as a threshold for classifying the residual days into P2 and P3. The days with daily MI smaller than
the threshold are classified into phase P2 (29 May to 16 June), and the remaining days are assigned into P3.
P2 represents the monsoon onset, whereas P3 represents an active period of a well-established monsoon.
The three phases are shown in Figure 6i. Note that the P3 SASM start date of 16 June, that is, mid-June, is a
frequently mentioned time in the above sections when meteorological variables changed dramatically. This
implies a rapid response of the local meteorological conditions to SASM.

The observed meteorological conditions and the energy components in P1, P2, and P3 are summarized in
Table 4. P1 was clear, dry, cold, and windy, having a daily wind speed average of 7.2 m s™* and a daily air
relative humidity average of 44%, and the sky was clear with a low average cloud fraction of 0.12. The glacier
surface had a high albedo of 0.7 due to the seasonal snowpack. During P2, the wind speed was comparative-
ly weak, and the air temperature and humidity were higher; the average wind speed decreased to 3.4 ms™*
and the cloud fraction increased to 0.17. The average daily air temperature and relative humidity increased
by 5 °C and 15%, respectively, compared to P1. Meanwhile, the surface albedo was 0.03 lower (0.67), pos-
sibly due to snow metamorphosis as well as weak ablation. In comparison to P1 and P2, P3 was a cloudy,
relatively humid, mild period, accompanied by weak winds and lower specific humidity and temperature
differences between the atmosphere and surface. The average cloud coverage further increased to 0.38, and
the average wind speed was low at 2.3 m s™". Additionally, the surface was frequently covered by fresh snow
(Figure 4d), resulting in a high average surface albedo (0.76). Therefore, P3 was clearly strongly influenced
by the SASM.

Both cloud cover and surface albedo can affect the radiation budget. In the northern Himalayas, clouds
should have close linkage to the SASM, while surface albedo is mainly dependent on the amount of season-
al snow that has accumulated in winter, and during spring snowfall, as a result of the surface conditions
during the melt seasons. The effect of clouds on the radiation budget is complex. On one hand, clouds
reduce the incident solar radiation arriving at the glacier surface; on the other hand, they increase the
downward longwave radiation, offsetting the energy loss to some extent. On the East Rongbuk glacier, P3
had the largest cloud cover, contributing less to the incident solar radiation than in P2 and P1 (Table 4). On
average, S| in P3was 73 W m 2 lower than that in P2 and 81 W m ™2 lower than that in P1. Meanwhile, from
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P1 to P3, albedo increased. Although this potentially increases the magnitude of ST, ST in P3 was reduced by
40 W m™2 mainly because of the lowest S| value in P3, which eventually resulted in an S decrease of 42 W
m~2in P3 in comparison to P1. Therefore, when considering the effect on S, cloud cover was the dominant
meteorological variable over albedo.

L] showed large variations over the three observational phases. With the advancement of the monsoon, L|
in P3 was 97 W m > higher than that in P1 and 70 W m™? higher than that in P2. In comparison, the varia-
tion in L1 was small, with L1 differences between P1, P2, and P3 less than 23 W m™ (Table 3). Owing to the
significant increase in L], the net longwave radiation L increased significantly (53 W m > higher in P3 than
in P2 and 56 W m ™2 higher than in P1), and the magnitude of L increase was larger than the decrease of S,
which eventually led to a slight R increase in P3 (4 W m™ higher than in P2 and 16 W m™” higher than in
P1). This increased the melting energy since R provided the dominant energy supply for melting.

S| and L] are two crucial energy sources in the SEB and their changes are highly correlated with cloud
cover. To quantitatively assess the influence of clouds on S| and L], we separated the measured S| or L]
into two components: clear-sky and cloud-induced downward radiations. Many parameterization schemes
have successfully estimated clear-sky S| (Bird & Hulstrom, 1981; Conway et al., 2015; Essery & Marks, 2007;
Iziomon & Mayer, 2002; Molg et al., 2003; Pellicciotti et al., 2011) and clear-sky L] (Conway et al., 2015; Culf
& Gash, 1993; Juszak & Pellicciotti, 2013; Molg et al., 2009; Niemeli et al., 2001a; Oerlemansutrecht, 2000;
Sicart et al., 2006). The cloud-induced radiations can be obtained by subtracting the estimated clear-sky
L] and S| from the measured counterparts. Niemeld et al. (2001a, 2001b) conducted comparisons of var-
ious S| and L| parameterization schemes and found that each scheme has its specific characteristic and
utilization conditions. For example, the scheme for global and longwave incoming radiation developed by
Konzelmann et al. (1994) can only be used when solar elevation is less than 66°. In this study, the scheme
developed by Molg et al. (2003) is adopted to estimate the clear-sky S|; the schemes initially developed by
Brutsaert (1975) and further modified and used by Molg et al. (2009) is used for clear-sky L| estimation.
The reason for choosing these two schemes is that they exhibited good performance in glacier environment.

The scheme of Molg et al. (2003) for S| estimation is a modified model of Hastenrath and Kruss (1988).
Detailed information can be referenced to Molg et al. (2003). Here we only show its main parameterization
equation, which is written as Sleear = SoEoc08¢, [0.907/(sin 1)0.018]™5" M \where S, is solar constant, E,
is the eccentricity correction factor, ¢, is the zenith angle of the sun with respect to an arbitrarily oriented
and inclined plane, h is the solar elevation, and T is the so-called Linke turbidity factor; these values can
be obtained by other parameterization methods. The L| parameterization used by Mdlg et al. (2009) is
written as L ear = Ea-c1ca0T ¥, Where clear-sky emissivity €.ceqr is expressed as g4.cear = P1(e/T)" following
Brutsaert (1975) who suggested P1 = 1.24 and P2 = 7 based on water-vapor pressure e (hpa) and air temper-
ature T (K). Molg et al. (2009) optimized P1 and P2 and found optimal values of P1 = 1.24 and P2 = 6 on the
glacier surface they studied. The cloud-induced S| and L| are shown in Figure 7.

Clear difference existed between the modeled/measured S| (Figure 7a) and L|(Figure 7b). Both differences
were smallest in the pre-monsoon time but became largest in the active monsoon period, which obviously
indicated the cloud's effect of decreasing S| but increasing L|. In P1, clouds caused nearly equal effect on
S| and L|, inducing an S| decrease of 78 W m~2 and an L| increase of 80 W m ™2 Comparatively, clouds
increased L| more than they decreased S| in P2. A decrease of 13 W m~2in S| and an increase of 87 m™
in L] were found. The largest changes in S| and L| were caused by the highest cloud cover in P3, with a
decrease of 83 Wm™?in S| and an increase of 143 W m™? in L, respectively. On average, clouds decreased
S| by 36 W m ™ and increased L| by 109 W m~? throughout the whole observational period. The variation
amplitudes of S| and L| in the three periods all surpassed that of L1 (<23 W m™, mentioned above) and
the maximum St change (the maximum S| in P1 multiplied by albedo variation, that is, 403 W m™ x (0.76-
0.70) = 24 W m™?), which were induced by variations in surface temperature and albedo, respectively.
Therefore, clouds are the dominant variable affecting the radiation budget. They control the surface energy
balance by increasing L] more than they decrease S|]. In comparison, the effect of the albedo on the radi-
ation change is not as influential as that of clouds since the variation in albedo was small (less than 0.1) at
such a high altitude. Nevertheless, the role of albedo cannot be ignored. For example, if the albedo in P3
did not increase and remained at the same value of 0.70 in P1, ST in P3 would be (322 X 0.70) 225 W m ™2,
which is 15 W m ™2 lower than the measured ST of 240 W m™2, which would further enlarge S and thus R.

LIU ET AL.

15 of 24



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD033998

600 Table 4 also shows that the temperature and specific humidity differences
[ s | decrease by cloud modeled S | between atmosphere and surface in P3 were much smaller than those in
\ P1 and P2. This is also very likely associated with the presence of more
500 - clouds in P3. Owing to the insulating effect of clouds, clouds always tend
“,Tg to reduce surface cooling and near-surface gradients. Moreover, the mon-
= soon clouds in P3 were more closely associated with the more frequent
g 400 4 precipitation in the monsoonal period, which will increase the moisture
i content in the air and thus decrease moisture gradients between atmos-
E phere and the saturated glacier surface.
S The energy change of glacier AQ in the monsoon active period of P3 was
measured S 4 approximately 11 W m ™ larger than that in P2 and 24 W m ™2 higher than
that in P1. The largest H values appeared in P1, which is the result of
200 the rare combination of windy and clear-sky conditions during P1. The
P differences in LE between the three observational phases (e.g., 19 W m ™
) between P1 and P2 and 15 W m > between P2 and P3) were more evident
[ Inerease by clodd than those in H (e.g., 17 W m > between P1 and P2 and 8 W m™ be-
tween P2 and P3) and those in R (13 W m ™ between P1 and P2 and 4 W
o~ 200 measured L | m~?in P2 and P3). Therefore, the variability in LE provided an important
£ cause of variations in AQ and surface melting, despite its relatively small
%’ absolute contribution. In this study, glacier melting was suppressed by
-% <005 the upward LE because of energy consumed by sublimation and evap-
° oration, while on some maritime glaciers such as Parlung No.4 glacier
o in summertime, a downward directed LE causes condensation, thereby
100 W releasing energy and enhancing surface melting. Sublimation plays a cru-
[ cial role in the mass- and energy-balance of TP glaciers. It is generally
modeled L 4 ) regarded as a favorable factor for the existence of high-altitude glaciers
0 : : : : (b : as it limits the energy supply for melting (Wagnon, Ribstein, Francou, &
4/30 6/9 619 6/29 7/9 719 Pouyaud, 1999). As the latent heat of sublimation (2.834 x 10° J Kg™") is
Date nearly 10 times the latent heat of fusion (3.34 x 10° J kg™"), the energy
consumed by sublimation is nearly 10 times larger than that used for an
Figure 7. Comparison of S| and L| in clear-sky and all-sky conditions. equal amount of melting. Therefore, sublimation can significantly de-
crease the energy supply for glacier melting. The averages of the relative
contribution of LE to surface melting in P1, P2, and P3 was —124%, —17%,
and —4%, respectively. High wind speeds and dry atmospheric conditions in P1 produced more turbulent
latent heat, favoring sublimation but suppressing glacier melting.
The daily cycles of the meteorological variables as well as the daily evolution of the S, L, H, LE, and AQ are
shown in Figure 8. Overall, all of the meteorological variables together with the SEB components followed
nearly similar diurnal variation patterns in the three observational phases despite distinctive differences in
their magnitudes. The wind speed u, air temperatures T, surface temperature T, and specific humidity q
and g, all increased from the morning (about 10:00), peaked in the early afternoon (around 15:00) and then
gradually decreased till the next morning. The magnitude of diurnal variation u decreased with the obser-
vation phases, ranging from 3.4 ms™'in P1 to 2.7 m s~ and 2.0 m s™" in P2 and P3, respectively. The diurnal
cycles of T and T showed that at night, the difference between them was large, and there was a temperature
inversion, while in daytime, the difference decreased, and the temperature inversion disappeared, especially
from approximately 12:00 to 18:00. Moreover, the duration time of temperature inversion decreased with
the advancement of the monsoon, from 18.2 h in P1 to 16 h in P3. Glacier melting mainly occurred in P3,
particularly at noon, as T; reached 0 °C more frequently than in P1 and P2. Contrary to the diurnal variation
in temperature difference between T and T, the moisture difference between air and surface was small at
night but large during the daytime.
S showed pronounced diurnal cycles in P1, P2, and P3. It started to increase in morning, peaked at noon
and then decreased to null at night, with diurnal variation magnitudes in the three phases of 386, 410, and
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Table 4
Averages of the Meteorological Elements and Energy Components During Three Different Periods (P1, P2, and P3) With
the Advancement of the South Asian Monsoon

Elements P1 (1 May-28 May) P2 (29 May-16 June) P3 (17 June-22July) Whole period
T (°C) —11.6 —6.6 —3.7 -7.0
AT (°C)* 4.2 3.5 1.9 3.1
RH (%) 44 60 71 60
Aq(gkg™)° -14 —-1.4 —0.6 -1.0
Wind speed (m s™)° 7.2 3.4 2.3 4.2
Down-glacier wind frequency” 17 27 36 27
Up-glacier wind frequency® 51 23 16 29
Cloud coverage 0.12 0.17 0.38 0.25
Surface albedo 0.70 0.67 0.76 0.72
S} (Wm™) 403 395 322 366
ST (Wm™) —281 —264 —240 —259
Ll (Wm™) 160 186 257 208
LT (Wm™) —251 —274 —292 —274
S(Wm™) 122 131 82 107
L(Wm™) —91 —88 —-35 —66
R(Wm™) 30 43 47 40
H(Wm™) 28 11 3 13
LE(Wm™>) —41 -22 =7 -22
G(Wm™) 0 0 -0 0
AQ,, (Wm™) 0 24 34 20
AQ; (Wm™) 19 8 7 11

*Temperature difference (T—T;). *Specific humidity difference (q—qy). “Wind speed at 2.5 m. “The accumulative
wind frequency (%) when 90° < wind direction < 180°. “The accumulative wind frequency (%) when 270° < wind
direction < 360°.

277 W m™2, respectively. However, compared to S, L varied with a smaller diurnal variation magnitude
(42-61 W m™>). It remained nearly constant during the night but produced a lower value in the daytime.
From 09:00 to 12:00, L decreased but increased afterward until 18:00. This was mainly caused by the higher
L1 in the daytime resulting from the increased T;. The turbulent heat fluxes, H and LE, had identical varia-
tion trends for all the three periods. The magnitude of H was larger than that of LE at nighttime but lower in
the daytime, resulting in downward LE + H at night but upward in the daytime. At night, the colder surface
cooled the air, and the atmospheric stratification was stable. H represents an energy sources because of the
temperature gradient between air and surface and was >0. Throughout the daytime, however, the glacier
surface was rapidly warmed by S|, decreasing the temperature difference between air and surface and final-
ly leading to a higher surface temperature than the air temperature, which resulted in H < 0, and its direc-
tion shift from facing downward to upward. Daytime LE was persistently larger than that at night because of
the higher moisture differences in the daytime than at night. During P1 and P2, LE < 0 and glacier surface
sublimated over the entire day. In P3, however, the direction of LE in nighttime was downward, indicating
the occurrence of desublimation at nighttime. H and LE were largest in P1, which can be explained by the
large wind speeds and the clear-sky conditions.

The diurnal variation in R is the result of changes in S and L. In P1, R in daytime was larger than that in P3,
but smaller overnight. This indicated that the glacier surface was warmed in the daytime but cooled during
the night with a stronger intensity in P1 than in P3. This was more closely related to the lower cloudiness
seen in P1 than that in P3 (see the discussion above). The energy change within the volume AQ, that is,
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Figure 8. The average daily cycle of meteorological and SEB variables during P1(gray lines), P2 (red lines), and P3 (blue lines). Dotted lines are the surface

characteristics of surface temperature (T) and surface specific humidity (gs). Thick lines are wind speed (u), air temperature (T), air specific humidity (q), net
longwave radiation (L), sensible heat (H) and net all-wave radiation (R). Thin lines represent the net shortwave radiation (S), latent heat (LE), and the energy
change within the glacier volume (AQ). SEB, surface energy balance.

AQq + AQ,,;, followed the cycle of R. The negative AQ in night indicated the energy release from the glacier,
and the temperature of the glacier volume was lower than that in the daytime, whereas the positive AQ in
the daytime was first used to warm the glacier volume and then melt the glacier when the glacier surface

was warmed enough to raise the surface temperature to 0 °C.

7.2. SEB Comparison to Other Glaciers on TP

SEB studies have also been conducted on many other glaciers on TP. Therefore, we collect SEB data previ-
ously reported on the TP to find possible differences between them. Because there is widespread concern
about relationship between glacier melting and climate, only the SEB components in the ablation zone over
ablation season (May-October) were chosen (Table 5), which was guaranteed by only choosing the studies
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Table 5
The Surface Energy Components (W m™” [%]) Reported on Different Types of Glaciers on Tibetan Plateau During Ablation Season
Lat. Long. Elevation
Glacier type® Glacier name °N °E (mas.l) ELA Period R H LE G AQ Source
Highly Chongeeice 352 81.01 5,850 5,930° Jul-Aug 1987 36 (67) 17(33) —39(74) - —14(26) Takahashi
continental cap et al. (1989)
Qiangtang 33.3 88.7 5,882 5,900¢ Jun-Sep 27 (75) 9(25) —18(51) 0(1) —17 (49) S. Li
No. 1 2012-2016 et al. (2018)
Subcontinental Zhadang 304  90.6 5,655 5,810¢ May-Sep 2011 39 (83) 8(17) —11(23) —-11(23) —25(53) Zhu
et al. (2015)
Laohugou 39.48 96.35 4,550 4,830° Jun-Sep 2011 81(93) 6.5(7) —12.8 0 —-74.7 Sun
No.12 15) (85) et al. (2014)
Qiyi 39.5 977 4,473 4,773"  Jul-Oct 2007 63(82) 14(18) —6(8) —16(20) —56(72) Jiang
et al. (2010)
Keqgicar Baxi  41.8  80.5 4200  4,631° Jun-Sep2005 63(82) 14(19) —23(30) = —54(70) I Li
et al. (2007)
Xixiabangma 28.5 85.7 5,700 5,900" Aug 23-Sep 28 (86) 5(14) -19(57) - —14 (43) Aizen
29,1991 et al. (2002)
Maritime ParlungNo.4 29.2 96.8 4,800 5397' May-Sep 2009 149 (84) 28 (16) -1(1) -1() -175 W. Yang, Guo,
(99) etal. (2011)
ParlungNo.4 292 96.8 5202 5397° May-Sep2011 84(88) 12(13) —11(12) —12(13) —73(76) Zhu

et al. (2015)

“Classified according to Shi (2002). °Ageta and Higuchi (1984). °S. L et al. (2018). “Yu et al. (2013). °Kang and Ding (1981). ‘N. Wang et al. (2010). &Y. Zhang
et al. (2006). "Aizen et al. (2002). 'Yao et al. (2010).

conducted at altitudes lower than the ELA. It must be noted that the conclusion drawn here may be altered
by different methods for turbulent heat flux calculations and different measurement accuracies of the mete-
orological sensors, as well as different meteorological conditions (such as clouds) in different observational
years. This comparison aims to give a possible schematic description of the glacier SEB characteristics spa-
tially throughout the whole TP.

From the perspective of the energy input, R constitutes the largest energy source and supplies most of the
energy input on all studied Tibetan glaciers, followed by H. On most subcontinental and maritime gla-
ciers, net radiation provides 75%-80% of the energy. Comparatively, on the highly continental glaciers, the
percentage contribution of R appears to decline (around 70%). For this experiment conducted on the East
Rongbuk glacier, although it is located in the accumulation zone, the contribution of R reached 75%, and
a moderate level among the glaciers is examined here. As R and H consist of the only two energy sources
on the majority of Tibetan glaciers, compared to R, the percentage proportions of H were low on most
maritime/subcontinental glaciers, ranging from 7% to 19%. However, on the highly continental glaciers, the
contributions of H appeared larger (>20%). Therefore, on the TP, as glaciers become more continental, the
percentage contribution of R (H) became lower (higher). This can be explained by the different latitudes
that determine solar angle and sunshine duration. Compared to the maritime/subcontinental glaciers, the
highly continental glaciers on TP are generally located at higher latitudes, receive less solar radiations and
thus have smaller R values in comparison to maritime/subcontinental glaciers.

From the perspective of energy sinks, on most of the subcontinental and maritime glaciers, energy fluxes
were primarily consumed by surface melting, with its percentage contribution mostly ranging from 50%
to 70%; contributions of LE were generally small, mostly ranging from 10% to 30% (except for 57% on the
Xixiabangma). Comparatively, on the highly continental glaciers, the energy sink was dominated by surface
sublimation and evaporation and contributed >50% of the energy sink total. On the TP, as most of the mois-
ture is transported from the southeast by the SASM intruding (Feng & Zhou, 2012), there is a clear south-
east-northwest precipitation gradient, which ranges from over 6,000 mm yr™" in the southeast Himalayan
foothills to less than 50 mm yr~* in the inland Tarim basin on the northwest TP (Maussion et al., 2014). The
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above pattern in the energy sinks of the Tibetan glaciers agrees with Rupper and Roe (2008), who point-
ed out that ablation at the equilibrium line altitude was dominated by sublimation (LE associated) under
low-precipitation conditions but was controlled by melting in the case of high precipitation and appeared to
agree well with the findings of Fujita and Nuimura (2011), who stated that there was an accelerated mass
loss (dominated by melting and runoff) in humid climate regimes but a reduced mass-loss rate in arid cli-
matic conditions (probably because most energy was consumed by sublimation rather than melting). The
two highly continental glaciers included in our comparison were both located in the arid inland TP, where
the local circulations seemed to control the local cold-dry meteorological conditions, especially the moisture
regime (M0olg et al., 2012). Therefore they are assumed to be less sensitive to the SASM (Tian et al., 2001)
and thus likely experience lower precipitation amounts during the onset of the intensified SASM (June-
September) in comparison to the maritime/subcontinental glaciers located in the periphery of TP.

Overall, the above analysis shows that there appeared to be a clear difference in energy supply/consumption
between the subcontinental/maritime and highly continental glaciers. This implies that there was a spatial
variability in glacial sensitivity to climate change on different glaciers. The SASM exerts effects on SEB
not only directly by modulating the moisture conditions, but also indirectly by altering the energy supply
through the cloud cover. Nevertheless, the available energy experiments listed in Table 5 are assumed to rep-
resent the mean SEB statuses and not the interannual variation in climatic conditions. Therefore, spatially
quantitative determination of the relationship between melting energy and climatic conditions requires
future work, including synchronous collection of measurement using the same experimental procedures
on different types of glaciers.

8. Conclusions

We calculated the SEB of the East Rongbuk glacier located in the northern slope of Mt. Qomolangma using
the in situ meteorological data at 6,523 m a.s.l. obtained from May 1 to July 22, 2005. In the summertime, S
and H represented energy sources, with average values of 103 and 12 W m™?, respectively. G was an energy
source, but its value was not significantly different from zero (0.1 W m™>), and therefore, it was considered
negligible. S was the dominant energy source with an average contribution of 89%, while H provided only
near 11%. L and LE represented heat sinks, with their respective averages being —62 and —20 W m™>. A
close phenomenological link exists between glacio-meteorological conditions and the SASM. Cloud was the
primary variable affecting the SEB. During the monsoon time, the increased cloud covers increased L] more
than it decreased S|, which eventually led to increase in R. Meanwhile, wind speeds decreased significantly,
resulting in remarked decreases in both H and LE. Seasonal changes in melting energy were mainly driven
by LE. During the nonmonsoonal period, the melting energy was small, mainly due to the large energy
losses in longwave radiation and sublimation. Finally, a preliminary analysis of the spatial characteristics
of glacier energy fluxes on the whole TP described possible energy balance patterns between maritime/sub-
continental and highly continental glaciers. Net radiation provides the largest energy source and supplies
most of the energy input for Tibetan glaciers, followed by the sensible heat flux H. There is a shift of energy
sinks from sublimation and evaporation on the highly continental glaciers to melting on the maritime/
subcontinental glaciers. On the highly continental glaciers, the energy sink was dominated by sublimation
and evaporation, while on the maritime/subcontinental glaciers, the energy sink was dominant by glacier
melting. This reveals a spatial variability in glacial sensitivity to different climatic conditions on the TP.

This study provides a new understanding of the interaction between ice/snow and atmosphere on mon-
soon-influenced Himalayan glacier. More long-term SEB researches on different types of glaciers on the TP
under various climate backgrounds, as well as their relationship with large-scale atmospheric circulations,
are needed to further improve the modeling of glacier response to climate change.
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