Dear editor and reviewers,
Thanks for your comments concerning our manuscript. Based on the suggestions
and comments of the reviewers, the paper has been made major revision
carefully. We hope it will be able to meet with your approval.

Best wishes!
Yours sincerely,

Puyu Wang

Response to review 1:

Review for the paper of Puyu Wang et al titled “Characteristics of an
avalanche-feeding and partially debris-covered glacier and its response to atmospheric
warming in Mt. Tomor, Tian Shan, China”.

This paper presents observation results of a glacier partially covered by debris in the
central Tian Shan. The observations include the glacier changes in terminus, area,
thickness, mass balance, debris-cover, ice velocity and temperature. Although some
observations are short, it is very value of understanding this type glacier response to
climate change. After describing all field works and characteristics of this glacier, the
paper gives a comprehensive analysis and discussion on glacier change process and its
influence factors such as climate, debris cover and geomorphology. Generally it is a
thorough work and both data and results are suitable and worthwhile for publication.
Therefore, | support publication of this paper in TC after some revisions.

To my understanding, the following comments need consideration of the authors for
revision.

REPLY: Thanks for the comments of the reviewer. We have made major

revision of the manuscript and will response point by point as following.

1. English language throughout the paper must be improved. The language is a
common problem to Chinese people and to me also. So | strongly suggest the

authors give attention more on this.



REPLY: Thanks for this comment. Yes, we know our English language is a
problem. Therefore, the revised version has been polished by an English expert

in order to improve the English language. See the revised manuscript.

2. Debris cover is a very important factor influencing the glacier melting. It is
mentioned in the paper that with the melting enhancing, the proportion of the
debris-covered area and thickness increased as well as inhibition of debris cover to
melting. Because the authors have large scale maps surveyed in 1964 and 2008, it
is possible to check if the debris cover expanded from comparison of these maps.
If it is true, the conclusion becomes more believable.

REPLY: Very good suggestion! We have tried but unfortunately the 1964

topographic map does not show the debris cover extent. Then, we made the

comparison between remote sensing images in the recent periods, and it was

found that the change of debris coverage cannot be seen very clearly.

3. According to higher surface velocity compared to other glaciers in Tian Shan and
to that the temperature at 10m depth is quite near the melting point, the authors
say that the glacier is analogous to a temperate or a monsoon maritime glacier. |
think it should be cautious since this region is in far inland under the continental
climate. For a temperate glacier, ice velocity is almost attributed to the basal
sliding. In this paper, proportion of siding velocity has no given. Perhaps the basal
sliding exists but not everywhere in the ablation area.

REPLY': Thanks for this comment. Another reviewer has a similar comment. We

agree with your comment. In the revised manuscript, the part has been deleted.

Moreover, the part of discussion has been rewritten as following.

5. Discussion

5.1 Glacier change

Table 4 compares the terminus and area variation between this glacier and other



glaciers in the Mt. Tomor region. We can see that Qingbingtan Glacier No. 72 has the
highest shrinkage rate although its area is the smallest. The major potential reason for
this is that the other glaciers are covered by debris completely in their lower parts and
thus have smaller terminus recessions. Among those glaciers, the Koxkar Glacier was
observed relatively well. The Koxkar glacial terminus was basically stable before
1989, and then started to retreat. Since 2003, the recession was alleviated due to the
enhanced inhibition of ablation by the debris-covered expansion (Xie et al., 2007 and
personal communication with Haidong Han).

The glacier mass balance over the past decades could be evaluated via the variation
in glacier volume change, i.e. geodetic mass balance (Zemp et al., 2010). According
to the variation of glacier thickness mentioned above, the volume reduction caused by
tongue area thinning (only the measured area of 1.47 km?) between 1964 and 2008
was (14.1 + 8.8) x 10°km®, i.e. a water equivalent of (12.7 + 7.9) x 10° km?® if
assuring ice density of 900 kg m™. Thus, the average annual mass loss was (288.6 +

179.5) x 10°m®.

Table 4 Comparison of the terminus and area variations between the

Qingbingtan Glacier No. 72 and other glaciers in the Mt. Tomor region.
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5.2. Glacier response to climate change

It is well known that climate is the essential factor determining glacier variation. The

combination of temperature and precipitation is most important for the glacier mass

balance, which will consequently cause dimensional changes of a glacier. Many

studies have investigated the relative importance of temperature and precipitation for

glacier mass balance and they have demonstrated that the mass balance is more

sensitive to temperature than to precipitation, although the quantitative relation



depends on regional climate and topographic conditions (Oerlemans and Reichert,
2000; Bolch et al., 2012; Carturan et al., 2012; Yu et al., 2013; Baral et al., 2014).
Some studies on glaciers in the Tian Shan also proved the dominant role of
temperature for changes in mass balance (Duethmann et al., 2015). As shown in Fig.
11, the records of both stations revealed that the temperature in the region has tended
to increase during the last several decades. The Aksu Meteorological Station has also
recorded an obvious increasing trend for precipitation, while the increasing trend was
weak at the Xiehela Hydrological Station. However, the inter-annual variability was
larger at Xiehela Hydrological Station than that at the Aksu Meteorological Station.
Although precipitation is generally much different between high mountains and low
elevations, the overall long-term trend should be similar. In view of the significant
recession of this and other glaciers in the Tomor region during the last decades (Xie et
al., 2007; Wang et al., 2013), one can conclude that temperature increase played a
decisive function, and precipitation increase was insufficient to offset the effects of
increasing temperatures. According to regional meteorological estimates (Qin, 2012),
the temperature in the Tian Shan is expected to continue increasing in the next decade
or more. It is not certain if precipitation will continue to increase, despite of the large
inter-annual variability. At least, possibility of continuous large increase in
precipitation is less. Hence, considering the influence of climate change, the glacier
will keep a tendency of net mass loss during the next decade, and the corresponding
glacier terminus recession is expected to last much longer. Based on the simplest
model of glacier response to the mass balance disturbance caused by climate change
(Paterson, 1994), this type of small size valley glacier would be expected to
experience a delay of several years and a response time of several decades. For this

glacier, if taking the average thickness of 70 m in the ablation area, the ablation rate



of 5~7 m a*! at the terminus, the estimated response time is about 15 to 21 years.
Since ablation rate may decrease with expending debris-covered area and ice
thickness would be larger in the upper part of this glacier, the response time should be

longer than 20 year.
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Figure 11. The temperature and precipitation variations recorded at Xiehela

Hydrological Station and Aksu Meteorological Station since 1960.

5.3. Influences of topographic factors and debris cover

Qingbingtan Glacier No. 72 has an irregular accumulation area and extremely steep
slopes occur in the northern part in a wide range from ~4300 m up to about ~6000 m
at the peak and snow/ice avalanches happen frequently. Since the snow fall at high
elevations could be rapidly transferred to the lower elevations, the size of the

accumulation area was generally stable. This can be partially evidenced by that the

Precipitation (mm)



aerial photos used for mapping in 1964 and the recent remote images show the
snowline has been at around 4300 m a.s.l..

Many studies have revealed that thicker supraglacial debris covers act as a
protecting carapace, which insulates the underlying ice and significantly reduces
ablation (Han et al., 2010; Bolch et al., 2012; Pieczonka et al., 2013, 2015; Pellicciotti
et al., 2015; Pratap et al., 2015; Juen et al, 2014). For the Qingbingtan Glacier 72, as
mentioned in the result part (Fig. 8), the debris alleviation of ice melting is enhancing
with increasing thickness of debris cover after exceeding the critical thickness of 4 cm,
In Figure 12 a scatter diagram shows the relationship between logl0 mean daily
ablation and debris cover thickness. We can see that when the debris cover thickness

exceeds 0.5 m, the ice melting beneath became very weak.
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Figure 12. Scatter diagram relating log10 mean daily ablation and debris cover



thickness

The ablation area seems a regular rectangle on the plane and the debris-covered
belts on both edges were generally thicker than the critical value required for the
inhibition of ablation. Therefore, in the background of atmospheric warming, the bare
ice area Is expected to experience enhanced ablation and continuously thinning, and
the debris coverage and thickness will increase further. Because the bare ice area is
narrow at the elevation ~4000 m, the debris-covered belts may be merged firstly at
this elevation and then in the downstream area. If so, the glacier terminus retreat

would be relatively stable.

4. The ice thickness data is very good because GPR measurement sections covered
the ablation area very well. However, the presented transverse section (Fig.3c) is
not clear to show the valley shape. If the basal sliding is strong, the glacier valley
should be U shape and can be seen clearly from the sounding profiles. So |
suggest the authors give more clear thickness profiles.

REPLY:: Thanks for comments. We have checked all profile images but have not

selected the better one.

5. As mentioned in the section 3.1, snow pits at 4400 and 4600 were observed
despite of the fragile surface and frequent snow/ice avalanches. But the result of
these snow-pits was not presented. Since no any other data has been obtained in
the accumulation area, this snow-pit observation is very important for estimates of
the accumulation rate.

REPLY: Thanks for this very good comment. In the revised version, the

snow-pit result has been added. The revised part is as following.



4.3. Mass balance

4.3.1. Ablation characteristics

Despite the small scale of Qingbingtan Glacier No. 72, its complex morphology in
upper part makes it difficult to conduct mass balance observation. Table 3 lists the
annual net ablation at each stake position from observations of August 2008 to August
2009. The lowest row of stakes (~3760 m) showed an annual net ablation of
6000—7000 mm, and the highest row demonstrated 1100 mm of annual ablation.
Taking the average value of stakes in every row as the net ablation of the
corresponding elevation, the net annual ablations at different elevations are shown in
Fig. 5. It can be seen that the relationship between net annual ablation and elevation
seems to be linear when elevation is below ~3820 m and above ~4020 m and is
irregular between ~3820 m and ~4020 m. From the topographic map (Fig. 1b) and
on-site observations (Fig. 1c and Fig. 6), the surface is relatively flat and the mount
shelter influence is weak below ~3820 m so that the ablation was extremely strong
near the terminus and decreased linearly with increasing elevation. Between ~3820
and ~4020 m, the glacier surface was uneven and so the ablation was complex.
Between ~3820 — ~3850 m, the surface is very rugged with undulations as high as
1020 m, and there were surface streams as well as scattered debris composed of
black and brown rock, which contributed to the tendency of increasing ablation with
rising elevation. Between ~3850 — ~3930 m, the surface became smooth again,
showing similar ablation conditions as observed at the glacial terminus. Between
~3930 — ~4020 m, because of shielding and shades of high mountains on both sides,
only a small area received direct sunlight. Meanwhile, the glacier surface undulations
reached more than 20 m and surface lakes formed. The ablation amount increased

slightly with increasing elevation. Above the elevation of ~4020 m, the glacier surface



became smooth and even, and the ablation was weak and decreased with increasing
elevation. In addition, high amounts of precipitation fell in the area above ~3950 m

during the field observations, mainly in the form of sleet.

Table 3. Observed net annual ablations of 2008—2009 at each stake position on

the Qingbingtan Glacier No.72.

Mass balance  Altitude Mass balance  Altitude
Stake Number Stake Number
(mmw.e.) (m) (mmw.e.) (m)
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Figure 5. Variation of the annual net ablation along with elevation of Qingbingtan

Glacier No. 72.

Figure 6. Photos showing the surface features of Qingbingtan Glacier No. 72.

4.3.2. Equilibrium-line altitude (ELA)

Since no measurement data above 4020 m a.s.l., it is difficult to determine the ELA. If
simply extrapolating the linear decrease rate of annual ablation between 4020 and
4130 m a.s.l. to higher elevations, the ELA could be roughly estimated to be at ~4250
m. However, the satellite images showed that the snowline is ~4400 m in the
sun-facing eastern and middle ice feeding areas and ~4200 m in the western mountain
shade area. Because ELA is usually a little lower than the snowline, we assume ELA
to be about 4300 m on average.

4.3.3. Precipitation and accumulation

The manual meteorological observation at an elevation of 3950 m was only conducted

from 30 July to 28 August, 2008 during the field expedition and the observed



precipitation is 91 mm. No precipitation data from automatic weather stations can be
available yet. The observation data from the Koxkar Glacier shows that the average
annual precipitation is about 700 mm in the ablation area with elevations of 3009 m to
4300 m (Han et al, 2010). To some extent this can be regarded as a reference
precipitation value in this region. The complex terrain of the accumulation zone
makes the net accumulation hard to estimate, even though observation of a snow pit
had been conducted in the eastern firn basin at 4482 m. According to the snow
stratigraphic observation down to 225 cm depth, two annual layers were identified

and their mass values estimated at 621 mm and 673 mm respectively.

Other minor points:
1. Please check references cited correctly.
REPLY': Thanks for this comment. We have checked the references and added

some new references. The references in the revised manuscript are as following.
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2. In Fig.1a, a thick black line in the upper seems to be the country boundary. And
there are two black patches, seemingly lakes. They should be marked clearly.

REPLY': Thanks for this comment. The Fig. 1 has been revised according to this

comment.
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Figure 1. (a) The geographic location of Qingbingtan Glacier No. 72 in Mt. Tomor,
Tian Shan, China; (b) Topographic map of Qingbingtan Glacier No. 72 and the

surveyed area. Red points are ablation stakes and red star indicates the snow pit.



Triangles are benchmarks for the GPS ground survey that are the national
trigonometric reference points. Blue cylinders represent three ice temperature
boreholes (T1 and T2: bare ice at 3950 m and 4200 m, respectively; T3: debris
covered at 3950 m); (c) A satellite image of Qingbingtan Glacier No. 72 (data source:

Google Earth).

3. Since most valley glaciers in the Tomor region have debris cover on their surface
to different extents and the debris-covered area accounts for a half of the ablation
area, to say “debris-covered” may be better in my opinion.

REPLY:: Thanks for this comment. Since some people think that “debris-covered

glacier” should be fully covered by debris across, we are not sure if could delete

“partially” from the partially debris-covered”.

4. In the paper, “debris cover”, “debris-cover”, *“debris covered area” and
“debris-covered area” occurred at different places. Please check these.
REPLY:: Thanks for this comment. We have checked these words throughout the

revised manuscript.



