(1) Link snow cover (2D) — snow amount (3D): MODIS  images allow extracting detailed
information on snow-covered area. This information is however purely two dimensional,
i.e. a MODIS pixel provides exactly the same inform  ation if the snow

thickness is 0.1 m or 2 m. In terms of water resour  ces this is a huge difference! As

much of the motivation of this paper is related to water resource management and
hydrological forecasts, this is a crucial issue. Th roughout the paper it is implicitly assumed
that a high percentage of snow coverage corresponds to a high snow volume.

This link is however not given a priori: For exampl e, enhanced precipitation combined
with higher air temperature might lead to an overal | smaller snow coverage (due to melt

at lower elevations), but larger snow volumes duet o thicker snow at high elevations.
Especially in winter (high snow coverage), the info rmation content of MODIS images

in terms of the snow amount is very limited. The au  thors should try to establish a link
between the percentage of snow-covered areas and th e snow amount if they want to
relate their study to water resources management an  d discharge. The respective interpretations
in the paper (see also detailed comments below) sho  uld be re-considered
correspondingly.

We agree with the referee that the MODIS sensor provides only 2D information on snow extent. We also
agree that though changes in snow cover (as depicted from snow depletion curves), somehow, provide
information on various aspects of snowpack changes and thermal regime, however, these changes only
provide an indirect measure of snow water resources (Brown 2000; Brown et al., 2003). In order to obtain
water resources information from snow cover changes, these changes have successfully been
statistically-correlated with the observed discharges (Gupta et al., 1982; Yang et al., 2003; Zhou et al.,
2005; Forsythe et al., 2012) and/or have been used as input to the hydrological models for assessing
snow melt processes/responses (Blo'schl et al., 1991; Grayson et al. 2002; Parajka et al. 2007,
Immerzeel et al., 2009; Tahir et al., 2011, Hakeem et al., 2014) and its forecast (Rodell and Houser,
2004; Andreadis and Lettenmaier, 2006), for parts of the study area and elsewhere. We will cite these
studies and will discuss more in detail about such relationship in our revised manuscript.

On the other hand, the snowpack variables like snow depth and snow water equivalent (SWE), based on
passive microwave sensors’ estimates, feature a resolution of about 25km (Brown et al., 2003; Zhou et
al., 2005) that is not suitable at all for the relief of the considered study area. The best possibility is the
few field measurements obtained in the study region (e.g. Winiger et al., 2005). We will incorporate the
information on related snow pack variables available from the literature, and elsewhere and will discuss
them in detail in the revised manuscript. We will explicitly clarify that the high snow cover percentage
does not necessarily corresponds to the high snow volumes, in the revised version of our manuscript.

(2) Snow cover — runoff: There is a lack in clarity regarding the authors’ interpretations
regarding the link of snow cover trends and stream- flow runoff. A trend in snowlines
towards lower elevations is related to decreasing r unoff volumes. The reasons for this
should be discussed at a process-based level. Andd o decreasing SLAs really mean a
decrease in water resources as implied by the autho  rs? In fact, lower snowlines indicate
positive glacier mass balances and thus enhanced wa  ter storage at high elevation

which might represent an important future supply to water resources in a warming climate.

A descending tendency of end-of-the-summer snow line as a result of cooling summer effect (Page
13148, Line 2-4; Page 13150, Line 1-4) features a little less glacier/ice/snow surface area exposed to
melting at higher elevations, relative to the normal conditions (Page 13162, Line 1-5 and Figure 8). This
indicates two fold positive change in water resources of the area; the glaciers lose mass relatively less,
the glacier/ice mass increases because of the remaining accumulated snow. In addition to that, the
decreasing summer stream flows as observed (Khattak et al., 2011) and as noted from local perceptions
(Gioli et al., 2013) within the region, corresponds well with a relatively less melting during the summer.
We agree with the referee that the described situation indicates a positive change in the overall frozen
water resources at higher elevations. We will clearly explain this in our revised manuscript.

As melt water largely contributes to the overall freshwater availability in Pakistan (Immerzeel et al., 2010;
Hasson et al., 2014), less summer melt results in decreased melt water availability, indicating an alarming



situation for the water resources management in the country. As the region yet not completely follows the
climate change signal as observed globally or as projected by the present day climate models (increase
in temperature), the findings based on modelling studies that initially the stream flow will increase due to
increased melt and then it will abruptly decrease when glaciers will disappear (Rees and Collins, 2006)
are quite misleading at present. We agree with the referee that an increased water storage at higher
elevation will provide an increased melt water in a future warmer climate, possibly when the summer
cooling phenomena will come to an end and the region will start following the warming signal, which is not
yet the dominant case here in the study area.

We will clearly describe in more detail such link between changes in snow cover and corresponding
changes in the stream flow and water resources of the study area under the prevailing thermal regime in
the revised manuscript.

(3) Validation of snow cover products: | did not co mpletely understand how the snow cover products
were validated. What is the independent reference f  or judging the performance and the validity of
MODIS snow cover and the applied cloud filtering me  thodology. A better explanation would be helpful.

Following studies (Minora et al., 2013; Hakeem et al., 2014), we had not validated the used snow cover
products in the present study. The existing validation work done over the part of the study area (Hunza
Basin in Karakoram by Tahir et al., 2011; Astore Basin in western Himalayas by Forsythe et al., 2012)
and its neighboring region (Hindu kush Range by Gafurov and B ardossy, 2009 and western Himalayas
by Jain et al., 2008 and Chelamallu et al., 2013) suggest the use of MODIS snow products effective for
mapping of snow cover under Himalayan conditions. Summarizing various studies, Parajka and Bl “oschl,
(2012) report an overall accuracy of the MODIS snow products between 85% and 99%, under clear sky
conditions. However, we agree with the referee and we will randomly validate the used MODIS snow
products against the Landsat images, in view of the existing validation work done by Tahir et al., (2011)
using ASTER images and Forsythe et al., (2012) using station observations. We will discuss the results of
our validation in the revised manuscript.

For the validation of our applied cloud filtering technique, kindly see our response to comment # 2 of
Referee # 3.

(4) Relation to glacier mass balance: End-of-summer snowlines are related to glacier
outlines. If the authors intend to link observed sn owlines with glaciers (which is important
and interesting), a more detailed analysis and disc  ussion is required. Instead of

the median glacier elevation, the percentage of the glaciers covered with snow at the

end of the melting season should be evaluated, corr  esponding to the so-called Accumulation
Area Ration (AAR). For glaciers in High Mountain As  ia often having particular

hypsometries and considerable debris-coverage, the median elevation might be a bad
indicator for the elevation of the equilibrium line

We agree with the referee in general that the AAR is a good indicator of changes in the equilibrium line
altitude. However, Dyurgerov et al., (2009), by analyzing data from 86 glaciers, report that majority of the
glaciers show a good linear/non-linear relationship between AAR and mass balance. However, in several
cases they did not find a statistically significant relationship between AAR and glacier mass balance,
relating it to the complicated basin topography and the resulting complex glacier shapes. They also state
that in case of a shorter time series, such relationship may not be reliable (e.g. Dunagiri and Changme-
Khangpu glaciers in the Himalaya). In view of such limitations of AAR for high relief areas (Himalayas)
and the short-length of data considered in the present study, we prefer our presented analysis. We will
report in the revised manuscript that the AAR relationship is one of the alternate, and that, value of the
balanced-budget AAR might fall below 0.5 due to avalanche-accumulation or topographic ‘concentration’
of precipitation, in such extremely high relief study areas (Kulkarni,1992; Braithwaite and Raper, 2009).
We will put more emphasis on the limitations and the uncertainties of our technique and will discuss it in
detail in the revised manuscript.

(5) Correlations to NAO: The correlation of snow co  ver to NAO is speculative and needs
to be improved. Why did the authors choose to use t he NAO (and only the NAO!) for



their analysis? The causal link between air pressur e differences in the North Atlantic

and the Indus Basin should be described in detail. Otherwise anything (!) could be
correlated to the snow cover products. It is also u nclear how the authors chose the
different periods with varying lengths to perform t he correlation analysis. Have there
been any systematic statistical evaluations which m onths should be correlated with

which ones, or is this based on physical relations in the climate system? More justification
on the choices has to be provided and the lack inc  orrelation for some basins

needs to be better discussed. My major points (1) a  nd (2) are most critical in this respect
as the NAO is intended to be used to forecast runof  f (i.e. snow melt QUANTITY),
although winter snow percentage contains almost no information on snow depth.

A large portion of the Indus River flows comes from the snow and glacier melt from the Hindu kush-
Karakoram-Himalaya (HKH) ranges, present in the northern part of the Indus Basin (Immerzeel et al.,
2010). The northern Indus Basin mainly receives moisture under westerly disturbances, particularly
during the winter season and mostly in solid form (Page 13147, Line 8-10), which together with the
concurrent temperature regime, provides the melt-runoff during summer season (Hasson et al., 2014).
Since the NAO controls the strength and position of the westerly jet, it is natural to correlate the snow
cover with it. There is a sound meteo-climatic reason to such causal relationship between the Indus basin
snow cover and NAO index. The correlation analysis is based on the corresponding time periods (2001-
2012) of two variables. The reason to correlate winter season snow cover with a different set of seasonal
NAO index is to explore a significant correlation between the two, identifying a reasonable lead time for
the winter snow cover forecast. We will extend our aforementioned explanation, describing it in detail in
the revised version of the manuscript.

(6) Figures: | had troubles to judge the Figures of the paper. In my printed version ALL axis labels
consisted of symbols | was not able to read (probab ly Hindi. . .).

Labels of all axis will be improved to be readable.

Detailed comments:
(7) page 13154, line 22: How was the size of the fi ler determined? Was there some kind of optimization
performed?

The size of the filter has been determined in order to rely on reasonable number of neighboring pixels for
deciding whether the considered cloudy pixel will be replaced with snow or land class or will it remain
unchanged. Here we intentionally avoid the greedy approach of taking decision based only on immediate
neighbors. Secondly, Gurung et al. (2011) have also found the size of a 7x7 spatial window optimal for
spatial filtering in order to remove/reduce cloud cover from the MODIS snow products.

(8) page 13156, line 22: “results have been improve  d significantly”. This needs to be reformulated: fi rst,
“significantly” means that a statistical test has b een applied indicating the enhanced performance. Bu t
against what has the quality of the snow cover prod uct been evaluated? | agree that the filtered snow-
cover product looks better. But without validation against independent data statements about the

quality need to be put into

Perspective.

We will replace ‘significantly’ with ‘considerably’. For the validation of our cloud filtering technique against
the independent data, other referees had similar comments. We have performed the validation of our
cloud filtering procedure in the present study. The methodology is explained at Page 13155, Line 16-24,
whereas results are summarized at Page 13156, Line 23-26 and Page 13157 Line 1-5; Table 1 and
Figure 4. Additionally, the studies from which the applied technique has been adapted, also found it
remarkably efficient in cloud reduction/removal from the MODIS snow products with few season-
dependent tradeoffs, resulting snow maps in good agreement with the ground snow observations
(Parajka and Blo"schl, 2008; Gafurov and B’ardossy, 2009; Wang et al., 2009; L opez-Burgos et al.,
2013; Husler et al., 2014). We will clearly describe our applied validation procedure in detail and we will
extend such validation to few more dates within the validation period of year 2004. We will also cite the
aforementioned studies in our revised manuscript.



(9) page 13158, line 8: The presence of glaciers do es not have any impact on snow
cover variability. It is rather the particular topo graphical characteristics of ice-covered
(high-elevation) basins that reduce the variability

We agree with the referee that these basins feature low snow cover variability due to their topographic
features and thermal regime corresponding to higher latitudinal extent and higher altitudinal surface
areas, resulting in permanent snow and ice cover. We will clarify this statement in our revised manuscript.

(10) page 13159, line 13: “systematic underestimati  on”. Why underestimation? . . ..

Such underestimation is mainly due to an inability of the MODIS sensor for detecting glacier/ice under
debris cover, which is proportionate to the surface area of the debris covered part of the glaciers, lying
within the basin. For example, the Hunza sub-basin, with a substantial glacier area under debris cover,
feature larger underestimation of its total glacier area against the estimated minimum snow cover extent
(page 13165, line 2-5). We will more clearly describe this in our revised manuscript.

(11) page 13160, line 1: positive / negative trends  — provide a clarification for the reader
what positive / negative trends imply (less / more snow-covered area; rising / decreasing
snow lines altitudes). A figure showing these main results would be helpful.

A positive trend implies tendency for an increase in the snow cover area percentage while a negative
trend means the opposite. We will clarify these terms for the reader in the revised version. We will add the
figure showing snow cover area trends for each of the study basin.

(12) page 13161, line 1-13: More details are needed here. Average correlation coefficients should be

also stated in the text. Reasons for choosing the ¢ onsidered periods should be provided. Furthermore,
according to Fig. 8 there is very small year-to-yea r variability in snow line elevation for most basin s. It
is difficult to understand.

The correlation between NAO Index and the snow cover is based on the corresponding time periods (2001-
2012). The reason to choose particular season is that the westerly disturbances mainly drop moisture over the
region during winter season (Page 13147, Line 8-10). Therefore, the correlation analysis was performed
between winter season snow cover and NAO-Index of different seasons (comprised of 3-4 months between
September and December), first in order to explore a significant correlation coefficient, and second, to identify a
possible lead time for the winter snow cover forecast. We will explain it in more detail in the revised version. We
will also state the correlation coefficients in the text of the revised version.

The large variation in the snow line elevation is expected for the monsoon-influenced snow-fed basins, which
are mainly lower latitudinal/altitudinal basins, extending into hotter climate. Such variable response is further
susceptible to the erratic behavior of the monsoon as well as to the amount of its moisture deposited in a solid
form. The small variations however correspond to cold climate conditions at higher elevations. We will mention
this in our revised manuscript.

(13) page 13162, line 14: See substantive comment a bove. A snowline below the median glacier

elevation does not directly indicate positive glaci er mass balance. This might be a good occasion for

citing Gardelle et al (2012, 2013).

We will add here ‘such proxy finding, indicating a positive mass balance of existing glaciers, is further
confirmed by Gardelle et al (2013), showing a possible slightly positive mass balance of the Karakoram
glaciers for the last decade.’

(14) page 13162, line 17: “mass release of accumula ted snow” — what does this mean?

We will replace it with the text ‘at steeper slopes, where accumulated snow cannot stay longer'.



(15) page 13165, line 1-13: here in particular (and  elsewhere): At several instances the authors uset  he
terms “underestimation” which is unclear and wrong here. Why underestimation? This does imply that
a bias is present. But relative to what?

The underestimation means that the estimated minimum snow cover extent from the MODIS snow
product is less than the actual glacier area within the basin mapped in the considered inventory, which we
expect to be the similar provided no debris covered glaciers were present. This underestimation is,
therefore, not due to a bias but due to the inability of the MODIS sensor in detecting the debris covered
part of the glaciers, which are quite common in the study area. We will now extend our explanation from
Page 13165, line 2-5 for further clarification.

(16) page 13167, line 5-12: This paragraph is poorl y connected to the rest of the paper
and its statement are not very clear. It could be 0 mitted.

We agree with the referee and we will remove this paragraph in the revised version of our manuscript.

(17) page 13167, line 15: “increased water storage  capacity is needed”. | think this statement
is not correct. If snow line altitudes are decreasi ng this actually indicates that
water storage in the Karakoram is increasing!

This is indeed. However, in a broader perspective of the freshwater water availability in Pakistan such
statement is true. It is well known that a substantial amount of surface water, available through the Indus
River System (IRS) in Pakistan, comes from the South Asian summer monsoon (July-September). The
erratic behavior of monsoon often leads to too-little or too-much water situation in Pakistan. During wet
years, an excess amount of water can be stored during monsoon season and carried over to the next
snowmelt season in order to compensate the observed reducing melt-water availability from the
Karakoram. However, the present water storage capacity in Pakistan is limited in such regards. In this
context, we suggest that an increased water storage capacity may be needed in order to not only
compensate the reducing melt-water availability but also to somehow regulate the large snow cover
variability as well as the erratic behavior of Monsoon. We will clearly explain this at Page 13167, Line 13-
onward, in the revised version of the manuscript.

(18) Table 2: referenced much too early - before Ta ble 1 and before introducing the variables
and results that are shown. What is the unit of the trend slope?

We will reference Table 1 and 2 in a sequence. The trend slopes for snow cover area are in percentage.
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