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Dear Dr. Radić, 
 

Please find our responses to the comments (bold) of three reviewers below, along 
with the relevant amendments to the manuscript (italics). 

Please note that in the revised version of the manuscript we have corrected an 
important issue with the glacier albedo scheme, wherein the surface albedo was being 
reset to the value of fresh snow after only very small amounts of precipitation. 
Specifically, when we updated the coupled model to WRF v. 3.6.1 and the land-surface 
parameterization to the Noah-MP scheme, we inadvertently retained the criteria of the 
Noah scheme for resetting the surface albedo to the value of fresh snow, which is a frozen 
fraction of precipitation of 50%.  

Since submitting the manuscript, we applied the model in a study of the Nepalese 
Himalayas, where in situ measurements revealed that a threshold based on the depth of 
solid precipitation, of ~1 cm, greatly improves the simulation of glacier surface albedo. 
This threshold is in agreement with both the default option in the Noah-MP LSM and in 
the latest version of the CMB model. Therefore, we adopted a 1-cm threshold and 
repeated the DEB and CLN simulations with an otherwise identical model configuration. 

In Fig. R1, we compare altitudinal profiles of the basin-mean snow albedo in July 
and August 2004 from the MODIS Aqua/Terra (MOD10A1/MYD10A1; 500-m 
resolution) datasets with (i) the CLN simulation we showed in the discussion paper 
(“old”) and (ii) the CLN simulation we have incorporated into the revised manuscript 
(“new”). The old simulations have a high glacier surface albedo (> 0.7) down to ~ 4000 m, 
which explains a significant part of the cold bias we struggled with in the discussion paper. 
Conversely, the new simulations provide a basin-mean profile that is in much closer 
agreement with MODIS. 

 
Figure R1: Elevational profiles of snow albedo in MODIS MOD10A1/MYD10A1 (black marker), 
the CLN simulation in the discussion paper, and the CLN simulation in the revised manuscript, 
averaged over glacierised grid cells in WRF D3 and the months of July and August. Valid MODIS 
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data with the highest quality flag were used and WRF-CMB data were taken from the 
corresponding grid cells and time periods for comparison.  
 

The alteration does not change any of the conclusions of the paper; however, it reduces 
some issues and inconsistencies that were present in the discussion paper, including: 

• the maximum number of snow-free debris-covered grid cells exposed over the 
simulation has increased from ~ 60% in the discussion paper to more than 90% in 
the revised manuscript, which is more plausible. 

• simulated ablation in the debris-free study of Collier et al. (2013) and the CLN 
simulation in this study are now in much closer agreement. 

With the improved simulation of glacier surface albedo, more than 35% percent of debris-
covered pixels are exposed between 1 July and 15 September 2004, giving a reduction in 
mass loss below the zero-balance altitude of 18% (compared with 10% in the discussion 
paper). Finally, considering the whole simulation period, the reduction in basin-mean 
ablation by 1 October 2004 in DEB compared with CLN is 14% (compared with 7% 
previously). 
 
We also removed Table 5 and simply stated the air-temperature lapse rates in the results 
paragraph for Fig. 10. 
 
Thank you for your consideration of our revised manuscript for publication in The 
Cryosphere. 
 
Best regards, 
Dr. Emily Collier & co-authors 
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Reviewer 1 
General  
Given the resulting large uncertainty in debris thickness, the present study must be 
regarded as a first order estimate of the impact of debris cover on glacier SMB.  
We revised the beginning of the first concluding paragraph to read, 
“In this study, surficial debris was introduced to the coupled atmosphere-glacier 
modelling system, WRF-CMB. The model provides a unique tool for investigating the 
influence of debris cover on both Karakoram glaciers and atmosphere-glacier 
interactions in an explicitly resolved framework. The first-order impact of debris was 
estimated, with thickness determined using a fixed gradient of 0.75 cm km-1 with distance 
down-glacier in debris-covered areas, focusing on the period of 1 July to 15 September 
2004 when more than 35% of debris-covered pixels were exposed.“ 
 
Major comments  
Only a single summer season is simulated (2004). Show some time series from a 
lower-resolution atmosphere product that support the assertion that this is a 
representative summer.  
We may not have made this clear in the discussion paper, but we did not mean to imply 
that 2004 is a representative summer. This year was selected due to the availability of 
stake measurements on the Baltoro glacier, which are described in Mihalcea et al., [2006], 
as well as an ASTER-derived debris thickness field [Mihalcea et al., 2008] that we used to 
evaluate our choice of the debris-thickness gradient.  

In the conclusions, we now more emphatically emphasize that our results reflect only this 
particular ablation season: “The alterations to the glacier energy and mass fluxes and to 
atmosphere-glacier interactions presented in this study are based on the ablation season 
of 2004 only and are sensitive to the debris thickness field, with small adjustments to the 
thickness gradient resulting in significant changes in basin-mean glacier CMB.” 

To address your comment, we checked monthly mean June-July-August-September 
(JJAS) 2-m air temperature and total precipitation fields over the Karakoram (~34—38N, 
73—78E) in ERA Interim (Fig. R2). The resolution (~ 80 km grid spacing) and snow 
initialization over glacierised grid cells makes these data potentially unreliable in the 
Karakoram. However, as quick estimate they indicate that summer temperatures were 
close to the average in 2004 while precipitation was below average, which is consistent 
with almost all of the debris grid cells being exposed in the revised simulations.  

We added to the final paragraph in Sect. 2.1 about the reanalysis forcing data: “We note 
that analysis of summer (June-July-August-September) mean fields over the Karakoram in 
ERA-Interim indicate that near-surface air temperatures were close to the 1979--2014 
mean in 2004, while precipitation was significantly below average.” 
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Figure R2: Summer (JJAS) mean fields of (a) 2-m air temperature [oC] and (b) 
precipitation [mm day-1] taken from the synoptic monthly mean fields in ERA Interim at 
the 3-hour step. The data were area averaged over ~34—38N and 73—78E. The blue 
dashed line indicates the mean value between 1979 and 2014, while the green solid line 
indicates the year of our simulation, 2004. 
 
Page 2266: Explain why both a minimum wind speed and a maximum flux reduction 
must be introduced to get good results; this fix is rather blunt and I would expect one 
correction should suffice. And why is using different stability correction not an 
option, for instance Holtslag and De Bruin (1998)?  
We introduced the minimum wind speed in part to be consistent with the approach in the 
Noah-MP LSM in neighboring non-glacierised grid cells and in part to further reduce 
decoupling of the surface via zero turbulent fluxes. With the model output we have saved, 
it’s only possible to evaluate the impact of using of both limits for hourly mean (not time 
step) fields. In Fig. R3, we make this evaluation for the period of 1—10 April 2004. 
During this period, it’s clear that the minimum wind speed correction has only a very 
small impact on the wind speed and turbulent fluxes, with mean differences (no minimum 
minus 1 m/s minimum) in windspeed, QS and QL of -0.02 m s-1, -0.15 Wm-2 and 0.0 W 
m-2, although the distribution of QS is slightly more positive with the limit.  
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We revised the end of the third paragraph of Sect. 2.2 to read, “Congruent with previous 
modelling studies of glacier surface energy fluxes, we therefore limit the maximum 
amount of damping in stable conditions at 30% (Martin and Lejeune 1998; Giesen et al. 
2009). In addition, we adopt a minimum wind speed of 1 m s-1, to be consistent with 
neighboring non-glacierised grid cells simulated by the Noah-MP LSM (Niu et al. 2011). 
However, test simulations in early April indicate that the second correction has a minimal 
impact on the wind speeds and turbulent fluxes in glacier grid cells and, thus, may be 
unnecessary.” 
 
Thank you for your suggestion of a different stability correction. We now conclude that 
the albedo issue was the main driver of our cold bias, however we plan to test alternative 
formulations for stability corrections in an upcoming study using eddy-covariance 
measurements on a glacier. 
 

 
Figure R3: Histogram of hourly mean (a) wind speeds [m s-1] and the turbulent fluxes of 
(a) sensible (QS) and (c) latent (QL) heat [W m-2] between 1—10 April 2004, comparing a 
DEB simulation with no windspeed correction (black curve) and one with a minimum 
wind speed of 1 m s-1 (grey curve). 
 
Minor comments  
p. 2261, l. 5: suggest: "...a fraction that is approximately twice as large..."  
We revised. 
 
p. 2261, l. 12: the -> this  
We revised. 
 
p. 2263, l. 2: magnitudes? Please specify the level of agreement.  
In Fig. 4a of Collier et al., [2013], we show that both the stakes and model indicate a mass 
loss of ~O(10 cm) occurred over the observational period (~ 1—15 July 2004), with the 
exact level of agreement variying between sites. We think the statement that WRF-CMB 
“was capable of reproducing the magnitudes of the few available observations of glacier 
CMB in this region” reflects this result. 
 
p. 2264, l. 9: suggest: "... were rasterized on a grid with a resolution that was 50-
times higher than the original grid spacing of the domain."  

no corr
1 m/s
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We revised. 
 
p. 2264, l. 28: refreeze -> refreezing 
We revised. 
 
p. 2265, l. 27: cold/warm temperatures -> low/high temperatures (please correct 
through MS) 
We revised. 
 
p. 2269, l. 11: LST has not yet been defined? p. 2270, l. 21: MB -> CMB  
We added the definition of the acronym to the first sentence of Sect. 3.1., and corrected 
the second acronym. 
 
p. 2271, l. 4: the ELA is defined over the mass balance year, so a ’focus on the 
ablation season’ is no valid argument. The fact that you present a summer SMB 
profile then means that it is not allowed to call the SMB=0 elevation the ELA. Please 
adjust.  
We replaced all references to the ELA in our simulations with the term “zero-balance 
altitude.” The relevant paragraph was amended to, 
“The basin-mean vertical balance profile indicates that between 1 July and 15 September 
2004, the zero-balance altitude is located at ~ 5700 m a.s.l. (Fig. 5). For comparison, 
annual ELAs in the Karakoram are estimated to range from 4200 to 4800 m (Young and 
Hewitt, 1993). We note that the absence of avalanche accumulation in our simulations 
may contribute to an overestimate of the zero-balance altitude, as this process is 
regionally important and produces ELAs that are often located hundreds of meters below 
the climatic snowline (e.g., Benn and Lehmkuhl, 2000; Hewitt 2005, 2011).” 
 
p. 2273, l. 5: "...in upwards of 800 additional melt hours in DEB compared with 
CLN." DO you mean melting at the debris-ice interface, or are you comparing 
surface temperatures here? In that case, the name ’melt hours’ is somewhat strange, 
as the debris surface is warming up rather than melting.  
We were comparing surface temperatures. To clarify this section, we removed all 
references to “melt hours” from Sect. 3.3 and the caption of Figure 9. Instead, we repeated 
“hours with surface temperatures above 273.15 K” in the relevant paragraph.  
 
p. 2273, l. 27 and further: over a melting ice surface, a convective mixed layer will 
not develop, rather a shallow, stable (glacier wind) layer. Please reformulate to 
reflect this.  
Thank you for bringing this point to our attention. We improved Figure 11 (included as 
Fig. R4 below) and revised the paragraph about this figure to, 
“Figure 11 illustrates alterations to the diurnal cycles of the turbulent flux of sensible 
heat (QS), the planetary boundary layer (PBL) depth, and the along-glacier component of 
the near-surface winds over exposed debris pixels in DEB and their equivalents in CLN. 
Solar heating of the debris surface drives a strongly negative daytime QS in DEB 
(Fig.11a), which reduces the stability of the glacier surface layer and enhances turbulent 
mixing. Peak negative QS values in DEB exceed -200 W m-2, consistent with eddy-
covariance measurements of this flux over supraglacial debris (Collier et al. 2014). In 
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comparison, QS in CLN is approximately one order of magnitude smaller and positive. As 
a result of energy transfer by QS, a deep convective mixed layer develops in DEB, with the 
mean PBL height reaching nearly 1.5 km in the afternoon compared with only a couple 
hundred meters in CLN (Fig. 11b). Finally, near-surface along-glacier winds in DEB are 
primarily anabatic during the day (directed up-glacier, which is defined as positive) and 
katabatic during the evening and early morning (down-glacier and negative; Fig. 11c), 
compared with sustained katabatic flows (glacier winds) in CLN, resulting from cooling of 
the air near the ice surface, which is constrained at the melting point (e.g. van den Broeke 
1997). The absence of daytime katabatic flows over debris-covered areas is consistent 
with the findings of Brock et al. (2010).” 

 
Figure R4: A comparison of the simulated diurnal cycle of (a) the turbulent flux of 
sensible heat, QS [W m-2]; (b) the planetary boundary layer (PBL) height [km]; and (c) the 
along-glacier wind speed [from the lowest model level; m s-1], which is positive for up-
glacier flow. The data are averaged over exposed debris in DEB (black curve) and the 
corresponding grid cells in CLN (grey curve). 
  
Table 3: Unit for surface roughness length should be m, not m-1. Figure 2 caption: 
multipled -> multiplied  
We revised. 
 

k



	
   8 

Reviewer 2 
Specific comments 
1) 2263 L24-26 Please provide the reason more specifically. Why significantly sloped 
levels make problem? Is it possible to show the reference (e.g. developers forum)?  
Horizontal diffusion in WRF, when used, can be computed along model levels (namelist 
option diff_opt=1) or in physical space (diff_opt=2). When the first option is used and the 
coordinate surfaces are steeply sloped, as they are in complex terrain, then the computed 
horizontal diffusion (1) includes an implicit vertical component and (2) can result in 
along-slope transport and thus reduced uplift, condensation and surface precipitation. 
When the second option is employed, diffusion acts along horizontal gradients computed 
in physical space using a vertical correction term.  
 
Unfortunately, there is no clear reference for our choice. We read about this option in 
some WRF-physics tutorials: 
http://cires.colorado.edu/files/8214/3292/4862/at730-2006-schumacher.pdf 
http://www2.mmm.ucar.edu/wrf/users/tutorial/201201/Physics_Dudhia.ppt.pdf 
(last retrieved 16.07.2015). 
 
As such, we removed the emphasis from the manuscript about this option being 
recommended by the WRF developers for complex terrain. However, we can demonstrate 
an improvement in simulated precipitation when diffusion is computed in physical space 
(diff_opt = 2) through two case studies: 
 
1) Figure R2b shows accumulated precipitation during a four-day period (1 July to 5 July 
2012) in the monsoon season in the Langtang catchment of the Nepalese Himalayas for 
two simulations with 1-km grid spacing, one using diff_opt =1 and one using diff_opt = 2. 
These simulations are described in a paper under revision at JGR Atmospheres and the 
observational data are described in Immerzeel et al., [2014]. Diffusion computed in 
physical space provides a clear improvement in the simulated magnitude and along-valley 
distribution of precipitation (cf. map of station locations in Fig. R2a). 
 
2) In Collier et al., [2013], we compared our simulations with meteorological data from 
the Urdukas AWS on the Baltoro glacier (specifically, in Fig. 3 of that paper). In Fig. R3, 
we repeat the evaluation and compare our earlier work with this study. We see that while 
the magnitude of daily total precipitation in early August is now slightly over-estimated, 
there is a clear improvement in the number of events captured by the model. However, we 
note that differences are also attributable to the different land surface models (the AWS is 
located next to the glacier, in a non-glacierised pixel) and to the use of slightly finer grid 
spacing (2.2-km grid spacing in D3 in Collier et al., [2013] compared with 2 km in this 
study).  

Thus, we changed the relevant statement about this option to, “Horizontal diffusion was 
also changed to be computed in physical space rather than along model levels, whereby 
diffusion acts on horizontal gradients computed using a vertical correction term rather 
than on the gradients on coordinate surfaces. We adopt this approach because it may be 
more accurate in complex terrain where the vertical levels are significantly sloped and 
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because it provided a clear improvement in simulated precipitation in recent applications 
of WRF-CMB.”  

 
Figure R2: (a) Topographic height shaded in [km] in a 1-km grid spacing WRF domain 
centered over the Langtang catchment, whose extent is delineated by the black contour. 
The locations of seven observational sites used for evaluation are indicated in red. (b) 
Accumulated precipitation [mm w.e.] during the monsoon season between 1—5 July 2012 
at each location site (black circle marker) and for the WRF simulations with diff_opt = 1 
(grey circles) and with diff_opt = 2 (blue squares). 
 

 
Figure R3: Daily total precipitation [mm w.e.] at the Urdukas weather station (grey bars) 
between 25 June and 1 September 2004, compared with (a) a previous case study in 
Karakoram of debris-free glaciers (Collier et al., [2013]; see this reference for details 
about the station) and (b) this study (black bars). 
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2) Figure 2: Is X axis title in Fig. 2c correct? Is it debris thickness values? You 
explain the color in Fig. 2b and 2d are the distance down-glacier over debris-covered 
areas. Why all of debris-covered glaciers, where located outside of red line, are 
orange color (8-10 km in color scale) ? You did not mentioned constant distance of 10 
km but mentioned constant thickness 10 cm. Please clarify.  
We corrected the x-axis label of Fig. 2c to read “debris thickness [cm],” since the box plot 
shows debris thickness values obtained by assuming a gradient of 0.75 cm km-1. We also 
changed Fig. 2d to shade debris-covered pixels where no centerlines were available as a 
missing value rather than a particular distance down-glacier. 
 
3) Figure 5: Grey-square markers is a little confusing because the shape is same with 
1-5 cm debris thickness of DEB. I recommend to change the shape to other shape. 
For example solid grey circle, which is slightly larger than solid black circle, might 
be better.  
We changed the markers for CLN in Fig. 5 to slightly larger filled-grey circles and added 
the CLN marker to the legend.  
 
4) Figures 8&9: I suggest to overlay boundary line of the region where centerline 
information available from Rankl et al. (2014). I would be helpful to judge effect of 
constant debris thickness assumption.  
We contoured the boundary in Figs. 8 and 9. 
 
Additional references 

Immerzeel, W. W., L. Petersen, S. Ragettli, and F. Pellicciotti (2014), The importance of 
observed gradients of air temperature and precipitation for modeling runoff from a 
glacierized watershed in the Nepalese Himalayas, Water Resour. Res., 50(3), 2212–
2226. 
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Reviewer 3 
Specific comments  
Section 2.3.  
The parameterisation as debris thickness, d, as a function of length with a gradient of 
0.75 cm km-1 generates ‘thick’ debris, but only on extremely long glaciers, e.g. the 
maximum thickness on a 20 km glacier would be just 15 cm. I think this value is 
unrealistically low as there is evidence from Himalaya, e.g. Rounce and McKinney, 
2014; TC 8, 1317-1329, and elsewhere, e.g. Mihalcea et al., 2008, Cold Regions 
Science and Technology, 52, 341-354 of 30 cm + thickness debris being extensive on 
much shorter glaciers. Hence, the debris thickness gradient is probably steeper on 
shorter glaciers leading to an underestimate of d on many glaciers in the study. 
However, the authors are probably correct that most of the ‘energy balance impact’ 
of debris occurs in the first 20 cm or so in addition to acknowledging this likely 
underestimation, this point is really a consideration for future work.  
We created a new paragraph in the discussion section to address this point and other 
potential issues with our approach:  

“The alterations to the glacier energy and mass fluxes and to atmosphere-glacier 
interactions presented in this study are based on the ablation season of 2004 only and are 
sensitive to the debris thickness field, with small adjustments to the thickness gradient 
resulting in large changes in basin-mean glacier CMB. The gradient was consistent with 
ASTER-derived thickness data on the Baltoro glacier (Mihalcea et al. 2008a) except close 
to the terminus. However, our approach results in peak thicknesses of less than ~15 cm on 
glaciers less than 20 km in length, while other studies in the Himalaya and elsewhere have 
reported much higher depths on glaciers of similar lengths (e.g., Mihalcea et al. 2008b; 
Rounce and McKinney 2014). Thus, the impact on glacier ablation that we reported likely 
represents an underestimate, due to non-linear effects near termini and the likely presence 
of steeper thickness gradients on shorter glaciers. Additional sources of uncertainty in our 
results include (i) the temporal discrepancy between our study period and the clean 
snow/ice mask of Kääb et al. (2012) used to delineate debris-covered areas, which was 
generated using Landsat data from the year 2000; and, (ii) our binary assignment of 
surface types as “debris-covered” or “debris-free” using a 40% threshold.” 

Section 3.3  
2273, 4-5, the presence of debris results in >800 additional melt hours compared with 
bare ice. On p 2275 you discuss a very interesting feedback via energy emission to the 
lower layers of the atmosphere from sun-warmed debris resulting in higher air 
temperatures and hence increased melt rates. Is an additional explanation the fact 
that debris surface temperature can exceed 0 deg. C, resulting in conduction of 
energy to the ice, even when air temperature is <0.  
Figure R2 shows the simulated hourly melt rates [cm w.e. hr-1] in DEB at snow-free 
debris-covered grid cells when the near-surface air temperature is below 0°C and the 
debris surface temperature exceeds 0°C. Non-zero melt rates are simulated in 11683 out of 
a total of 17553 total hours at all grid-points that satisfy these conditions. Thus, we agree 
that this additional explanation likely also contributes to sub-debris melt rates. Thank you 
for your suggestion. 
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We amended the relevant sentence in the discussion/conclusion to, “The interactive 
nature of the simulation may permit a positive feedback mechanism, in which higher 
surface temperatures over thicker debris transfer energy to the atmosphere, in turn 
promoting higher air temperatures and further melt. Even when the air temperature is 
below 0°C, energy conduction when the debris surface temperature exceeds this threshold 
likely also contributes to sub-debris ice melt, which is supported by our simulations.” 
 

 
Figure R2: Hourly sub-debris ice ablation rates [cm w.e. hr-1] in DEB at snow-free 
debris-covered grid cells between 1 July and 15 September 2004, compared with (a) 
debris thickness, (b) air temperature in the (from the lowest model level; [°C]); and debris 
surface temperature [°C].  
 
2273, 5-7. Surely, it isn’t only during ‘melt hours’ that DEB Qs flux to the 
atmosphere is greater than CLN as implied here. Debris could still be a lot warmer 
than the air and supply heat to the atmosphere when temperatures are below zero.  
We rephrased the sentence to clarify that the difference in energy transfer by QS that we 
calculated included all time periods, not only hours with surface temperatures above 
273.15: 
“The presence of debris results in up to 700 additional hours with surface temperatures 
above 273.15 K in DEB compared with CLN (Fig.9b), which provide a strong heat flux to 
the atmosphere. Considering all hours between 1 July and 15 September, an extra 
3.5x107W of energy is transferred to the atmosphere in DEB between by the sensible heat 
flux.” 
 
There isn’t much discussion of latent heat flux in Section 3.3. An interesting 
observation in figure 10b is the slightly increased precipitation for the DEB runs at 
highest elevations, particularly >7 km. Why? Is this due to additional moisture input 
from debris, or from enhanced convection?  
We chose not to focus on alterations to the latent heat flux, since the parameterization was 
developed using eddy-covariance measurements on the Miage glacier in the Italian Alps 
(Collier et al. 2014) and has not been evaluated specifically for the Karakoram region. 
Please also see our replies to your comments on Sect. 4 and the discussion section for 
more details. 
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The difference in accumulated precipitation is small, especially in the new simulations 
(Fig. R3, which shows the updated version of Fig. 10 in the revised manuscript). In 
addition, there are only 9 glacierised grid cells above 7 km, which means that the 
difference between DEB and CLN above this elevation is not a robust spatial pattern. We 
think the general pattern (slight decrease in DEB at the lowest elevations and slight 
increase at the highest elevations) is consistent with alterations to orographic precipitation 
by the presence of debris, namely that higher near-surface temperatures and thus lower 
relative humidities over exposed debris contribute to slower cooling and saturation of air 
moving upslope and, as a result, to a slight up-glacier shift in surface precipitation. 
 
We added a final paragraph to Sect. 2.3: “In the following section, we evaluate and 
compare the DEB and CLN simulations, often focusing on altitudinal profiles where 
variables are averaged in 250-m elevational bins. Note that in these profiles there are 
only 3 (9) glacierised grid cells present below 3250 m a.s.l. (above 7000 m), compared 
with at least 17 grid cells and up to 1100 in between these elevations. In addition, when 
computing basin-averaged quantities, we excluded the bordering 10 grid points in WRF 
D3 (5 of which are specified at the boundaries).” 

We changed the relevant sentence in Sect. 3.3 about Fig. 10b to, “Basin-mean 
accumulated precipitation ranges from 50—175 mm w.e. below 5000 m and increases 
approximately linearly with elevation above this level. The area-averaged differences 
between CLN and DEB are very small, with a slight decrease (increase) at the lowest 
(highest) elevations in DEB, consistent with warmer and thus less humid conditions 
contributing to slower cooling and saturation of air moving upslope and a shift of surface 
precipitation up-glacier. 

 

Figure R3 (updated version of Figure 10 from the manuscript): Elevational profiles of 
near-surface (a) air temperature [K] and (b) accumulated precipitation mm and (c) wind 
speed at a height of 10 m, from the DEB (black-circle markers) and CLN (grey-square) 
simulations between 1 July and 15 September 2004. 
 
Section 4  
2274, 23-27. “Accounting for vapour fluxes increases the net loss by 3.7% compared 
with CLN and comprises 8.7% of the total negative mass flux in DEB” How can net 
loss (assuming this means mass loss) be greater than for CLN when earlier in the 

DEB
CLN
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paragraph the opposite conclusion is drawn (i.e. debris cover reduces glacier mass 
loss by 7% over the whole basin and by >2.5 m w.e. at lowest elevations). Is the mass 
loss from ice which melts and subsequently evaporates counted twice?: once in the 
melting of ice and second when it evaporates. This ignores the fact that most 
meltwater from clean ice melt runs off so it isn’t a consistent comparison between 
DEB and CLN. 
We agree that this sentence was confusing. We were referring to the net loss by the vapor 
fluxes. We updated and clarified this sentence to, “In the DEB simulation, the latent heat 
flux over exposed debris was non-negligible and primarily negative; furthermore, it 
contributed to a vapor loss that comprised 5.5% of the total considering all glacierised 
grid cells.” 
 
Ice mass loss is not counted twice in most timesteps, because:  

• the calculation of the vapor fluxes over exposed debris considers water and ice 
stored in the debris but changes in the moisture content are not included in the 
cumulative CMB calculation (since they are approximately zero; see Collier et al. 
2014). 

• vapor fluxes in the debris are not computed unless the overlying snow-cover is 
zero. (thus, snow melt is not counted twice as vapor lost from the debris). 

However, we note that snowmelt may be counted again as a loss by a negative vapor flux 
in the timesteps immediately after the overlying snowcover has been removed before this 
water runs off. We estimate that this double-accounting impacts ~0.1% of all hourly 
periods at all grid points in WRF D3 between 1 May and 1 October 2004.  
 
We removed the comparison with CLN from the aforementioned sentence and will fix this 
calculated in future applications of the model. 
 
Discussion  
The model results are highly dependent upon assumptions of: a) debris thickness and 
other debris thermal properties distributions and b) moisture conditions within 
debris layers and their distribution. In a) a small adjustment to the parameterised 
gradient of debris thickness change along glaciers has a dramatic impact on debris 
mass balance and presumably QS to the atmosphere. In b) the finding that debris 
cover results in a minor increase in QL compared to clean ice could be dependent on 
necessary assumptions about moisture distribution within debris. As the authors 
note in their previous paper (Collier et al., 2014) the simple reservoir 
parameterization applied in the CMB model underestimates the surface-atmosphere 
vapour pressure gradient. In addition to the conclusion regarding the importance of 
determining debris thickness fields in the final paragraph of the paper, the authors 
should also emphasize the need to improve understanding of moisture fluxes between 
debris and the atmosphere.  
We added a paragraph to the discussion/conclusion about the representation of QL and the 
debris moisture content: 
“In surface energy balance studies of supraglacial debris cover, the latent heat flux is 
often neglected where measurements of surface humidity are unavailable, due to the 
complexity of treating the moist physics of debris. In the DEB simulation, the latent heat 
flux over exposed debris was non-negligible and primarily negative; furthermore, it 
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contributed to a vapor loss that comprised 5.5% of the total considering all glacierised 
grid cells. Thus, our study suggests that neglecting QL and surface vapor exchange may 
be inappropriate assumptions, even for basin-scale studies. We further note that the 
simple parameterization developed for QL tended to underestimate the vapor-pressure 
gradient in the surface layer (Collier et al. 2014), suggesting that the importance of QL is 
underestimated in this study. However, the treatments of QL and the debris moisture 
content represent key sources of uncertainty in our simulations, since (i) they were 
developed in a different region and (ii) these fields impact sub-debris ice melt rates 
(Collier et al. 2014) but are not well measured or studied.” 
 
To address your comment, we also: 

• created a paragraph in the discussion focusing on the approach to specifying 
thickness/extent that begins with, “The alterations to the glacier energy and mass 
fluxes and to atmosphere-glacier interactions presented in this study are based on 
the ablation season of 2004 only and are sensitive to the debris thickness field, 
with small adjustments to the thickness gradient resulting in significant changes in 
basin-mean glacier CMB.” (see our reply to your comment on Sect. 2.3). 

• amended the second-last sentence in the conclusions to, “Thus, important future 
steps for glacier CMB studies in the Karakoram include increasing the accuracy 
and spatial detail of the debris thickness field and its physical properties; 
improving our understanding of moisture fluxes between the debris and the 
atmosphere; and accounting for subgrid-scale surface heterogeneity (e.g., by 
introducing a treatment of ice cliffs; Reid et al. 2014).” 

Minor corrections 
2270, 18-20, why are only 55% of debris-covered pixels exposed. I would have 
thought this would be close to 100% during the summer ablation period. Later in the 
same paragraph, a minimum figure of 15% is given for the Karakoram as a whole. 
Again, why so low? The fact that 2004 was probably a particularly snowy year 
becomes apparent later, but it would be helpful to point this out here.  
As we stated earlier, we discovered an issue with the albedo routine in our simulations 
whereby the glacier surface albedo was being reset to the fresh-snow value for only small 
amounts of solid precipitation. After increasing the threshold for resetting the albedo to 1 
cm, upwards of 90% of debris pixels are exposed during this ablation season. For the 
revised results, we focus on the period of 1 July to 15 September 2004, when more than 
35% of debris-covered grid cells are now snow-free. 
 
2275, 1, ‘thicker’ than what?  
We revised to “under thicker debris ~(O(10 cm)).” 
 
Figure 2 (c) does not show debris thickness as stated in the caption, but it could do so 
if the x-axis label was changed from km to cm.  
We corrected the x-axis label of Fig. 2c to read “debris thickness [cm],” since the box plot 
now shows the debris thickness values obtained by assuming a gradient of 0.75 cm km-1.  
 
Table 4 and Figure 6– Subsurface melt is 3 x greater (and half the surface melt 
value) for DEB compared with CLN. Does ‘subsurface’ in this case mean sub-debris? 
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In which case, please use different terms to distinguish subsurface melt in ice due to 
penetrating shortwave and sub-debris (or debris-ice interface) melt. Otherwise, 
explain the physical process leading to so much sub-ice-surface melt beneath a debris 
layer.  
For Table 4, sub-surface melt included both sub-debris ice melt and sub-surface snow and 
ice melt due to, e.g., penetrating shortwave radiation. To clarify, we have now combined 
the melt fields in Table 4 as a “total-column melt” field. 
 
Figure 7 compares sub-debris melt rates in snow-free debris-covered grid cells, 
specifically, with the total-column (surface and englacial) melt rate in the corresponding 
grid cells in CLN. The model does simulate higher melt rates in DEB where the thickness 
is less than ~ 5 cm and suppressed melt rates above this depth, consistent with many 
previous studies of the impacts of debris cover. 
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Abstract

The Karakoram range of the Hindu-Kush-Himalaya is characterized by both extensive glacia-
tion and a widespread prevalence of surficial debris cover on the glaciers. Surface debris
exerts a strong control on glacier surface-energy and mass fluxes and, by modifying surface
boundary conditions, has the potential to alter atmosphere-glacier feedbacks. To date, the5

influence of debris on Karakoram glaciers has only been directly assessed by a small num-
ber of glaciological measurements over short periods. Here, we include supraglacial debris
in a high-resolution, interactively coupled atmosphere-glacier modelling system. To investi-
gate glaciological and meteorological changes that arise due to the presence of debris, we
perform two simulations using the coupled model from 1 May to 1 October 2004: one that10

treats all glacier surfaces as debris-free and one that introduces an
:
a
:
simplified specifica-

tion for mapping
:::
the debris thickness. The basin-averaged impact of debris is a reduction

in ablation of ∼ 7
:::::
∼ 14%, although the difference exceeds 2.5

:
5mw.e. on the lowest-altitude

glacier tongues. The
::::::::
relatively modest reduction in mean

:::::::::::
basin-mean

:
mass loss results in

part from non-negligible sub-debris melt rates under thicker covers and from compensating15

increases in melt under thinner debris, and may help to explain the lack of distinct differ-
ences in recent elevations

::::::::
elevation

:
changes between clean and debris-covered ice. The

presence of debris also strongly alters the surface boundary condition and thus heat ex-
changes with the atmosphere; near-surface meteorological fields at lower elevations and
their vertical gradients; and the atmospheric boundary layer development. These findings20

are relevant for glacio-hydrological studies on debris-covered glaciers and contribute to-
wards an improved understanding of glacier behaviour in the Karakoram.

1 Introduction

The Karakoram region of the greater Himalaya (∼ 74–77◦ E,34–37◦N; Fig. 1) is exten-
sively glaciated

::::::::::
glacierised, with an ice-covered area of ∼ 18000 km2 (Bolch et al., 2012).25

Supraglacial debris is widespread, and covers an estimated ∼ 18–22 % of the glacierized

2
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::::::::::
glacierised

:
area (Scherler et al., 2011; Hewitt, 2011), which

:
a
::::::::
fraction

::::
that is approximately

twice as large as the Himalayan average of ∼ 10% (Bolch et al., 2012). The region has
received a great deal of public and scientific attention in recent years due to evidence of
stable or even slightly positive mass balances in the 2000s (Hewitt, 2005; Scherler et al.,
2011; Gardelle et al., 2012, 2013; Kääb et al., 2012) that are in contrast with predominantly5

negative balances of glaciers in the rest of the Hindu-Kush-Himalaya (HKH; Cogley, 2011)
Knowledge of the hydrological response of Karakoram glaciers to climate change is critical,
since their meltwater contributes to freshwater resources in the

:::
this

:
highly populated region

of South Asia (Kaser et al., 2010; Lutz et al., 2014). However, due to logistical constraints
and political instability, field observations of glaciological and meteorological conditions in10

the Karakoram are sparse in space and time, in particular at high altitudes (Mihalcea et al.,
2006, 2008a; Mayer et al., 2014). Although observational records have been supplemented
in recent decades by remote sensing data (e.g. Gardelle et al., 2012, 2013; Kääb et al.,
2012), large gaps remain in our understanding of the important drivers of glacier change
in this region, including regional atmospheric conditions, local topography and glacier de-15

bris cover, as well as interactions between them. Physically based numerical modelling has
the potential to supplement observations and provide additional insight into contemporary
glacier dynamics as well as to provide a methodology for predictions of future glacier re-
sponse.

The prevalence of debris cover has a strong potential influence on glacier behaviour in20

the Karakoram, as field studies have shown that debris cover can significantly alter the
ice ablation rate compared to that of clean ice (e.g. Østrem, 1959; Fujii, 1977; Inoue and
Yoshida, 1980). Ice melt is enhanced beneath debris cover less than a few centimeters thick,
due to increased absorption of solar radiation, and

:
.
:::::::::::
Conversely,

:
ice ablation decreases

exponentially with increasing thickness
::
as

::::
the

:::::::::::
thicknesses

::::::::::
increases

::::::
above

::::
this

::::::
depth,

:
due25

to insulation of the ice from atmospheric energy sources. Surficial debris also drastically
alters glacier surface conditions, by permitting surface temperature to exceed the melting
point and by modifying the surface roughness and saturation conditions, which impacts the
surface energy fluxes (Inoue and Yoshida, 1980; Takeuchi et al., 2001; Brock et al., 2010)

3
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and the atmospheric boundary layer (Granger et al., 2002). Therefore, there is a strong
potential for debris-covered ice to affect atmosphere-glacier feedbacks in this region.

Two main issues arise in attempting to include the influence of debris cover in simulations
of Karakoram glaciers. First, the debris thickness, extent and thermal properties are largely
unknown and their specification is highly uncertain. Second, the spatial distribution of me-5

teorological forcing data is complicated by highly heterogeneous surface conditions in the
ablation zone (e.g. Nicholson and Benn, 2012) and the complex topography, with current
approaches that use elevation-based extrapolation appearing to be inadequate (Reid et al.,
2012). Here, we investigate the influence of debris cover on Karakoram glacier surface-
energy and mass exchanges and feedbacks with the atmosphere over an ablation season,10

using an interactively coupled atmosphere and glacier climatic mass balance (CMB) model
that includes debris cover. By comparing a debris free simulation to a simulation where we
include debris cover with a simple specification of thickness, we first quantify differences in
the surface energy balance and mass fluxes. We then assess (1) feedbacks between the
atmosphere and glacier surfaces using the coupled model and (2) differences in boundary15

layer developmentand turbulent fluxes.

2 Methods

The modelling tool employed in this study is the interactively coupled , high-resolution ,
regional atmosphere and glacier climatic mass balance model WRF-CMB, which explicitly
resolves the surface-energy and CMB processes of alpine glaciers at the regional scale20

(Collier et al., 2013). The coupled model has been previously applied to the study region
neglecting debris cover and was capable of reproducing the magnitudes of the few available
observations of glacier CMB in this region. The changes introduced to the atmospheric and
glacier CMB

::::::::::::
glacier-CMB model components for this study are described in Sect. 2.1 and

2.2, respectively. Using
:::
We

:::::::::
compare

::::
two WRF-CMB , we performed two simulations for25

the period of 1 April
::::
May to 1 October 2004: the first treated all glacier surfaces as debris-
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free (CLN) and the second introduced an
:
a
:
simplified debris thickness specification (DEB),

which is described in Sect. 2.3.

2.1 Regional atmospheric model

The atmospheric component of WRF-CMB is the Advanced Research version of the Weather
Research and Forecasting (WRF) model version 3.6.1 (Skamarock and Klemp, 2008). In5

this study, WRF was configured with three nested domains, of 30−, 10−, and 2−km res-
olution, which were centered over the Karakoram region (Fig. 1). The domains had 40
vertical levels, with the model top located at 50 hPa.

:::
For

:::::
these

::::::::::::
simulations,

::::::
debris

::::::
cover

::
is

::::::::::
introduced

::
in

::::
the

:::::
2-km

::::::::
domain

:::::
only,

:::::
since

::
it
:::::::::
provides

:::
the

:::::
best

::::::::::::::
representation

:::
of

::::
both

::::
the

::::::::
complex

:::::::::::
topography

::::
and

::::::
glacier

::::::::
extents.

:
10

The model configuration was based on the previous application of WRF-CMB over this
region (Collier et al., 2013, Table 1). However, for this study, the land surface model was
updated to the Noah-MP scheme (Niu et al., 2011), which provides an improved treat-
ment of snow physics in non-glaciated

::::::::::::::
non-glacierised

:
grid cells compared with the Noah

scheme (Chen and Dudhia, 2001) that was previously used, by prognosing the energy15

balance and skin temperature of the vegetation canopy and snowpack separately, intro-
ducing multiple layers in the snowpack, and providing an improved treatment of frozen
soils. Note that the prognosis of surface and subsurface conditions for glaciated

::::::::::
glacierised

grid cells is performed by the CMB model, which is discussed in the next section. The
adaptive time stepping scheme was used, which greatly increased the execution speed20

of the simulations(minimum and maximum timestep values of one- to seven-times the
horizontal grid spacing, respectively, were specified for each domain). Horizontal diffusion
was also changed to be computed in physical space rather than along model levels, since
this option is recommended by WRF developers for applications

:::::::
whereby

:::::::::
diffusion

::::
acts

:::
on

:::::::::
horizontal

:::::::::
gradients

::::::::::
computed

:::::
using

::
a
:::::::
vertical

::::::::::
correction

:::::
term

::::::
rather

:::::
than

::
on

::::
the

:::::::::
gradients25

::
on

:::::::::::
coordinate

:::::::::
surfaces.

:::
We

::::::
adopt

::::
this

:::::::::
approach

:::::::::
because

:
it
:::::
may

:::
be

:::::
more

:::::::::
accurate in com-

plex terrain , where the vertical levels are significantly sloped
::::
and

:::::::::
because

:
it
:::::::::

provided
::
a

:::::
clear

::::::::::::
improvement

::
in

:::::::::
simulated

::::::::::::
precipitation

::
in

:::::::
recent

:::::::::::
applications

::
of

:::::::::::
WRF-CMB. Finally, for

5
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the finest-resolution domain (hereafter WRF D3), slope effects on radiation and topographic
shading were accounted for and a cumulus parameterization was neglected, since at 2-km
resolution, it is assumed to be convection permitting (e.g. ?Weisman et al., 1997)

:::::::::::::::::::::::::
(e.g. Weisman et al., 1997) .

The USGS land cover data used by WRF was updated to incorporate more recent glacier
inventoriesfor the region. Over the Himalayan region, we used the glacier outlines from5

the Randolph Glacier Inventory v. 3.2 (Pfeffer et al., 2014). For the Karakoram itself, we
used the inventory of Rankl et al. (2014), which was obtained by updating the RGI man-
ually on the basis of Landsat scenes. To determine which grid cells in each WRF domain
were glaciated

::::::::::
glacierised, the outlines were rasterized on a high-resolution grid

:::
grid

::::
with

::
a

:::::::::
resolution

:
that was 50-times higher than the original grid spacing of the domain. The frac-10

tional glacier coverage of grid cells in each domain was calculated on this finer grid, and
a threshold of 40 % coverage was used to classify a grid cell as “glacier.” The soil categories
and vegetation parameters were

::::
also

:
updated to be consistent with the glacier outlines.

The atmospheric model was forced at the boundaries of the coarse-resolution domain
with the ERA-Interim reanalysis from the European Centre for Medium-Range Weather15

Forecasts (ECMWF; Dee et al., 2011). The spatial and temporal resolution of the ERA-
Interim data are approximately 80-km (T255 spectral resolution) and 6-hourly, respectively.
Snow depths in ERA Interim

:::::::::::
ERA-Interim

:
over the Karakoram are unrealistic (more than 20m Collier et al., 2013)

::::::::::::::::::::::::::::::::::
(more than 20m; Collier et al., 2013) ,

therefore an alternative initial snow condition was provided by the Global EASE-Grid 8-
day blended SSM/I and MODIS snow cover dataset for snow water equivalent (Brodzik20

et al., 2007), by assuming a snow density of 300 kgm−3 and specifying a depth of 0.5m
for areas with missing data, such as over large glaciers. This assumption affected 0.7 %,
5 % and 40 % of grid points in D1—-D3, respectively.

:::
We

:::::
note

:::::
that

::::::::
analysis

:::
of

::::::::
summer

::::::::::::::::::::::::::::
(June-July-August-September)

::::::
mean

:::::
fields

:::::
over

:::
the

:::::::::::
Karakoram

::
in

:::::::::::
ERA-Interim

::::::::
indicate

::::
that

::::::::::::
near-surface

::
air

:::::::::::::
temperatures

:::::
were

:::::
close

::
to

::::
the

:::::::::::
1979–2014

:::::
mean

::
in

::::::
2004,

:::::
while

::::::::::::
precipitation25

::::
was

:::::::::::
significantly

::::::
below

:::::::::
average.
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2.2 Glacier CMB model with debris treatment

The original basis of the glacier CMB model is the physically
::::::::
process based model of (Mölg

et al., 2008, 2009). The model solves the full energy balance equation to determine the
energy for snow and ice ablation. The computation of the total

:::::::
specific column mass balance

accounts for: surface and sub-surface melt, refreeze
::::::::::
refreezing and changes in liquid water5

storage in the snowpack, surface vapor fluxes, and solid precipitation. The CMB model was
adapted for interactive coupling with WRF by Collier et al. (2013) and modified to include
supraglacial debris by Collier et al. (2014). For the version employed in this study, a time-
varying snowpack is introduced on top of a static debris layer, both of which overly a column
of ice resolved down to a depth of 7.0m. The vertical levels in the subsurface used for these10

simulations are presented in Table 2.
A full description of the debris modifications is given by Collier et al. (2014), however we

provide a brief summary here. The debris layer is resolved into 1
::
1- cm layers and has an

assumed porosity function that decreases linearly with depth. The properties of each layer
in the debris are computed as weighted functions of whole-rock values and the contents of15

the pore space (air, water or ice) using values presented in Table 3. For the whole-rock val-
ues, the albedo was based on 50 spot measurements on a debris-covered glacier in Nepal
(Nicholson and Benn, 2012); the density and thermal conductivity were selected as repre-
sentative values spanning major rock types taken from Daly et al. (1966); Clark (1966), re-
spectively; and, the specific heat capacity was taken from Conway and Rasmussen (2000).20

Moisture in the debris and its phase are modelled using a simple reservoir parameteriza-
tion. When debris is exposed at the surface, the surface vapor pressure is parameterized
as a simple linear function of the debris water and ice content

::::::::
distance

::::::::
between

::::
the

:::::::
surface

:::
and

::::
the

:::::::::
saturated

::::::::
horizon.

Surface temperature is predicted using an iterative approach to determine the value that25

yields zero net flux in the surface energy balance equation. Initial test simulations with
WRF-CMB over the Karakoram gave unrealistically cold

:::
low

:
surface temperatures as a re-

sult of excessive nighttime damping of the turbulent fluxes, in particular the sensible heat

7
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flux (QS) over debris-free glacier surfaces at high elevations. The stability corrections are
based on the bulk Richardson number (specifically, those provided in Braithwaite (1995))
and have been used previously in glacier CMB modelling (e.g. Mölg et al., 2008, 2009;
Reid et al., 2012). In the most stable conditions, the turbulent fluxes are fully damped,
which resulted in decoupling of the surface and the atmosphere and excessive radiative5

cooling. Even in less strongly stable conditions, the damping of modelled turbulent fluxes
has been found to be excessive in comparison

:::::::::
compared

:
with eddy covariance measure-

ments over glaciers (Conway and Cullen , 2013). To prevent decoupling in WRF-CMB, we
introduced a minimum windspeed of 1, consistent

::::::::::
Congruent with previous modelling stud-

ies of glacier surface energy fluxes(Martin and Lejeune, 1998) and with the Noah-MP LSM10

(Niu et al., 2011) . Furthermore, we ,
::::
we

::::::::
therefore

:
limit the maximum amount of damping

::
in

::::::
stable

::::::::::
conditions to 30 % (Martin and Lejeune, 1998; Giesen et al., 2009).

::
In

:::::::::
addition,

:::
we

:::::
adopt

::
a
:::::::::
minimum

:::::
wind

::::::
speed

:::
of

:
1ms−1

:
to

:::
be

::::::::::
consistent

:::::
with

:::::::::::
neighboring

:::::::::::::::
non-glacierised

:::
grid

:::::
cells

::::::::::
simulated

:::
by

:::
the

::::::::::
Noah-MP

:::::
LSM

:::::::::::::::::
(Niu et al., 2011) .

::::::::::
However,

::::
test

:::::::::::
simulations

::
in

:::::
early

::::
April

::::::::
indicate

:::::
that

:::
the

::::::::
second

::::::::::
correction

::::
has

::
a

:::::::
minimal

:::::::
impact

:::
on

:::::
wind

::::::::
speeds

::::
and15

::::::::
turbulent

::::::
fluxes

::
in

:::::::
glacier

::::
grid

:::::
cells

::::
and,

:::::
thus,

:::::
may

:::
be

:::::::::::::
unnecessary.

To prevent errors arising from blended snow and debris layers, such as constraints on
possible temperature solutions or excess melting, an adaptive vertical grid in the snow-
pack was introduced. For snow depths of up to one meter, the nearest integer number of
10

:::
10- cm layers are assigned, while areas of the snowpack that exceed one meter are re-20

solved into the nearest integer number of 50
:::
50- cm layers. Snow depths between 1 and

10 cm are assigned a single computational layer, and depths less than 1 cm are not treated
with a unique layer. Over regions of the snowpack where the layer depths have changed,
normalized linear interpolation is performed to calculate temperature changes. This proce-
dure conserves the bulk heat content of the snowpack, except when the depth crosses the25

minimum threshold of 1 cm. In both simulations, timestep changes in the bulk heat content
of the snowpack in WRF D3 were small (less than 0.01K). The CMB model is not designed
for detailed snowpack studies and therefore only prognoses a bulk snow density. Since the
total snow depth is not modified by the interpolation scheme, snow mass is conserved.

8
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The debris-free version of the CMB model normally has levels located at fixed depths
in the subsurface, with the thermal and physical properties of each layer computed as
a weighted average of the snow and ice content. However, to isolate the influence of debris
on glacier energy and mass fluxes, the CLN simulation also employs the adaptive vertical
grid in the snowpack in this study. A test simulation from 1 April to 15 May 2004 was per-5

formed to compare the two adapative and non-adaptive grid, with reasonable agreement in
simulated snow depth (R2=0.99; mean deviation, MD = −1.9 cm) and snow melt (R2=0.87;
MD = 6.8× 10−4 kgm−2).

2.3 Specification of debris extent and thickness in WRF D3

The RGI and the inventory of Rankl et al. (2014) provide glacier outlines that include debris-10

covered glacier areas when detected, but they do not delineate these areas. To define
debris-covered areas in WRF D3, the clean ice/firn/snow mask of Kääb et al. (2012) was
rasterized on the same high-resolution (40-m) grid used to compute glaciated

::::::::::
glacierised

grid cells (cf. Sect. 2.1) For each WRF pixel
::
in

:::
D3, the percent coverage of debris was

determined and the same threshold of 40 % was used to classify a glacier pixel as debris-15

covered. Figure 2a provides an example of the delineation for the Baltoro glacier 76◦ 26′ E,
35◦ 45′N). We note that any debris-covered glacier areas that are not detected during the
generation of the glacier outlines are missed.

Specifying the debris thickness was more complex, since this field varies strongly over
small spatial scales. For example, Nicholson and Benn (2012) reported very heterogeneous20

debris thickness
:::::::::::
thicknesses

:::
on

::::
the

:::::::::::
Ngozumpa

:::::::
glacier,

:::::::
Nepal,

:
varying between 0.5 and

2.0m over distances of less than 100mon the Ngozumpa glacier, Nepal. Spatial variability
arises from many factors, including hillslope fluxes to the glacier; surface and subsurface
transport; and, the presence of ice cliffs, melt ponds and crevasses (e.g. Brock et al., 2010;
Zhang et al., 2011). The few available field measurements do not support a relationship25

between debris thickness and elevation (e.g. Mihalcea et al., 2006; Reid et al., 2012). How-
ever, measurements on the Tibetan plateau (Zhang et al., 2011), in Nepal (Nicholson and

9
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Benn, 2012), and in the Karakoram (Mihalcea et al., 2008a) indicate that thicker values are
more prevalent near glacier termini while thinner ones are more ubiquitous up-glacier.

In this study, we adopt an
:
a simple linear approach that was informed by this observed re-

lationship to specify debris thickness over the areas identified as debris-covered in WRF D3.
For this method, distance down-glacier was computed starting from the top of the debris-5

covered area of each glacier and moving along its centreline (Fig. 2b,d). Centerline data
were provided by Rankl et al. (2014) for both main glacier trunks and their tributaries. We
then assumed a fixed gradient to distribute debris over areas identified as being debris
covered as a function of distance down glacier, with a single thickness specified in each
2-km grid cell. We tested two gradients, 1.0 and 0.75 cm km−1, which gave thicknesses10

exceeding 40 and 30 cm, respectively, at the termini of the longest glaciers in the Karako-
ram (

:::::::::::
thicknesses

::::::::
derived

:::::
using

::::
the

:::::
0.75 cm km−1

::::::::
gradient

::::
are

::::::::::::
summarized

::
in

:
Fig. 2d

::
c).

Where centerline information was unavailable (a region delineated by the red
::::
i.e.,

:::::::
outside

::
of

:::
the

:::::
black

:
contour in Fig. 2d), a constant thickness of 10 cm was assigned to each debris-

covered pixel. For clarity, these data are not included in Fig. 2c.15

Both gradients are consistent with the ASTER-derived debris-thickness data for the Bal-
toro glacier of Mihalcea et al. (2008a) after averaging onto the WRF D3 grid. However, these
data show a non-linear increase near the terminus, and indicate that the 1 cm km−1 gradi-
ent distributes too much debris in the middle ablation zone, while the 0.75 cm km−1 value
distributes too little near the terminus. Here, we focus our discussion on the 0.75 cm km−120

gradient simulation and suggest that our analysis thus represents a conservative estimate
of the impact of debris. However, since the non-linear increase is located close to the termi-
nus, we assume the lower gradient is most valid at the regional scale. For comparison, the
1 cm km−1 gradient decreases the basin-mean mass loss between 1 July and 1 October by
a further ∼ 7% compared with the lower value.25

This approach underestimates peak thicknesses at the termini of the Baltoro, which ex-
ceed 1m (e.g. Mihalcea et al., 2008a). However, it is well established that ablation de-
creases exponentially with debris thicknesses above a few centimeters (e.g. Østrem, 1959;
Loomis, 1970; Mattson et al., 1993). As the debris layer is resolved into 1−cm layers, includ-
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ing debris depths of up to 1m would therefore greatly increase the computational expense
of the CMB model, with likely only a small change to the amount of sub-debris ice melt.
In addition, features such as meltwater ponds and ice cliffs in the ablation zone absorb
significantly more energy than adjacent debris-covered surfaces. These features may give
compensatory high-melt rates (e.g. Inoue and Yoshida, 1980; Sakai et al., 1998, 2000; Pel-5

licciotti et al., 2014; Immerzeel et al., 2014) that support using a thinner average or “effec-
tive” debris thickness when assigning an average value to each 2-km grid cell in WRF-D3.

After applying this method, WRF D3 contains a total of 5273 glaciated
::::::::::
glacierised

:
grid

cells, 821 of which are debris-covered glacier cells, which gives a proportion of debris-
covered glacier area in WRF D3 of ∼ 16%.10

::
In

:::
the

:::::::::
following

::::::::
section,

:::
we

:::::::::
evaluate

::::
and

:::::::::
compare

:::
the

:::::
DEB

::::
and

:::::
CLN

::::::::::::
simulations,

:::::
often

::::::::
focusing

::
on

::::::::::
altitudinal

:::::::
profiles

::::::
where

:::::::::
variables

:::
are

:::::::::
averaged

:::
in

::::::
250-m

::::::::::
elevational

:::::
bins.

:::::
Note

:::
that

:::
for

::::::
these

::::::::
profiles,

:::::
there

::::
are

::::
only

::
3
:::
(9)

:::::::::::
glacierised

::::
grid

:::::
cells

:::::::
present

:::::::
below

:::::
3250ma.s.l.

::::::
(above

::::::
7000m

:
),
::::::::::
compared

:::::
with

::
at

::::::
least

:::
17

::::
and

:::
up

:::
to

::::::
1100

::::
grid

:::::
cells

::
in

:::::::::
between

::::::
these

::::::::
altitudes.

::
In

:::::::::
addition,

:::::
when

::::::::::
computing

:::::::::::::::
basin-averaged

::::::::::
quantities,

:::
we

:::::::::
excluded

:::
the

:::::::::
bordering15

::
10

::::
grid

::::::
points

:::
in

:::::
WRF

:::
D3

:::
(5

::
of

::::::
which

:::
are

:::::::::
specified

:::
at

:::
the

::::::::::::
boundaries).

:

3 Results

3.1 Land surface temperature

For model evaluation, we compared simulated daytime LST
::::
land

::::::::
surface

:::::::::::
temperature

::::::
(LST)

with daily fields from the MODIS Terra MOD11A1 and Aqua MYD11A1 datasetsat a spatial20

resolution
:
,
::::::
which

:::::
have

::::::
spatial

:::::::::::
resolutions of 1 km. Only MODIS data with the highest quality

flag were used for the comparison and WRF-CMB data were taken from the closest avail-
able time step in local solar time. We focussed on daytime LST, because this field had a
higher number of valid pixels at lower elevations over the simulation period than nighttime
LST. Figure 3a shows mean elevational profiles of LST over glaciated

::::::::::
glacierised

:
pixels for25

composite MODIS data and for the CLN and DEB simulations. Although the
::::
both

:
modelled

11
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profiles are significantly colder than the MODISdata
:::::
lower

:::::
than

::
in

::::::::
MODIS, the simulated

profile in DEB is in much closer agreement than CLN, as
:::::
mean

:
LST exceeds the melting

point below the simulated mean snow line at ∼ 4500
::::::
∼ 5100ma.s.l. .

Examination of the MODIS LST data suggests that they may contain a warm
:::::::
positive

bias, as a result of blending of different glacier surface types as well as glaciated and5

non-glaciated
::::::::::
glacierised

::::
and

:::::::::::::::
non-glacierised

:
areas on the 1

::
1- km resolution grid. For ex-

ample, figure 3b shows an example of MODIS Terra LST on 5 August 2004 around the
Baltoro glacier, a time slice that was selected for the low number of missing values in this
region. MODIS exceeds the melting point over most of the glacier, including over smaller,
largely debris-free tributary glaciers, due to blending with valley rock walls. The data are also10

warmer
:::::
higher

:
over glacier areas with debris-covered fractions that fall below the threshold

of 40 % used to define a WRF pixel as a debris-covered (cf. Fig. 2b). Therefore, the binary
definition of debris-free and debris-covered glacier surface types, as well as inaccuracies in
the glacier mask, also likely contribute to colder

:::::
lower

:
LST in WRF-CMB.

To examine temporal variations, Fig. 3c shows a time series of LST for July and August15

2004 from all three datasets at a pixel on the Baltoro glacier tongue, which is denoted by
a black circle on

::
in

:
Fig. 3b. This pixel was selected since it falls within the glacier outline on

the MODIS grid and because the debris coverage in 2004 appears to be 100 % (cf. Fig.2 in
Mihalcea et al. (2008a). The variability in LST at this point is well captured in DEB, including
days with maxima exceeding ∼ 30 ◦C and warmer or cooler

::::::
higher

::
or

::::::
lower periods, while20

as expected CLN greatly underpredicts LST and its variability.

3.2 Glacier surface-energy and climatic-mass
::::::::::::::::::::::
climatic-mass-balance dynamics

The basin-mean cumulative glacier CMB for both simulations is shown in Figure 4a. The
month of May is characterized by basin-mean accumulation (Fig. 4b), consistent with the
findings of Maussion et al. (2014) of the importance of spring precipitation in this region. On25

average, the melt season lasts from approximately mid-June until mid-to-end of September
::::::::::::::
mid-September,

over which period ∼ 55
:::::
more

::::
than

:::::
∼ 90% of grid cells categorized as debris-covered are

exposed. As a result, there is a signifcant
::::::::::
significant decrease in net ablation, as is dis-

12
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cussed at the end of this section. Note that the basin-averaged MB
:::::
CMB during summer is

significantly less negative than in a previous clean-ice
::::::::::
debris-free

:
model run (Collier et al.,

2013), which is primarily due to increased precipitation as a result of changing the atmo-
spheric diffusion scheme (Table 1) through the albedo effect. The decrease in ablation is
likely an improvement, since the previous estimate showed a negative bias in compari-5

son with in situ glaciological measurements. To isolate the impacts of debris, we focus
:::
our

::::::::
analysis on the period of 1 July to 1 October

:::
15

:::::::::::
September 2004for the remainder of the

analysis, when more than 15
:::
35 % of debris pixels are exposed on average over the Karako-

ram.
The mean

:::::::::::
basin-mean vertical balance profile indicates the equilibrium line altitude (ELA)10

:::
that

:
between 1 July and 1 October

::
15

:::::::::::
September

:
2004,

::::
the

:::::::::::::
zero-balance

::::::::
altitude is lo-

cated at ∼ 5250
:::::::
∼ 5700ma.s.l. (Fig. 5), which is higher than previous estimates of .

::::
For

:::::::::::
comparison,

:
annual ELAs in the Karakoram of

:::
are

:::::::::
estimated

:::
to

::::::
range

::::
from

:
4200 to 4800m

(Young and Hewitt, 1993), due to focus on the ablation season and the
:
.
::::
We

::::
note

:::::
that

:::
the

absence of avalanche accumulation . The latter factor is important in this region
:
in

::::
our15

::::::::::
simulations

:::::
may

::::::::::
contribute

::
to

:::
an

::::::::::::
overestimate

:::
of

:::
the

:::::::::::::
zero-balance

::::::::
altitude,

::
as

::::
this

::::::::
process

::
is

:::::::::
regionally

::::::::::
important and produces ELAs that are often located hundreds of meters be-

low the climatic snowline (e.g. Benn and Lehmkuhl, 2000; Hewitt, 2005, 2011). Below the
simulated ELA

::::::
∼ 5700m, there is a ∼ 10

:::::
∼ 18% reduction in total ablation in DEB com-

pared with CLN (2.1
::
of

::::
5.3mw.e.), which we anticipate represents an underestimate due to20

the non-linear debris thickness observed near the Baltoro terminus. To further elucidate
the impact of debris, we focus on elevational profiles in our analysis, since above the
mean elevation of the snow line at ∼ 4500, surface-energy fluxes in the two simulations
are indistinguishable (and note that the discrepancy between the snow line and ELA results
from strong accumulation prior to July 1).25

The presence of debris cover has only a small
:::::::
surface

::::::
debris

::::
has

::
a
::::::::::
noticeable

:
impact

on basin-mean surface-energy fluxes between 1 July and 1 October
:::
15

:::::::::::
September 2004

(Table 4). However, elevational profiles of reveal a strong influence of debris
::::::::::
Elevational

:::::::
profiles

::::::
reveal

:::::
even

::::::::
stronger

::::::::
impacts in the ablation areas

:
,
:::
as

:::
the

::::::::
number

::
of

::::
grid

:::::
cells

::::
with

13
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::::::::
exposed

::::::
debris

::::::::::
increases

::::::::
towards

:::::
lower

::::::::::
elevations

:
(Fig. 6b

::::
a,b;

::
cf.

::::
Fig

:::
2c). Net shortwave

radiation (SWnet) increases due to the lower surface albedo, while net longwave radiation
(LWnet) becomes more negative due to stronger emission by warmer debris surfaces. The
turbulent flux of sensible heat becomes a smaller energy source or even sink, while that of
latent heat (QL) becomes slightly more negative. The conductive heat flux (QC) transitions5

from a small energy gain in CLN to a strong sink in DEB
:
, due to solar heating of the debris,

and extracts nearly twice as much energy from the surface as LWnet at the lowest glaciated
elevations. Penetrating

:::::::::
glacierised

:::::::::::
elevations.

:::::::
Finally,

:::::
both

::::::::::
penetrating

:
shortwave radiation

(QPS) becomes negligible in DEB
::::
and

:::
the

:::::::
energy

:::::::::
available

:::
for

:::::::
surface

:::::
melt

::::
(the

::::::::
residual

::
of

:::
the

::::::::::::::
surface-energy

::::::::
budget;

::::
QM)

:::::::::
decrease

::::::::
strongly

::::::::
towards

::::::
lower

:::::::::
elevations

:::
in

:::::
DEB, as the10

overlying snow cover goes to zero, while in CLN this flux becomes a stronger energy sink,
due to the lower extinction coefficient of ice (Bintanja and van den Broeke, 1995) . These
changes in

::::::
theses

::::::
fluxes

:::::::
provide

::::::
strong

:::::::
energy

::::::
sinks.

:

:::
As

:
a
::::::
result

::
of

:::::
these

:::::::::
changes

::
to the surface-energy dynamicsproduce only a small decrease

in total snow and ice melt in the ablation zones (Table 4; ,
::::::::::::
total-column

:::::
melt

::::::::::
decreases

:::
by15

::::
∼ 18%

::::::
below

:::::
5000m

:
(Fig. 6c), with the near zero difference above 4000

:::::
small

::::::::::
difference

::::::
above

::::
this

::::::::
elevation

:
reflecting overlying snow cover and some compensating increases in

melt under thinner debris, which are prevalent (cf. Fig. 2c). Surface
:::
The

:::::
other

::::::
mass

::::::
fluxes

:::
are

::::
not

::::::::
strongly

::::::::
affected

:::::::
(Table

::
4;

::::
Fig.

:::::
6c).

::::::
While

:::::::
surface

:
vapour fluxes are small when

spatially and temporally averaged; however, they represent a non-negligible mass flux in20

total, with ∼ 1.3× 105
:::::::::::
∼ 1.8× 105 kg of sublimation and 3.2× 104

::::::::
2.0× 104 kg of deposition

at snow and ice surfaces. Vapour exchange between the debris and the atmosphere also
totals −1.2× 104

::::::::::
−1.0× 104 kg over the simulation period, although net changes in debris

moisture storage are approximately zero.
Simulated daily mean ablation (corresponding to sub-debris-ice and total-column values25

in DEB and CLN, respectively) shows a general decrease with both topographic height and
debris thickness increase

::::::::
increase

::
in
:::::::
debris

:::::::::
thickness

:
(Fig. 7). Although melt rates below

3500m have been estimated to be small , as a result of
::::
due

::
to

:
insulation by thick debris

cover (Hewitt, 2005), our results suggest that appreciable rates, of up to ∼ 2 cmw.e. day−1

14
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occur under the thickest layers at lower elevations. For the thinnest debris layers (of a few
centimeters), ablation is enhanced in DEB compared with CLN. Simulated values are con-
sistent with the few available field measurements of glacier ablation in this region. For ex-
ample, Mayer et al. (2010) reported rates of ∼ 2 to 14 cmw.e. day−1 under debris covers
of ∼ 1 to 38 cm on the Hinarche glacier (74◦ 43′ E, 36◦ 5′N) in 2008. Mihalcea et al. (2006)5

reported rates of 1–6 cmw.e. d−1 on the Baltoro glacier in 2004 over elevations of ∼ 4000–
4700m and thicknesses of 0 to 18 cm, and the modelled melt rates over a similar period
compare well with their Østrem curve (cf. their Fig. 7).

:

A spatial plot of the total accumulated
:::::::::
cumulative

:
mass balance in DEB delineates re-

gions of glacier mass gain and loss
:
in
::::

the
:::::::::::
Karakoram

:
(Fig. 8a)in the Karakoram. Accu-10

mulation is higher in the western part of the domain, where more precipitation falls over
the simulation period (not shown). Differences between DEB and CLN are small over
most of the basin

:::::::
domain, with the exception of lower altitude glacier tongues where differ-

ences reach
:::::::
exceed 2.5mw.e. (Fig. 8b). The strong decrease in mass loss in these areas

increases the
::::::::
changes

:::
the

:::::::::::
cumulative basin-mean final mass balance

:::::
mass

::::::::
balance

:::
on

:::
1515

::::::::::
September

:
from −327.4

:::
919 kgm−2 in CLN to −305.0

:::
831

:
in DEB.

:::::::::::
Considering

::::
the

::::::
whole

:::::::::
simulation

::::::::
period,

:::
the

::::::::::::
basin-mean

:::::::
values

:::
are

::::::
−856 kgm−2

::
in

:::::
CLN

::::
and

::::::
−737

::
in

:::::
DEB

:::
(a

:::::::::
reduction

::
of

:::::
∼ 14%

:
)
:::
on

:
1
::::::::
October

::::::
2004,

:::::
with

::::::::::
differences

::::::::::
exceeding

::
5mw.e.

::
on

::::
the

::::::
lowest

::::::::::::::
debris-covered

::::::::
tongues.

:

3.3 Atmosphere-glacier feedbacks20

The total number of hours for which the surface temperature reaches or exceeds the melting
point (here denoted as “melt hours”) ranges from more than 1500 at low-altitude glacier
termini to less than 50 above ∼ 6000

:::::::
∼ 6400m (Fig. 9a). The presence of debris results in

upwards of 800 additional melt hours
::
up

::
to

::::
700

::::::::::
additional

::::::
hours

::::
with

:::::::
surface

:::::::::::::
temperatures

::::::
above

:::::::
273.15K in DEB compared with CLN (Fig. 9b). These additional melt hours ,

::::::
which25

provide a strong heat flux to the atmosphere, with an extra 2.5× 107
:
.
::::::::::::
Considering

::
all

::::::
hours

::::::::
between

::
1

::::
July

:::::
and

:::
15

:::::::::::
September,

::::
an

:::::
extra

:::::::::
3.5× 107W of energy

::
is

:
transferred to the

atmosphere in DEB
:::::::
between

:
by the sensible heat flux.

15
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The change in surface boundary conditions produces higher basin-mean near-surface
air temperatures, of up to 2–3K at the lowest glaciated

::::::::::
glacierised elevations (Fig. 10a),

consistent with observations of higher air temperatures over debris-covered glacier areas
during the ablation season (Takeuchi et al., 2000, 2001; Reid et al., 2012).

::::
The

:::::::
vertical

:::::::
gradient

:::
in

::::
2-m

:::
air

::::::::::::
temperature

::::::
below

:::::
5000m

::
is

:::::
more

:::::
than

::::
one

:::::::
degree

::::::
higher

:::
in

::::
DEB

:::::
than5

::::
CLN

::::::::::
(−0.0074

::::::::::
compared

::::
with

:::::::::
−0.0062

:
Km−1;

::::::::::
∼-0.0073

:::
for

:::::
both

:::::::::::
simulations

::::::
above

::::
this

:::::::::
elevation).

:
Basin-mean accumulated precipitation is similar between the two simulations

and ranges from 50–150
::::::
ranges

:::::
from

:::::::
50–175mmw.e. below 5000m and increases approx-

imately linearly with elevation above this level. The
::::::::::::::
area-averaged

::::::::::
differences

::::::::
between

:::::
CLN

:::
and

:::::
DEB

::::
are

::::
very

::::::
small,

:::::
with

:
a
::::::
slight

:::::::::
decrease

::::::::::
(increase)

::
at

:::
the

:::::::
lowest

::::::::
(highest)

::::::::::
elevations10

::
in

:::::
DEB,

:::::::::::
consistent

:::::
with

:::::::
warmer

:::::
and

:::::
thus

:::::
less

::::::
humid

:::::::::::
conditions

:::::::::::
contributing

:::
to

:::::::
slower

:::::::
cooling

::::
and

:::::::::
saturation

:::
of

:::
air

:::::::
moving

::::::::
upslope

::::
and

::
a

::::
shift

:::
of

:::::::
surface

::::::::::::
precipitation

::::::::::
up-glacier.

::::
The simulated frozen fraction increases approximately linearly from 10

::
0 % at 3000

:::::
below

:::::
3250m to more than 90 % at and above ∼ 5250

:::::
above

::::::::
∼ 5500m (not shown). These re-

sults are consistent with estimates of annual precipitation, which indicate that valleys are15

drier and precipitation increases up towards accumulation areas, and with previously re-
ported frozen fractions (Winiger et al., 2005; Hewitt, 2005). Finally, higher surface rough-
ness values over debris result in a small decrease of near-surface horizontal wind speeds

::
at

:::::
lower

::::::::::
elevations (Fig. 10c). Mean elevational gradients in near-surface meteorological fields

are provided in Table ?? where the variation is approximately linear. It is noteworthy that20

changes in atmosphere-glacier feedbacks due to the presence of surficial
:::::::
surface debris

also help to drive the differences in observed ablation (cf. Fig
::::
Figs. 6, 7).

The atmospheric surface layer becomes less stable on average due to solar heating of
exposed debris (not shown), which enhances turbulent mixing and convective overturning.
As a result, the elevational gradient in the mean

::::::
Figure

:::
11

::::::::::
illustrates

:::::::::::
alterations

::
to

::::
the25

::::::
diurnal

:::::::
cycles

:::
of

:::
the

:::::::::
turbulent

:::::
flux

::
of

:::::::::
sensible

:::::
heat

::::::
(QS),

::::
the planetary boundary layer

(PBL) height is reversed in DEB below 4500, with a mixed layer depthof approximately
four times that in CLN at 3000

::::::
depth,

::::
and

:::
the

:::::::::::::
along-glacier

:::::::::::
component

::
of

::::
the

::::::::::::
near-surface

:::::
winds

:::::
over

:::::::::
exposed

::::::
debris

::::::
pixels

:::
in

:::::
DEB

::::
and

:::::
their

:::::::::::
equivalents

:::
in

:::::
CLN.

::::::
Solar

::::::::
heating

::
of

16
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:::
the

::::::
debris

::::::::
surface

::::::
drives

:
a
::::::::
strongly

:::::::::
negative

::::::::
daytime

:::
QS

::
in
:::::
DEB

:
(Fig. 11a) . Focussing on

exposed debris pixels only, peak PBL depths reach
:::::
which

::::::::
reduces

:::
the

::::::::
stability

::
of

:::
the

:::::::
glacier

:::::::
surface

:::::
layer

::::
and

::::::::::
enhances

:::::::::
turbulent

::::::::
mixing.

:::::
Peak

:::::::::
negative

::::
QS

:::::::
values

::
in

::::::
DEB

:::::::
exceed

:::::
−200Wm−2

:
,
::::::::::
consistent

::::
with

::::::::::::::::
eddy-covariance

::::::::::::::
measurements

::
of

::::
this

::::
flux

::::
over

::::::::::::
supraglacial

::::::
debris

:::::::::::::::::::
(Collier et al., 2014) .

:::
In

:::::::::::
comparison,

::::
QS

::
in

:::::
CLN

:
is
::::::::::::::
approximately

::::
one

:::::
order

::
of

::::::::::
magnitude5

:::::::
smaller

::::
and

::::::::
positive.

:::
As

::
a
::::::
result

::
of

:::::::
energy

::::::::
transfer

:::
by

::::
QS,

::
a
:::::
deep

:::::::::::
convective

::::::
mixed

:::::
layer

::::::::
develops

::
in
::::::
DEB,

::::
with

::::
the

::::::
mean

::::
PBL

::::::
height

:::::::::
reaching

::::::
nearly

:
1.5 km during the day in DEB

::
in

:::
the

::::::::::
afternoon

:
compared with only a couple hundred meters in CLN (Fig. 11b). The

development of a convective mixed layer also starts approximately two hours earlier on
average, shortly after 7 am LT.

::::::
Finally,

::::::::::::
near-surface

:::::::::::::
along-glacier

:::::
winds

::
in
:::::
DEB

::::
are

::::::::
primarily10

::::::::
anabatic

::::::
during

:::
the

::::
day

:::::::::
(directed

::::::::::
up-glacier,

::::::
which

::
is

:::::::
defined

:::::
here

::
as

::::::::
positive)

::::
and

:::::::::
katabatic

::::::
during

::::
the

::::::::
evening

::::
and

::::::
early

::::::::
morning

:::::::::::::
(down-glacier

:::::
and

:::::::::
negative;

::::
Fig.

::::::
11c),

::::::::::
compared

::::
with

:::::::::
sustained

:::::::::
katabatic

:::::
flows

::::::::
(glacier

:::::::
winds)

::
in

:::::
CLN,

:::::::::
resulting

::::
from

::::::::
cooling

::
of

:::
the

:::
air

:::::
near

:::
the

:::
ice

::::::::
surface,

::::::
which

::
is

:::::::::::
constrained

:::
at

:::
the

:::::::
melting

::::::
point

:::::::::::::::::::::::::::
(e.g. van den Broeke, 1996) .

::::
The

::::::::
absence

::
of

::::::::
daytime

:::::::::
katabatic

:::::
flows

::::
over

::::::::::::::
debris-covered

::::::
areas

::
is

::::::::::
consistent

::::
with

:::
the

::::::::
findings15

::
of

::::::::::::::::::
Brock et al. (2010) .

:

4 Discussion and conclusions

In this study, surficial debris was introduced to the coupled atmosphere-glacier modelling
system, WRF-CMB. The model provides a unique tool for investigating the influence of
debris cover on both Karakoram glaciers and atmosphere-glacier interactions in an explic-20

itly resolved framework. The
:::::::::
first-order impact of debris was examined for

::::::::::
estimated,

::::
with

:::::::::
thickness

:::::::::::
determined

::::::
using

::
a

:::::
fixed

::::::::
gradient

:::
of

:::::
0.75 cm km−1

::::
with

::::::::
distance

:::::::::::::
down-glacier

::
in

::::::::::::::
debris-covered

:::::::
areas,

::::::::
focusing

:::
on

:
the period of 1 May to 1 October 2004.

:::
July

:::
to

:::
15

::::::::::
September

::::::
2004

:::::
when

::::::
more

:::::
than

:::
35 %

::
of

:::::::::::::::
debris-covered

::::::
pixels

:::::
were

:::::::::
exposed.

:
The find-

ings presented in this study have important implications for glacio-hydrological studies in25

the Karakoram, as they confirm that neglecting supraglacial debris will result in an over-
estimation of glacier mass loss during the ablation season, of ∼ 7

::::
∼ 14% over the whole
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basin and exceeding 2.5
::::::
region

::::
and

::::::::::
exceeding

::
5mw.e. at the lowest elevations. In addition,

exposed debris alters near-surface meteorological fields and their elevational gradients,
which are often key modelling parameters used to extrapolate forcing data from a point lo-
cation (e.g., an automatic weather station) over the rest of the glacier surface (e.g. Marshall
et al., 2007; Gardner et al., 2009; Reid et al., 2012). For temperature, the lapse rate

::::
The5

:::::
lapse

::::
rate

:::
in

:::
air

::::::::::::
temperature

:
at lower elevations is more than 1-degree steeper in DEB,

as a result of surface temperatures exceeding the melting point and a higher net turbulent
transfer of sensible heat to the atmosphere that produces higher near-surface air tempera-
tures. The simulated lapse rate is steeper

:
,
::::
and

::
is
:::::::
higher than values reported for

:::::::
smaller

debris-covered glaciers spanning a smaller elevational extent (Reid et al., 2012) and in10

high-altitude catchments in the eastern Himalaya, where the monsoon circulation system
plays a more pronounced role

::
is

:::::
more

:::::::::
dominant

:
(Immerzeel et al., 2014). Finally, accounting

for vapour fluxes from the debris increases the net loss by 3.7compared with CLN and
comprises 8.7of the total negative mass flux in DEB, with implications for neglecting QL in
a surface energy balance calculation, as is frequently done in numerical studies of debris15

cover
:::
we

::::::::
showed

::::
that

::::::
debris

::::::::
induces

:::::::::::
significant

::::::::::
alterations

:::
to

:::
the

:::::::::::::
atmospheric

:::::::::
boundary

::::
layer

:::::::::::::
development

::::
and

::::::::::::
along-glacier

:::::::
winds,

:::::::
through

:::::::::
changes

::
in

::::
the

::::::::
turbulent

:::::
heat

::::
flux.

Simulated ice-ablation rates in DEB under thicker debris covers
::::::::
∼ (O(10 cm

::
)) at lower el-

evations are consistent with the findings of Mihalcea et al. (2006) of non-negligible melt en-
ergy under debris covers exceeding 1m using a degree-day modelling approach on the Bal-20

toro glacier, and with the measured rates reported by Mayer et al. (2010). The authors of the
latter study suggest the mechanism is more efficient heat transfer in the debris in the pres-
ence of moisture during the ablation season despite its thickness. In this study, mean ice-
melt rates for pixels with debris thickness exceeding 20 cm show only some correlation with
the debris moisture content (

::::::
water:

:
R2=0.39). Near-surface

:::
0.3;

::::
ice:

:::::::::::
R2=-0.69).

:::::::::
However,25

:::
our

:::::::
results

:::::::
suggest

::::::::::::
near-surface

:
air temperature (R2=0.90) is likely

:::::
0.91)

::
is a stronger driver

of the simulated melt rates
:::
on

::::::::
average

::
of

::::
the

::::
melt

:::::
rates

::::::::::
simulated

:
below thick debris. The

interactive nature of the simulation may also permit a positive feedback mechanism, in
which higher surface temperatures over thicker debris transfer energy to the atmosphere,
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which in turn promotes higher air temperature
::
in

::::
turn

::::::::::
promoting

:::::::
higher

:::
air

:::::::::::::
temperatures

and further melt.
::::
Even

::::::
when

::::
the

:::
air

::::::::::::
temperature

::
is

::::::
below

:::::
0◦C,

:::::::
energy

:::::::::::
conduction

::::::
when

:::
the

::::::
debris

::::::::
surface

:::::::::::
temperature

:::::::::
exceeds

::::
this

:::::::::
threshold

:::::
likely

:::::
also

::::::::::
contributes

:::
to

::::::::::
sub-debris

:::
ice

:::::
melt,

::::::
which

::
is

::::::::::
supported

:::
by

:::
our

::::::::::::
simulations.

:
In combination with surface heteorogene-

ity in the ablation zone (e.g., the presence of meltwater ponds and ice cliffs) and recent5

changes in ice flow velocities (Quincey et al., 2009; Scherler and Strecker , 2012), both the
simulated melt rates under thicker debris and enhanced melt under thinner debris help to
explain the lack of significant differences in recent elevation changes between debris-free
and debris-covered glacier surfaces in the Karakoram (Gardelle et al., 2013).

::
In

::::::::
surface

:::::::
energy

::::::::
balance

::::::::
studies

::
of

::::::::::::
supraglacial

:::::::
debris,

::::
the

::::::
latent

:::::
heat

::::
flux

:::
is

:::::
often10

:::::::::
neglected

::::::
where

:::::::::::::::
measurements

::
of

:::::::
surface

:::::::::
humidity

:::
are

::::::::::::
unavailable,

::::
due

::
to

::::
the

::::::::::
complexity

::
of

::::::::
treating

:::
the

::::::
moist

::::::::
physics

:::
of

:::::::
debris.

::
In

::::
the

:::::
DEB

:::::::::::
simulation,

::::
the

::::::
latent

:::::
heat

::::
flus

:::::
over

::::::::
exposed

::::::
debris

:::::
was

::::::::::::::
non-negligible

::::
and

:::::::::
primarily

:::::::::
negative;

::::::::::::
furthermore,

::
it
:::::::::::

contributed
:::

to

:
a
::::::
vapor

:::::
loss

::::
that

:::::::::::
comprised

::::
5.5 %

::
of

::::
the

:::::
total

:::::::::::
considering

:::
all

:::::::::::
glacierised

:::::::
pixels.

::::::
Thus,

:::
our

::::::
study

:::::::::
suggests

::::
that

::::::::::
neglecting

::::
QL

::::
and

:::::::
surface

::::::
vapor

::::::::::
exchange

::::
may

:::
be

:::::::::::::
inappropriate15

::::::::::::
assumptions,

:::::
even

:::
for

:::::::::::
basin-scale

::::::::
studies.

:::
We

:::::::
further

::::
note

::::
that

::::
the

::::::
simple

::::::::::::::::
parameterization

:::::::::
developed

:::
for

::::
QL

:::::::
tended

::
to

::::::::::::::
underestimate

:::
the

:::::::::::::::
vapor-pressure

::::::::
gradient

::
in

::::
the

:::::::
surface

:::::
layer

:::::::::::::::::::
(Collier et al., 2014) ,

:::::::::::
suggesting

::::
that

:::
the

:::::::::::
importance

:::
of

:::
QL

::
is

:::::::::::::::
underestimated

::
in

::::
this

::::::
study.

:::::::::
However,

:::
the

:::::::::::
treatments

::
of

::::
QL

::::
and

::::
the

::::::
debris

:::::::::
moisture

:::::::
content

::::::::::
represent

::::
key

::::::::
sources

::
of

::::::::::
uncertainty

:::
in

:::
our

::::::::::::
simulations,

::::::
since

::
(i)

:::::
they

:::::
were

:::::::::::
developed

::
in

::
a

::::::::
different

:::::::
region

::::
and

:::
(ii)20

:::::
these

:::::
fields

:::::::
impact

::::::::::
sub-debris

::::
ice

::::
melt

:::::
rates

::::::::::::::::::::::
(Collier et al., 2014) but

::::
are

:::
not

::::
well

::::::::::
measured

::
or

::::::::
studied.
The alterations to the glacier energy and mass fluxes and to atmosphere-glacier inter-

actions presented in this study likely represent
:::
are

::::::
based

:::
on

::::
the

::::::::
ablation

:::::::
season

:::
of

:::::
2004

::::
only

::::
and

:::
are

:::::::::
sensitive

::
to

::::
the

::::::
debris

:::::::::
thickness

:::::
field,

:::::
with

:::::
small

::::::::::::
adjustments

::
to

::::
the

:::::::::
thickness25

:::::::
gradient

:::::::::
resulting

:::
in

::::::::::
significant

:::::::::
changes

::
in
::::::::::::

basin-mean
:::::::

glacier
::::::

CMB.
:::::

The
::::::::
gradient

:::::
was

:::::::::
consistent

:::::
with

::::::::::::::
ASTER-derived

:::::::::
thickness

:::::
data

:::
on

:::
the

:::::::
Baltoro

:::::::
glacier

::::::::::::::::::::::::::::
(Mihalcea et al., 2008a) except

:::::
close

:::
to

:::
the

::::::::::
terminus.

:::::::::
However,

::::
our

::::::::::
approach

:::::::
results

:::
in

:::::
peak

::::::::::::
thicknesses

::
of

:::::
less

:::::
than

::::
∼ 15 cm

:::
on

::::::::
glaciers

::::
less

:::::
than

:::
20 km

::
in

:::::::
length,

::::::
while

:::::
other

::::::::
studies

::
in
::::

the
::::::::::

Himalaya
::::
and

19



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

:::::::::
elsewhere

:::::
have

:::::::::
reported

:::::
much

::::::
higher

:::::::
depths

:::
on

:::::::
glaciers

:::
of

::::::
similar

:::::::
lengths

:::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Mihalcea et al., 2008b; Rounce and McKinney, 2014) .

:::::
Thus,

::::
the

:::::::
impact

:::
on

:::::::
glacier

::::::::
ablation

::::
that

:::
we

:::::::::
reported

:::::
likely

:::::::::::
represents an underestimate,

since approximately 45of debris-covered pixels remained snow-covered and also due to
potential

:::
due

::
to

:
non-linear effects near glacier termini . The relatively small percentage of

exposed pixels may result from interannual variability in accumulation, since the
::::::
termini

::::
and5

:::
the

:::::
likely

:::::::::
presence

::
of

::::::::
steeper

:::::::::
thickness

:::::::::
gradients

:::
on

:::::::
shorter

::::::::
glaciers.

::::::::::
Additional

::::::::
sources

::
of

::::::::::
uncertainty

::
in

::::
our

:::::::
results

:::::::
include

::
(i)

:::
the

:::::::::
temporal

:::::::::::
discrepancy

:::::::::
between

:::
our

::::::
study

::::::
period

::::
and

:::
the

:
clean snow/ice mask of Kääb et al. (2012) used to delineate debris-covered areaswas

generated from
:
,
::::::
which

:::::
was

::::::::::
generated

::::::
using Landsat data from the year 2000, andto ;

::::
and,

:::
(ii)

:
our binary assignment of surface types as “debris-covered” or “debris-free” , in10

which the
:::::
using

:
a
:
40 % thresholdwould tend to increase the altitude of the debris-covered

area. Finally, overestimation of nighttime cooling resulting from excessive damping of QS in
stable conditions could also contribute to an underestimation of snowmelt, which points to
the need to improve the stability corrections for applications at high altitudes. .

:

The exact glaciological and meteorological changes are sensitive (i) to the fact that we15

have only simulated the ablation season of 2004 and (ii) to the debris thickness specification
itself, which is specified simply in this study. There have been numerous recent efforts to
more precisely determine debris thickness fields using satellite-derived surface tempera-
ture fields (e.g. Suzuki et al., 2007; Mihalcea et al., 2008a; Foster et al., 2012; Brenning
et al., 2012), which is an appealing solution due to the wide spatial and temporal coverage20

of remote sensing
:::::::::::::::
remote-sensing data. However, none of these studies have successfully

reproduced field measurements without using empirically-determined relationships or cal-
ibration factors (Mihalcea et al., 2008a; Foster et al., 2012). These methods are therefore
best suited for debris-covered glaciers for which the necessary measurements to compute
the relationships or factors are available, and their applicability for regional-scale studies25

such as this one is uncertain. Evaluating the impact of using a more accurate and detailed

:::::
Thus,

::::::::::
important

::::::
future

:::::
steps

:::
for

:::::::
glacier

::::::
CMB

:::::::
studies

::
in

::::
the

:::::::::::
Karakoram

:::::::
include

::::::::::
increasing

:::
the

:::::::::
accuracy

::::
and

:::::::
spatial

::::::
detail

::
of

::::
the debris thickness field for the Karakoram, as well as

accounting for sub-grid scale heterogeneity (for example, by introducing a treatment of ice cliffs; Reid and Brock, 2014) ,
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remain important future steps for more spatially detailed studies of glacier CMB in this
region

:::
and

:::
its

::::::::
physical

:::::::::::
properties;

:::::::::
improving

::::
our

::::::::::::::
understanding

::
of

:::::::::
moisture

::::::
fluxes

::::::::
between

:::
the

::::::
debris

:::::
and

::::
the

::::::::::::
atmosphere;

::::
and

:::::::::::
accounting

::::
for

:::::::::::::
subgrid-scale

::::::::
surface

:::::::::::::
heterogeneity

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., by introducing a treatment of ice cliffs; Reid and Brock, 2014) . Nonetheless, by pro-
viding an estimate of the controlling influence of debris, these simulations contribute to5

a greater understanding of glacier behaviour in the Karakoram.
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Figure 1. Topographic height shaded in units of km for (a) all three model domains in WRF-CMB,
which are centered over the Karakoram and configured with grid spacings of 30-, 10- and 2-km, and
(b) a zoom-in of the finest resolution domain, WRF D3.
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Figure 2. (a) debris-covered (grey) and debris-free (blue) glacier areas, calculated on a
high-resolution (40-m ) grid for the Baltoro glacier and surrounding areas. The distance down-glacier
over debris-covered areas, which is multipled

::::::::
multiplied by a fixed gradient to map debris, is shown

for (b) the Baltoro glacier and (d) the entire WRF-D3 region. In (d), the red line
::::
black

:::::::
contour delin-

eates the region where centerline information was available from (Rankl et al., 2014).
:::::::
Outside

::
of

:::
this

::::::
region,

::::::::
distance

:::::::::::
down-glacier

::::
was

:::
not

:::::::::
computed

::::
and

:::::::::::::
debris-covered

::::::
areas

:::
are

:::::::
shaded

::
in
:::::

grey
::
to

:::::::
indicate

:::::
these

::::
data

:::
are

::::::::
missing. (c) A box plot of debris thicknesses

::::::::
thickness

:
valuesfor ,

:::::::::
assuming

:
a
:::::
fixed

:::::::
gradient

::
of

::::
0.75 cm km−1

:::
and

:::::::::
averaging

::
in 250-m elevation bins in

::::
over WRF D3. The thick-

blue and thin-black lines indicate the mean and median thicknesses in each binand the
:
.
::::
The total

number of debris-covered pixels is given as a text string at the upper end of the range.
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Figure 3. (a) Mean elevational profiles of daytime land surface temperature
:::::
(LST) from DEB, CLN,

and composite MODIS Terra MOD11A1/Aqua MYD11A1 datasets, averaged from 1 June to 1
September 2004 and in 250-m elevation bins over glaciated

:::::::::
glacierised

:
pixels in WRF. (b) A sample

time slice of MODIS Terra LST from 5 August 2004 on its native grid, overlaid on the Baltoro glacier
outline and debris-covered area. (c) Time series of LST from 1 July to 1 September 2004 from the
same datasets as in panel (a), taken from a pixel on the Baltoro tongue, which is denoted by a black
circle in panel (b). The unit for all plots is ◦C.
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DEB
CLN

Figure 4. Time series of (a) basin-mean cumulative glacier CMB in kgm−2 and (b) the daily max-
imum percentage of debris pixels that are exposed in DEB, for DEB (black curve) and CLN (grey)
over the whole simulation period of 1 May to 1 October 2004.
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5-10 cm
> 10 cm

DEB

CLN

Figure 5. The cumulative vertical balance profile, averaged in 250-m elevation bins between
3000 and 7500ma.s.l., over all glacier pixels and from 1 July to 1 October

:::
15

::::::::::
September 2004.

Grey-square
:::::::::
Solid-grey

:::::
circle

:
markers denote results from the CLN simulation, while those from

DEB are plotted with black markers. The shape of the black marker indicates the range of the mean
debris thickness in that elevational band.
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Figure 6. (a) The percentage of debris-covered pixels in each 250-m elevation bin that are exposed
on average between 1 July to 1 October

::
15

::::::::::
September 2004. Minimum and maximum values over

the same period are indicated by the dashed lines
::::
grey

:::::::
shading. Elevational profiles of mean glacier

(b) surface-energy and (c) mass fluxes, in units of Wm−2 and kgm−2 respectively, with the solid
(dashed) lines denoting data from DEB (CLN).

:::
For

:::
(c)

:
,
::::::::::
evaporation

::::
and

::::::::::::
condensation

::
in

:::::
DEB

:::
are

:::
not

::::::
shown

::
as

::::
their

:::::::
profiles

:::
are

:::::::::::::
approximately

::::
zero

:::::
(less

::::
than

::::
0.02 kgm−2

::
for

:::
all

:::::::::
elevational

:::::::
bands).

Note that these profiles correspond to an amalgamation of all glaciated
:::::::::
glacierised

:
grid cells, rather

than the mean elevational profile along glacier.
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C
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Figure 7. Daily mean ablation rate versus debris thickness for DEB (circle markers) and CLN (hor-
izontal line markers), with the range of topographic height value of each data point indicated by the
color of the marker. Here, “ablation” refers to sub-debris ice melt in DEB (i.e. only snow-free pixels
are selected) and total column melt (surface and englacial) in CLN for the same pixels and time
periods. The concentration of data points at 10 cm thickness results from the specification of debris
where centreline information was unavailable (cf. Sect. 2.3)
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[kg m-2]

DEB

DEB-CLN

Figure 8. Total accumulated mass balance
::::::::::
Cumulative

:::::
CMB

:
in [kgm−2] between 1 July and 1

October
:::
15

::::::::::
September 2004 for (a) the DEB simulation and (b) the difference between DEB and

CLN.
::::
The

:::::
black

:::::::
contour

::::::::::
delineates

:::
the

::::::
region

::::::
where

::::::::::
centreline

::::::::::
information

::::
was

::::::::
available

:::::
from

:::::::::::::::::
Rankl et al. (2014) .
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DEB
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Figure 9. The total number of hours where the surface temperatures reaches or exceeds the melting
point “melt hours”)

:::::::
between

::
1
::::
July

::::
and

::
15

::::::::::
September

:
for (a) the DEB simulation and (b) the differ-

ence between CLN and DEB.
::::
The

:::::
black

::::::
contour

::::::::::
delineates

:::
the

::::::
region

:::::
where

:::::::::
centreline

::::::::::
information

:::
was

::::::::
available

:::::
from

:::::::::::::::::
Rankl et al. (2014) .
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DEB
CLN

Figure 10. Elevational profiles of near-surface (a) air temperature [K] and (b) accumulated precipi-
tation [mmw.e.], and (c) wind speed at a height of 10m [ms−1], from the DEB (black-circle markers)
and CLN (grey-square) simulations . The temporal period is

:::::::
between

:
1 July to 1 October

:::
and

:::
15

:::::::::
September

:
2004.
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k

Figure 11. (a) Basin-mean elevational profile and (b)
:
A

::::::::::
comparison

:::
of

:::
the

:::::::::
simulated diurnal cycle

of
::
(a) the

:::::::
turbulent

::::
flux

::
of

:::::::
sensible

:::::
heat,

:::
QS

:
[Wm−2]

:
;
::
(b)

:::
the planetary boundary layer

::::
(PBL)

:
height

[
::
km];

::::
and,

:::
(c)

::
the

::::::::::::
along-glacier

::::
wind

::::::
speed [

::::
from

:::
the

:::::
lowest

::::::
model

:::::
level; ms−1],

::::::
which

::
is

::::::
positive

:::
for

::::::::
up-glacier

:::::
flow.

::::
The

::::
data

:::
are

:::::::::
averaged over exposed debris in DEB (black markers and curve) and

their equivalent pixels
::
the

:::::::::::::
corresponding

::::
grid

::::
cells in CLN (grey-square markers and

::::
grey curve).
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Table 1. WRF configuration

Model configuration

Horizontal grid spacing 30, 10, 2 km (domains 1–3)
Min/max time step 30/200, 10/60, 2/13 s
Vertical levels 40
Model top pressure 50 hPa

Model physics

Radiation CAM Collins et al. (2004)
Microphysics Thompson Thompson et al. (2008)
Cumulus Kain–Fritsch (none in D3) Kain (2004)
Atmospheric boundary layer Yonsei University Hong et al. (2006)
Surface layer Monin–Obukhov (revised MM5) Jiménez et al. (2012)
Land surface Noah–MP Niu et al. (2011)

Dynamics

Top boundary condition Rayleigh damping
Horizontal diffusion Computed in physical space

Lateral boundaries

Forcing ERA Interim
:::::::::::
ERA-Interim, T255 spectral resolution Dee et al. (2011)

updated 6-hourly
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Table 2. Subsurface layer depths.

Snow variable
Debris every 0.01m
Ice 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 1.5,

2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 7.0 m
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Table 3. Physical properties in the CMB model.
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Density (kgm−3)

ice 915 –
whole rock 2700 Daly et al. (1966)
water 1000 –

Specific heat capacity (J kg−1 K−1)

air 1005 –
ice 2106 –
whole rock 750 Clark (1966)
water 4181 –

Thermal conductivity (Wm−1 K−1)

air 0.024 –
ice 2.51 –
whole rock 2.50 Conway and Rasmussen (2000)
water 0.58 –

Surface roughness length (m)

ice 0.001 Reid and Brock (2010)
debris 0.016 Brock et al. (2010)

Albedo

ice 0.30 Collier et al. (2013)
firn 0.55 Collier et al. (2013)
fresh snow 0.85 Collier et al. (2013)
debris 0.20 Nicholson and Benn (2012)

Emissivity

ice/snow 0.98 –
debris 0.94 Brock et al. (2010)
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Table 4. Mean glacier surface-energy and climatic-mass fluxes.

Surface energy fluxes (Wm−2) DEB CLN

net shortwave (SWnet) 93.2
:::::
153.2 88.9

:::::
149.9

net longwave (LWnet) −77.5
::::
85.6 −76.0

::::
83.1

sensible heat (QS) 10.0
:::
4.3 12.1

:::
8.3

latent heat (QL) −7.4
::::
13.6 −7.1

::::
13.8

conduction (QC) 3.8
:::
3.0 13.8

::::
20.7

penetrating SW (QPS) −4.8
::::
21.4 −7.7

::::
28.5

precipitation (QPRC) ∼ 0 ∼ 0

:::::::
sfc-melt

::::::
energy

:::::
(QM)

: ::::::
−38.9

::::::
−53.6

Mass fluxes (kgm−2) DEB CLN

surface
::::::::::
total-column

:
melt −0.18

::::
0.67 −0.26

::::
0.71

subsurface melt −0.09 −0.03 snow refreeze 0.08
::::
0.11 0.08

::::
0.11

sublimation −0.01
::::
0.02 −0.01

::::
0.02

deposition ∼ 0 ∼ 0
evaporation ∼ 0 –
condensation ∼ 0 –
surface accumulation 0.03

::::
0.07 0.03

::::
0.07

Elevational gradients. Below 50005000–7000DEB CLN DEB 2-m air temperature −0.0074
−0.0062 −0.0074 10-m wind speed 0.0009 0.0007 0.002 Accum. precipitation – – 0.066
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