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Supplementary Note 1 — Derivation of a rational curve between surface temperature
and debris thickness, from the surface energy balance equation of a debris-covered

surface

The surface energy balance of a debris-covered surface (Nakawo and Young, 1981;
Nicholson and Benn, 2006):

Qs+ Qi+ Qnt+ Qe+ Q=0 (1)

where Oy and Q; are radiative components, Oy, and Q, are turbulent heat flux components and
Q. is the conductive heat flux.

Surface temperature contributes to all terms except O, (Nicholson and Benn, 2006), thus:

O =a )
Qu=b(Ts) 3)
Qs = c (T) 4)
Qs = d (Ty) (5)

where a, b, ¢ and d are constants.

Surface temperature and debris thickness contribute to the O, term. Averaged over daily
timescales, debris temperatures profiles are approximately linear (Nicholson and Benn, 2006;
Nicholson and Benn, 2013), so the conductive heat flux can be approximated as:

k (T-Ty)
dt

Qc = (6)

where £ is a thermal conductivity constant, 7 is surface temperature (K), 7; is the temperature
of melting ice (273.15K) and d; is debris thickness. 7'— T;= surface temperature (7) in °C.

Thus, if equation (1) is rearranged in terms of surface temperature (75) and debris thickness

(dy):

a+b(T,) + c(T,) +d(T,) + kCTi—i: 0 (7)
a(dy) + b(T)(dy) + c(T)(dy) +d(Ts)(de) + k(T;) =0 ®)
a(dy) + b(Ts)(dy) + c(T)(dy) + d(Ts)(de) = — k(Ts) ©
de (a+ b(Ty) + c(Ts) +d(Ty)) = — k(Ts) (10)

d, (a+T,(b+ c+d)= —k(T}) (11)



d; = _kL (12)

a+ Ts (b+c+d)

(Ts)

c1 + ¢2(Ts)

ifc; = Sandc, = ”*_C;d (13)

dt:

Therefore, a rational curve form of the relationship between surface temperature and debris
thickness can be derived from the surface energy balance equation for a debris-covered
glacier surface.



Supplementary Note 2 — Supplementary equations and tables for LST calculation
Supplementary Note 2(i)
Lsen = Ml Qcal + Al (14)

where L., is top of atmosphere radiance, M; is the multiplicative rescaling factor (3.3420 x
10’4), Qa1 1s the digital number and 4, is the radiance additive rescaling factor (0.10).

Supplementary Note 2(ii)
— €2
Tsen T (c1/Lsen +1) (15)

where T, 1s the top of atmosphere brightness temperature, c¢; and ¢, are thermal conversion
constants (774.8853 and 1321.0789, respectively).

Supplementary Note 2(iii)

The single-channel atmospheric correction algorithm (Jiménez-Munoz et al., 2014):
1
Ts =Y [S_s ((pl Lsen + ‘Pz) + (;03] + 46 (16)

where & is surface emissivity. The mean emissivity of Bands 13 and 14 of the ASTER
GDEM emissivity product was used, which together have a spectral range of 10.25-11.65
um. This product was chosen because it is most similar to the spectral range of Landsat 8
Band 10 (10.60-11.19 um) (Hulley et al., 2015). y and § in Equation 4.3 are parameters given
by:

TSETL
TSETLZ
6= Tsen - by (18)

01 =1 (19)
2= -LL -2 (20)
¢3=1L1 @1

where b, is co/A (1324), T is atmospheric transmissivity, L| is incoming solar radiation and
L' is outgoing solar radiation. Values of T, L| and L] were obtained for each of the six
individual glaciers (Table 4.2) using the NASA atmospheric correction parameter calculator,
which calculates the required atmospheric correction parameters from spectral response
curves generated using the MODTRAN software (Barsi ef al., 2003, 2005).



Summary of the atmospheric correction parameters:

Baltoro Satopanth Lirung Ngozumpa Changri Hailuogou
Nup
. DM/Y 15/07/13 15/07/13 15/07/16 15/07/16 15/07/15 15/07/13
E hrmin 05:30 05:20 04:50 04:40 04:40 03:50
£ Lat(°N) 35.76 30.78 28.25 28.02 27.97 29.59
~ Lon (°E) 76.41 79.32 85.54 86.70 86.80 101.93
= T 0.85 0.55 0.47 0.84 0.33 0.83
<§‘ LY 1.07 3.34 4.23 1.08 5.15 1.16
© L) 1.81 5.03 6.14 1.79 7.33 1.94

*D/M/Y hr:min was taken to be the mid-point of the melt season in the year the debris thickness measurements
were made, at the time at which Landsat 8 passes. The latitude and longitude was taken to be the mid-point of
each glacial outline.

Supplementary Note 2(iv)

The values of T, L/ and L} vary significantly over space, which proves a challenge when
calculating the land surface temperature over the larger HMA region. An approximation of
the atmospheric functions (Y, 12 and y3) in relation to the atmospheric water vapour content
of the atmosphere (Mufioz et al., 2014), in a second-order polynomial fit (x’ + x + ¢) is:

P1 €11 Ci2  C13] [w?
P2 = €21 C22 Co3| |w (22)
P3 C31 C32 C33 1

where coefficients c; are obtained by simulations with many different atmospheric profile
inputs and w is the atmospheric water content, obtained from the NCEP/NCAR Reanalysis
Data (Kalnay et al., 1996).
Supplementary Note 2(v)

An emissivity-only correction:

Tsen
TS - 1+(/1 (Tsen/p))ln (&s) (23)

where A is the wavelength of the emitted radiance (10.8 wm) and p is h(c/s) where h is
Planck’s constant (6.626 x 107%), ¢ is the velocity of light (2.998 x 10%) and s is the
Boltzmann constant (1.38 x 107).

Supplementary Note 2(vi)

Model developed by Arnold and Rees (2009) to calculate the potential solar radiation
reaching the glacier surface.

Summary of the input parameters for each model run to calculate the potential solar radiation
over a glacier’s surface:



Baltoro Satopanth  Lirung Ngozump  Changri Hailuogou

a Nup

DEM ASTER HMA HMA HMA HMA DEM  ASTER

GDEM DEM DEM DEM GDEM
DEM res. (m) 30 8 8 8 8 30
Latitude (°N) 35.74 30.76 28.22 28.00 27.95 29.59
Start day* (JD) 121 121 121 121 121 121
No. of days** (JD) 183 183 183 183 183 183
Temp. res. (mins) 60 60 60 60 60 60

* Beginning of the melt season (1% May/JD=121)
** End of the melt season (31% October/JD=304); 304 — 121 = 183

Standard deviation of the potential solar radiation on an average day in the melt season, over
the full glacial extent and over only the debris-covered extent, for each of the six studied
glaciers:

o of potential solar radiation (W m?) o of potential solar radiation (W m?)

on an average day in the melt season on an average day in the melt season
(GAMDAM glacier outline; Sakai, (Debris-covered extent; Scherler et al., 2018)
2019)

Baltoro 4.90 2.50

Satopanth 4.34 2.20

Lirung 3.77 1.62

Ngozumpa 3.76 1.36

Changri Nup 3.48 1.63

Hailuogou 2.02 0.78

The standard deviation of total potential solar radiation received by the debris-covered
surfaces on an average day during the melt season did not exceed 2.50 W m™. This indicates
that variation in radiation receipt due to shadowing is minimal.

Supplementary Note 2(vii)

The average surface air temperature of HMA according to the ERAS climate reanalysis data
(287 K) was divided by the ERAS climate reanalysis surface air temperature in each pixel to
produce an array of multipliers with which to normalise the calculated LST composite
images. If the ERAS surface temperature >287 K, the multiplier <1 and if ERAS surface
temperature <287 K, the multiplier >1.

The multipliers applied to the surface temperature for each of the studied glaciers are:

Baltoro = 1.09
Satopanth = 1.06
Lirung = 1.03
Ngozumpa = 1.05
Changri Nup = 1.05
Hailuogou = 1.03

The multipliers applied to the surface temperature on a pixel basis to the entire HMA region
are displayed in Figure S1.



Figure S1: Map to show the multipliers applied to the HMA region to normalise the
calculated land surface temperature.
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The spatial resolution of the ERAS5 data is 31 km. Therefore, at the glacier scale, a single
ERAS pixel usually covered the entire extent of the glacier. The only glacier for which this
was not the case was Baltoro. In this case, the ERAS pixel covering the central point of the
glacier was used. At the regional scale, normalisation was carried out based on which ERAS
pixel covered the central point of each pixel of the thermal composite image.



Supplementary Note 3 — Simple geomorphological assessment of Google Earth imagery

Google Earth image of Ngozumpa Glacier, with a highlighted area of potential localised mass
movement from the valley side
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Google Earth image of Hailuogou Glacier, with a highlighted area of potential localised mass
movement from the valley side

Image ® 2021 CNES / Airbus
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