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1. ENERGY BALANCE MODEL

The applied energy balance model in this paper is adapted from Han and others (2010), considering the

net heat flux Q,, available for ice cliff melting (W m~2):

Qm=1In+Ln+H+LE (S1)

where I,,, L, H, LE are net shortwave (W m~2), net longwave (W m~2), turbulent sensible heat (W
m~2) and latent heat fluxes (W m~2), respectively. The net shortwave radiation on an ice cliff slope in a
unit-sloped area is given by:

I, = (Is+ Ds+ D)(1 — ) (S2)

where I, Dy, Dy and « are direct solar irradiance from the sky (W m~2), diffused sky irradiance (W

m~2), diffuse irradiance (W m~2) from surrounding terrain and the albedo of the ice cliff, respectively.

*
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We used an Apogee pyranometer (SP-510 & SP-610) for incoming global solar radiation measurements on
30 June 2022 (Table S1). Albedo measurements were obtained using a SVC HR768i spectroradiometer
on the ice cliff. We recorded two albedo measurements at 1430 hours and 1745 hours on 29 June 2023
to assess albedo’s temporal variation and application to the model. The recorded values were 0.060 and
0.076, respectively. As the albedo’s variation was not substantial, we considered an average albedo value
of 0.07 for further calculation in the model.

The variation in direct solar irradiance (I) is influenced by the solar angle (sun position), specifically the
solar incidence angle (), which is locally determined (Figure S1). Solar incidence angle is linked to the
angle of slope (f) and azimuth (Zs) of the ice cliff, as well as factors such as the sun’s declination angle
(6), the latitude of the ice cliff (L), the Hour angle (h), and the horizon angle in the direction of the solar
beam (Hj) all in degree (°) (equation S3) (Garnier and Ohmura, 1968; Kalogirou, 2009; Wu and others,

2007).

cos(0) = sin(L) sin(9) cos(B) cos(L) sin(d) sin() cos(Zs)
+ cos(L) cos(0) cos(h) cos(B) + sin(L) cos(d) cos(h) sin(f3) cos(Zs) (S3)

+ cos(0) sin(h) sin(B) sin(Zs)

The relationship between direct solar irradiance (1) and direct normal irradiance (1) is shown in equation

(S4), which is part of extraterrestrial radiation penetrating the atmosphere and solar incidence angle (6).

Iycos(0) if 0 < Hy
I = (84)

0 if @ > Hg

The Horizon angle (Hj) is defined as the angle (°) subtended by the line extending from a point to zenith
and to the summit of the surrounding terrain in a given direction. To separate the element of diffused

radiation from radiation observation, we follow the approach as in equations (S5) to (S11).
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Figure S1.

Table S1.

l&—Normal to horizontal surface

Horizontal Surface

Normal to

surface > West East

Zs

Sun

Projection of normal to South

Surface on horizontal
surface

Solar angle Diagram

Local Indian Standard Time (IST) with Hourly Mean Global Solar Incoming Radiation Measured by
Pyranometer.

Indian Standard Time Hourly mean global solar incoming radiation (W m~2)

1000 hours 670.2
1100 hours 773.15
1200 hours 825.18
1300 hours 762.22
1400 hours 736
1500 hours 710
1600 hours 685
1700 hours 660

1800 hours 635
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Iy = I;I:(hD)h (S5)
Dy, = kal, (S6)
b= (57)
1.02 — 0.254k; + 0.0123sin(h) for k; < 0.3

ka =414 —1.749% + 0.177sin(h)  for 0.3 < k;, < 0.78 (S8)

0.486 — 0.182sin(h) for k; > 0.78

\

Ip = E,Is.sin(h) (S9)
D, = VyDy, (S10)
Dy = aulo(1 = Vy) (S11)

I, is the direct normal irradiance (W m~2), I, is the observed global radiation (W m~2), Dy, is the diffuse
irradiance (W m~2), and h is the solar elevation angle (°), kg is diffused fraction (dimensionless), k; is
clearness index (dimensionless), I is extraterrestrial radiation (W m~2), I is a solar constant taken as
1367 W m~2. E, is the eccentricity correction factor (dimensionless) of earth’s orbit (Wong and Chow,
2001). Dj represents the diffuse sky irradiance while V; corresponds to the sky view factor specific to
a given ice cliff (it accounts for a portion of open sky visible to the ice cliff) (Steiner and others, 2015),
which needs computation based on the horizon angle. D; signifies the shortwave radiation received from
the terrain reflection, and oy represents the terrain albedo (taken as 0.24 from Han and others (2010)).

The net longwave radiation (L,,) can be split into L, the incoming atmospheric longwave irradiance from
unobscured portions of the sky (W m~2), L; the longwave irradiance from surrounding terrain (W m™2),

and L, is the outgoing longwave irradiance (W m~2), as shown in equation (Equation S12) and L is
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00 Air Temperature Variation at Ice cliff

—— Air Temperature

175
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Figure S2. Temperature variation of surface and air temperatures from 29 June 2022, 13:30 IST to 30 June 2022,
09:30 IST, showing observed data points (every 15 minutes). Surface temperature fluctuates between 14°C and 3°C,
while air temperature ranges from 6°C to 19°C.

obtained using the following equation (S13):

Ln=Ls+Li— L, (S12)
10e,\ 7
Ly =V, [1.31 < Te“> (T, + 273.15)4] (S13)

where o is the Stefan Boltzmann constant (5.67 x 1078 W m~2 k), and e, and T, are the vapour pressure
kPa and air temperature (in °C), respectively. we used the air (15 cm above the surface) temperature
observed close to the ice cliff using Tomst TMS-4 temperature logger from 29 June 1330 hrs to 30 June 0945
hours (Figure S2). Since ground surface temperatures were also not available, the longwave irradiance from
surrounding topography can be adequately computed assuming the ground radiates as a black-body radiator
at screen air temperature (Cole, 1979). The longwave radiation emitted by terrain can be calculated using

equation (S14), while an outgoing longwave from an ice cliff surface is calculated using equation (515).

Li = o(T, + 273.15)* (1 — V) (S14)
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Lo = eo(Ts + 273.15) (S15)

¢ is the effective emissivity of the glacier, taken as 0.97, and T is the surface temperature of the ice
cliff (°C), assumed constant at 0 °C.(Han and others, 2010). Sensible H and latent heat LE fluxes are
calculated using the bulk aerodynamic formula by (Sakai and others, 1998), as shown in equations (S16)
and (S17).

H =3.6U(T, —T,) (S16)
LE =231 x 103L,U(e, — €5) (S17)

where e; is the vapor pressure of the ice surface and L, is the latent heat of vaporization, and U is the

wind speed. Finally, the Melt rate M can be estimated by:

_ Qm
piceL f

(S18)

where M is the melt rate (m sec™!), pice is the density of ice (900 kg m™3), L is the latent heat of fusion
of ice (334 KJ kg™ 1), and then using the slope of the ice cliff, we estimated the backwasting rate from the

melt rate.
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Figure S3. (Left) Field photograph of our observed ice cliff (red dashed line) and the same ice cliff later missing
during field expedition during September (Right).
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Figure S4. (a) Manually delineated ice cliff on the debris-covered part of the Machoi glacier using high-resolution
Google satellite images from 7 July 2022. The approximate area covered by the delineated ice cliff was 2200 m?. (b)
Field photograph of the debris-covered part taken from stable bedrock near the terminus.
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Daily Backwasting Rate (cm d-1)
<=7

[17.0-80

. 18.0-85

[185-9.0

B >90

Figure S5. Mean daily backwasting rate of an ice cliff

Table S2. Observed mean backwasting rates derived from TLS point cloud data during different observation

periods.
Observation Period Mean Backwasting Rate (cm hr—!)
1630 hrs 28 June 2022 to 1430 hrs 29 June 2022 0.28
1430 hrs 29 June 2022 to 1530 hrs 29 June 2022 0.38
1530 hrs 29 June 2022 to 1630 hrs 29 June 2022 1.06
1630 hrs 29 June 2022 to 1730 hrs 29 June 2022 0.84
1730 hrs 29 June 2022 to 1830 hrs 29 June 2022 0.67
1430 hrs 29 June 2022 to 1630 hrs 29 June 2022 0.74
1630 hrs 28 June 2022 to 1630 hrs 29 June 2022 0.32 (7.7 cm d~1)
1830 hrs 29 June 2022 to 1250 hrs 30 June 2022 0.19

1630 hrs 28 June 2022 to 1250 hrs 30 June 2022 0.26
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Table S3. Modelled and observed Mean Backwasting rate for All Zones of ice cliff (in cm hr=1)

Zone Observation time Modelled Observed
Mean Std Dev Mean Std Dev
1430 hrs to 1530 hrs  0.48 0.04 0.52 0.04
1530 hrs to 1630 hrs  0.97 0.02 1.14 0.10
Zone 1
1630 hrs to 1730 hrs  1.03 0.02 1.04 0.04
1730 hrs to 1830 hrs  1.03 0.03 0.99 0.03
1430 hrs to 1530 hrs  0.53 0.05 0.47 0.05
1530 hrs to 1630 hrs  0.86 0.02 0.83 0.10
Zone 2
1630 hrs to 1730 hrs  0.95 0.02 0.88 0.04
1730 hrs to 1830 hrs  1.02 0.02 0.83 0.03
1430 hrs to 1530 hrs  0.73 0.17 0.27 0.17
1530 hrs to 1630 hrs  0.95 0.02 1.74 0.13
Zone 3
1630 hrs to 1730 hrs  0.91 0.03 1.13 0.19
1730 hrs to 1830 hrs  0.88 0.03 0.67 0.36
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