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[bookmark: _Ref131086442][bookmark: _Hlk157766642][bookmark: _Hlk141761215]Table S1. Monthly correlation coefficients (r2) between the Mera La AWS and AWS-L hourly data with parameters used to linearly extrapolate the Mera La AWS data to AWS-L (y = mx + c). For SWin, the c value is 0 i.e., the correlation is forced to the origin, in order to keep night values at 0 W m-2.
	Variables
	T
	RH
	u
	SWin
	LWin

	Time frame
	r2
	m
	c
	r2
	m
	c
	r2
	m
	c
	r2
	m
	c
	r2
	m
	C

	all
	0.92
	0.90
	-2.09
	0.91
	0.94
	5.47
	0.51
	0.94
	0.70
	0.90
	1.10
	0
	0.93
	0.92
	12.77

	Jan
	0.86
	0.86
	-3.07
	0.82
	0.86
	4.94
	0.41
	0.80
	1.62
	0.95
	0.93
	0
	0.77
	0.77
	37.72

	Feb
	0.90
	0.86
	-2.82
	0.85
	0.89
	3.60
	0.45
	0.69
	1.88
	0.97
	0.98
	0
	0.88
	0.84
	27.90

	Mar
	0.88
	0.82
	-2.83
	0.79
	0.87
	3.28
	0.37
	0.79
	1.61
	0.96
	1.08
	0
	0.82
	0.78
	38.44

	Apr
	0.81
	0.72
	-3.06
	0.81
	0.91
	3.98
	0.34
	0.79
	1.16
	0.91
	1.23
	0
	0.71
	0.76
	44.96

	May
	0.73
	0.66
	-2.19
	0.78
	0.93
	3.73
	0.22
	0.64
	1.31
	0.87
	1.26
	0
	0.73
	0.81
	37.50

	Jun
	0.65
	0.59
	-0.90
	0.72
	0.84
	15.59
	0.26
	0.69
	0.53
	0.83
	1.32
	0
	0.76
	0.88
	29.04

	Jul
	0.65
	0.45
	-0.10
	0.31
	0.45
	53.71
	0.09
	0.49
	0.55
	0.83
	1.27
	0
	0.61
	0.78
	64.50

	Aug
	0.64
	0.44
	-0.14
	0.42
	0.54
	44.88
	0.15
	0.61
	0.48
	0.81
	1.22
	0
	0.76
	0.86
	37.92

	Sep
	0.70
	0.61
	-1.03
	0.64
	0.72
	28.11
	0.15
	0.45
	0.55
	0.84
	1.15
	0
	0.78
	0.97
	1.67

	Oct
	0.80
	0.79
	-2.95
	0.81
	0.89
	10.95
	0.19
	0.61
	1.05
	0.91
	1.05
	0
	0.86
	0.86
	26.36

	Nov
	0.79
	0.77
	-3.53
	0.74
	0.81
	10.53
	0.25
	0.59
	1.75
	0.95
	0.96
	0
	0.83
	0.80
	35.77

	Dec
	0.89
	0.84
	-3.12
	0.77
	0.85
	8.55
	0.47
	0.77
	1.59
	0.96
	0.93
	0
	0.85
	0.84
	26.40



Table S2. Tested range and final values of the altitudinal gradients of air temperature, relative humidity, incoming longwave radiation and precipitation used to spatially distribute the meteorological forcing data
	SN
	Parameters
	Max
	Min
	final value 

	1
	Temperature gradient (℃ km-1)
	-4.2
	-6.5
	-5.7

	2
	Relative humidity gradient (% km-1)
	0
	-20
	-15

	3
	LWin gradient (W m-2 km-1)
	0
	-41
	-25

	4
	Precipitation gradient (mm km-1 or % km-1)
	
	
	0





Table S3. Glacier-wide annual mass balance perturbations (m w.e.) with different magnitudes of meteorological variables from various studies done on HMA glaciers, always using the classical method, except our present study using the synthetic scenario approach. (* refers to the sensitivities obtained from the literature, but multiplied or divided by a factor to make it comparable with other studies. For example, the mass balance sensitivity to a -10 % change in precipitation is multiplied by a factor 2, to make it comparable with a mass balance sensitivity to a -20 % change in precipitation.)
	Glacier Name, region

	Region (ISM dominated, Y or N)
	Study Period
	T (-1 ℃)
	T (+1 ℃)
	P (-20 %)
	P (+20 %)
	 Reference

	Parlung No 4
	southeast Tibetan Plateau, China (N)
	1 Oct 2008 to 21 Sept 2013
	+1.28
	-1.28
	-0.29
	+0.29
	Zhu and others (2018)

	Parlung No 4
	southeast Tibetan Plateau, China (N)
	Oct 2000 to Sept 2018
	+0.44
	-0.55
	-0.86
	+0.51
	Arndt and Schneider (2023)

	Parlung No 94
	southeast Tibetan Plateau, China (N)
	Oct 2000 to Sept 2018
	+1.03
	-1.14
	-1.56
	+0.89
	Arndt and Schneider (2023)

	Zhadang
	western Nyainqentanglha Range, China (Y)
	1 Oct 2008 to 21 Sept 2013
	+1.30
	-1.30
	-0.52
	+0.52
	Zhu and others (2018)

	Zhadang
	western Nyainqentanglha Range, China (Y)
	Oct 2000 to Sept 2018
	+1.68
	-2.96
	-2.34
	+1.57
	Arndt and Schneider (2023)

	Mera 
	Central Himalaya, Nepal (Y)
	Nov 2016 to Oct 2020
	+0.93
	-0.75
	-0.60
	+0.52
	Present study

	Trambau 
	Central Himalaya, Nepal (Y)
	May 2016 to Oct 2018
	NA
	-0.90*
	NA
	+0.36*
	Sunako and others (2019)

	Yala
	Central Himalaya, Nepal (Y)
	Oct 2000 to Sept 2018
	+1.65
	-3.18
	-2.19
	+1.25
	Arndt and Schneider (2023)

	Rikha Samba
	Central Himalaya, Nepal (Y)
	Oct 1974 to Sept 2021
	+0.54
	-0.69
	-0.44
	+0.35
	Gurung and others (2022)

	Halji
	Central Himalaya, Nepal (Y)
	Oct 2000 to Sept 2018
	+1.22
	-1.33
	-1.53
	+1.07
	Arndt and Schneider (2023)

	Halji 
	Central Himalaya, Nepal (Y)
	Jan 1982 to Apr 2019
	+0.99
	-1.43
	-1.29
	+0.76
	Arndt and others (2021)

	Naimona’nyi 
	Central Himalaya, Nepal (Y)
	Oct 2000 to Sept 2018
	+0.47
	-1.8
	-1.46
	+0.49
	Arndt and Schneider (2023)

	Naimona'nyi
	western Himalaya, India (Y)
	Oct 2010 to Sept 2018
	+0.37
	-0.37
	-0.20*
	+0.20*
	Zhu and others (2021)

	Dokriani
	western Himalaya, India (Y)
	Nov 1979 to Oct 2020
	+0.50
	-0.50
	-0.46
	+0.46*
	Srivastava and Azam (2022)

	Chhota Shigri
	western Himalaya, India (Y)
	Nov 1979 to Oct 2020
	+0.30
	-0.30
	-0.26
	+0.26*
	Srivastava and Azam (2022)

	Chhota Shigri
	western Himalaya, India (Y)
	Oct 2000 to Sept 2018
	+0.49
	-0.53
	-0.67
	+0.53
	Arndt and Schneider (2023)

	Shruti Dhaka
	western Himalaya, India (Y)
	Oct 2015 to Sept 2017
	+0.15
	-0.25
	-0.34*
	+0.42*
	Oulkar and others (2022)
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Figure S1. Flow chart describing the simplified sequential approach used in this study. 

[image: ]
[bookmark: _Hlk158295427]Figure S2. Hourly data of (a) air temperature (T), (b) relative humidity (RH), (c) wind speed (u), (d) incoming shortwave radiation (SWin), and (e) incoming longwave radiation (LWin) at AWS-H, from 10 November 2017 to 27 September 2020. Orange shaded areas indicate data gaps.

[image: ]
[bookmark: _Ref131086434]Figure S3. Hourly data comparison between Mera La and AWS-L. The red lines and equations are overall linear relationships between the two observed data, r2 is the correlation coefficient, where the p-value is always significant (p < 0.01). Also shown in black the 1:1 line.
[bookmark: _Hlk135842867][image: ]
[bookmark: _Hlk145483550]Figure S4. Mean daily altitudinal gradients of air temperature (gradT), relative humidity (gradRH), and longwave incoming radiation (gradLWin), calculated from AWS-L and AWS-H data from 1 March 2018 to 28 February 2019. The horizontal grey lines represent the different values of altitudinal gradients used for the data distribution. The blue shaded area corresponds to the monsoon period.


Additional text related to fig. S4: Pressure data distribution method, altitudinal gradients of air temperature, relative humidity and incoming longwave radiation used in this study
The atmospheric pressure () has been interpolated using the barometric formula (eq. S1, S2): 
	
	(S1)


	
	(S2)


Where SLP is the sea level pressure,  is the atmospheric pressure at the elevation of the AWS-L (), and  is the pressure at any grid elevation ().

The altitudinal gradients of air temperature, relative humidity and incoming longwave radiation are calculated using the data from AWS-L and AWS-H between 01 March 2018 and 28 February 2019. This particular period is chosen because there are almost no gaps at AWS-H (Fig. S1) and because it covers one full year, allowing to compute annual and seasonal gradients. However, it is worth noting that during this period, a large portion of data at AWS-L (from 01 March 2018 to 24 November 2018) has been reconstructed with Mera La AWS. Using reconstructed data does not alter our analysis since we explore different gradients over a wide range of values. For air temperature, this range goes from the environmental lapse rate (-6.5 °C km-1) to the mean annual temperature gradient observed from both AWSs (-0.42 °C km-1). For the other variables, the range goes from the mean monsoonal observed gradient (-22 % km⁻¹ and -41 Wm⁻² km⁻¹ for RH and LWin gradients, respectively) to 0 (no gradient) (Fig. S3). Deriving dew point temperature gradients between AWS and converting dew point temperature to relative humidity at any glacier grid cell is more physical than directly using relative humidity gradients, but both approaches provide the same range of RH gradients (Fig. S4). Twelve tests were conducted with different sets of gradients to ultimately determine the optimal set, which is -5.7 ℃ km⁻¹ for air temperature, -15 % km⁻¹ for relative humidity and -25 W m⁻² km⁻¹ for incoming longwave radiation (Table S2). 
[bookmark: _Hlk158018427]



[image: ]
Figure S5. Mean daily temperature (T) and dew point temperature (DT) at AWS-L and AWS-H (top), calculated temperature and dew point temperature gradient (middle) and calculated relative humidity gradient from observation and dew point temperature (bottom) from the AWS-L and AWS-H from 1 March 2018 to 28 February 2019.

Additional text related to the method section
Albedo
In COSIPY, the albedo () of the snow surface is calculated by the Oerlemans and Knap (1998) method. The albedo of snow () depends upon how fast ( expressed in days) the fresh snow albedo () drops to firn albedo () after the last snowfall. 
	
	(S3)


where  is the age of the snow layer from the last snowfall (in days). The overall snowpack thickness ( in m) impacts the albedo; if the snowpack is thin, the albedo must tend towards the albedo of ice (). The full albedo can be written by introducing a characteristic snow depth scale  (in m) as
	
	(S4)


Densification
The snow volumetric mass ( in kg m-3) is a key characteristic of the snowpack. Following Essery and others (2013), COSIPY calculates the snow volumetric mass to derive important snow properties such as thermal conductivity and liquid water content. Assuming that a rapid settlement of fresh snow occurs simultaneously with slow compaction by the load resisted by the viscosity (), the rate of change in the volumetric mass as a function of time t, , of a snow layer with temperature  and overlying mass  is given by:
	
	(S5)


And the viscosity:
	
	(S6)


Values for the two physical constants and six parameters in equations (S3) and (S4) are given in Table S4 below.

Table S4. Physical constants and parameter values for snow compaction parameterisations
	equation
	Parameters
	Sources

	S5
	 = 2.8×10−6 s−1,  = 0.042 K−1,  = 0.046 m3 kg−1
= 150 kg m-3
 = 273.15 K melting point temperature
 = 9.81 m s-2 acceleration due to gravity
	(Anderson, 1976; Boone, 2002; Essery and others, 2013; Sauter and others, 2020)

	S6
	= 0.081 K−1  = 0.018 m3 kg−1
 = 3.7×107 kg m−1 s−1
	




[image: ] Figure S6. Total (a) snowfall, (b) sublimation, (c) melt and (d) refreezing (red dots) for each grid cell simulated by COSIPY for the 2018/19 period. Also shown is the glacier hypsometry (grey histograms) used in the model.

[image: ]
Figure S7. Flow chart illustrating the sequential approach used to develop and analyse mass balance sensitivity by both classical and synthetic methods.

[image: ]
Figure S8. Mean daily observed and modelled albedo and surface temperature at AWS-L (a and b) and AWS-H (c and d) for the 2016-20 period. The metrics r2 and MAE are calculated for each year at AWS-L (except 2017/18, because the data gap is too long) and for the 3-year 2017-20 period at AWS-H.

[image: ]
Figure S9. Distributed annual net shortwave radiation (SWnet), net longwave radiation (LWnet), sensible heat flux (QS), and latent heat flux (QL) in W m-2 for the year 2016/17. The glacier outlines (black) is from Wagnon and others (2021).

[image: ]
[bookmark: _GoBack]Figure S10. Distributed annual mass balance (MB), sublimation, total melt and refreezing in m w.e. for the year 2016/17. The glacier outlines (black) is from Wagnon and others (2021).
[image: ]

Figure S11. Same as Fig. S9 for the year 2017/18
[image: ]
Figure S12. Same as Fig. S10 for the year 2017/18
[image: ]
Figure S13. Same as Fig. S9 for the year 2018/19

[image: ]
Figure S14. Same as Fig. S10 for the year 2018/19
[image: ]
Figure S15. Same as Fig. S9 for the year 2019/20
[image: ]
Figure S16. Same as Fig. S10 for the year 2019/20


[image: ]
Figure S17. Glacier-wide (a) energy fluxes, (b) mass flux components, and (c) mass balance from the reference year (RY, in green on the x-axis) as well as all classical (in black) and synthetic (in red, grey and blue) scenarios. Synthetic scenarios are sorted in ascending order of glacier-wide mass balance, from the most negative (-1.76 m w.e.) to the most positive mass balance (0.54 m w.e.). The colour code of synthetic scenarios visualises the mass balance range: MB < -0.80 m w.e. (red); -0.80 m w.e. ≤ MB ≤ -0.25 m w.e. (grey) and -0.25 m w.e. < MB (blue). SWnet = net shortwave radiation, LWnet = net longwave radiation, QL = latent heat flux, QS = sensible heat flux, QC = subsurface heat flux, QR = rain heat flux, QM = available melt energy at the surface, SnowF. = solid precipitation, Subl. = sublimation, Surf. M. = melt at surface Sub S. M. = subsurface melt and Refr. = refreezing. 2017, 2018, 2019 and 2020 are the mass balance years 2016/17, 2017/18, 2018/19 and 2019/20, respectively.

[image: ]
Figure S18. Location of glaciers where SEB studies have been conducted in HMA after 2014, and listed in Table 8. 
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  Table S1.  Monthly correlation coefficients (r 2 ) between the Mera La AWS and AWS - L hourly data with parameters used to linearly 
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Variables  T  RH  u  SWin  LWin  

Time frame  r 2  m  c  r 2  m  c  r 2  m  c  r 2  m  c  r 2  m  C  

all  0.92  0.90  - 2.09  0.91  0.94  5.47  0.51  0.94  0.70  0.90  1.10  0  0.93  0.92  12.77  

Jan  0.86  0.86  - 3.07  0.82  0.86  4.94  0.41  0.80  1.62  0.95  0.93  0  0.77  0.77  37.72  

Feb  0.90  0.86  - 2.82  0.85  0.89  3.60  0.45  0.69  1.88  0.97  0.98  0  0.88  0.84  27.90  

Mar  0.88  0.82  - 2.83  0.79  0.87  3.28  0.37  0.79  1.61  0.96  1.08  0  0.82  0.78  38.44  

Apr  0.81  0.72  - 3.06  0.81  0.91  3.98  0.34  0.79  1.16  0.91  1.23  0  0.71  0.76  44.96  

May  0.73  0.66  - 2.19  0.78  0.93  3.73  0.22  0.64  1.31  0.87  1.26  0  0.73  0.81  37.50  

Jun  0.65  0.59  - 0.90  0.72  0.84  15.59  0.26  0.69  0.53  0.83  1.32  0  0.76  0.88  29.04  

Jul  0.65  0.45  - 0.10  0.31  0.45  53.71  0.09  0.49  0.55  0.83  1.27  0  0.61  0.78  64.50  

Aug  0.64  0.44  - 0.14  0.42  0.54  44.88  0.15  0.61  0.48  0.81  1.22  0  0.76  0.86  37.92  

Sep  0.70  0.61  - 1.03  0.64  0.72  28.11  0.15  0.45  0.55  0.84  1.15  0  0.78  0.97  1.67  

Oct  0.80  0.79  - 2.95  0.81  0.89  10.95  0.19  0.61  1.05  0.91  1.05  0  0.86  0.86  26.36  

Nov  0.79  0.77  - 3.53  0.74  0.81  10.53  0.25  0.59  1.75  0.95  0.96  0  0.83  0.80  35.77  

Dec  0.89  0.84  - 3.12  0.77  0.85  8.55  0.47  0.77  1.59  0.96  0.93  0  0.85  0.84  26.40  
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  Table S2. Tested range and final values of the altitudinal gradients of air temperature, relative humidity, incoming longwave  

9

  radiation and precipitation used to spatially distribute the meteorological forcing data  

10

 

SN  Parameters  Max  Min  final value   

1  Temperature gradient ( ?   km - 1 )  - 4.2  - 6.5  - 5.7  

2  Relative humidity gradient (% km - 1 )  0  - 20  - 15  

3  LWin gradient (W m - 2   km - 1 )  0  - 41  - 25  

4  Precipitation gradient (mm km - 1   or % km - 1 )    0  

 

11

   

12

   

13

 

