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LIA dates of glacier moraines in the Himalaya
Rowan (2017)1 reviewed and analysed available moraine ages attributed to the late Holocene and Little Ice Age (LIA) across the Himalaya. In that study, statistical analysis of 66 ages defined three distinct periods of glacial advance at ~400 AD, ~800 to 900 AD, and ~1300 to 1600 AD. These times of glacial growth match well with European LIA glaciation2. The last period of advance, 1300 to 1600 AD, was identified by Rowan1 to be the most widespread and thus was determined as the LIA maximum within the Himalaya.

The exact timing of maximum advance during the LIA will have been different for each glacier, and overall asynchronous across the Himalayan region. However, Rowan1 noted that the spatial distribution of dated samples also varies, with the majority taken from within the Central Himalaya region. Only 8 glaciers outside Central Himalaya have dated moraines to within the LIA. From an analysis of their controlling factors, neither altitude nor longitude affected the LIA moraine ages, while an influence from latitude was identified, with ages occurring earlier at lower latitude. However, due to the spatial clustering of the dated samples, any inferences of a spatial pattern for the whole Himalaya is impossible to determine1. The few more recent studies3, 4 of individual glaciers or glacierised valleys and are not enough to enable any determination of spatial patterns in the timing of the LIA across the Himalaya. Therefore, in this study we calculated our rates of glacier change for the upper and lower bounds of this time range; specifically, a faster rate from 1600 to present, and a slower rate from 1300 to present.

LIA glacier ablation area surface reconstruction

Spatial analysis method
1. In ArcMap (v. 10.4.1), and using spatial analyst extension, we mapped LIA limits of glaciers reported in the literature with LIA dates.
2. Manually digitised contiguous moraine crests and trimlines using 8 m HMA DEM and very high resolution (< 1 m) satellite imagery and aerial photography available in ArcGIS (ESRI software) basemaps. We used the RGI outlines of contemporary glaciers as a starting point and edited them to LIA limits. 
3. Note that for some modern glaciers LIA moraine evidence was absent or obscured (by snow cover or cloud cover and/or poor quality DEM), and note that many of these LIA glaciers are a coalescing of several modern glaciers. Then the final number of LIA glaciers identified in this study n => 14,000. 
4. Use Pellitero et al.5 (python) code to derive an ELA for every glacier by specifying a BR (balance ratio) of 1.75 as suggested by Rea6 for Himalayan glaciers, and then our own extension to that code (combined into a new stand-alone ArcGIS tool) to use the ELA to derive an ablation area automatically for every LIA glacier outline  by intersecting each ELA contour with each glacier outline.
5. To use the ablation area polygons with the modern DEM to reconstruct a LIA ice surface for each ablation area, first ‘Densify’ ablation area outlines to add vertices evenly along all polygon edges (or else the parts that we digitised versus the parts from RGI 6.0 would be very different).
6. ‘Simplify polygon’ to remove extraneous LIA ablation area polygon vertices [and thus speed up subsequent computations].
7. Convert the ablation area outline ‘feature vertices to points’. i.e. to extract the points from the ablation area shapefile.
8. Use the extracted ablation areas to ‘extract by mask’ the contemporary DEM.Use these points to ‘Extract values to point’ from DEM; i.e. to assign elevations to the moraine crests and to the rest of the ablation area outline.
9. Interpolate a LIA glacier surface between these aablation area elevation points using extracted rastervalue from step 8
10. Determine surface elevation change between the LIA and present by computing LIA surface minus DEM = surface lowering.
11. Use zonal statistics to determine sum elevation change for each glacier ablation area and multiply by cell size to get volume change per glacier.


Data sources, spatial analysis method and uncertainty in estimates
Rowan1 summarised that across the Himalaya two distinct sets of moraines are commonly found in front of modern glaciers. The inner moraines (determined to be LIA in origin) are distinct morphologically from the outer (older, late Holocene) moraines, with steeper-sided ridges and ‘fresher’ (appear lighter coloured due to being unstable and largely devoid of vegetation) surfaces compared to more subdued and multiple ridge complexes of the former. LIA moraines were identified to be of most prominence close to the current glacier terminus, thus any subdued moraine behind these were determined to be recessional and older in nature and origin.

We did not map LIA outlines where geomorphological evidence was absent or ambiguous, where snow cover or cloud cover obscured the ground, or for small and steep hanging glaciers (permanent ice at altitude that is not situated in a well-defined cirque or depression).

We always digitised the innermost prominent (assumed to be LIA) moraine crest for consistency and for provision of a conservative estimate of ice extent and volume during the LIA. We cannot account for ice that occupied local topographic basins now filled with water but we expect this volume is negligible to the total. Our LIA glacier reconstruction technique pertains only to glaciers where the Randolph Glacier Inventory (RGI 6.0)7 outlines exist and we note there are many empty cirques that might have held small glaciers during the LIA; this ice contribution is not included in LIA-to-present volume change estimates. Nonetheless, we certainly account for the vast majority ice volume lost since the LIA because it will have been located below the LIA equilibrium line altitude (ELA) which we have incorporated through our derivation of glacier-specific LIA ablation areas. 

We calculated the change in glacier volume from the LIA to the present day by differencing a LIA glacier ablation area surface with the modern DEM. Following the method of Carrivick et al.8, 9, LIA glacier ablation areas were produced by automatically estimating glacier-specific ELA using the Area-Altitude Balance Ratio (AABR) method and the ArcGIS tool developed by Pellitero et al.5. These polygons were subsequently merged with our mapped moraine crests and trimlines. The modelled glacier-specific ELAs fitted the geomorphological evidence, i.e. the maximum height of lateral moraines10 well. Surface lowering was converted to a volume change estimate by summing the grid cell elevation changes for each glacier zone and multiplying by cell size. This method excludes any thinning and hence volume change that might have occurred above the LIA ELA, i.e. in glacier accumulation areas, but we do not account for this because (i) there is no geomorphological evidence of it, (ii)  DEM data are more likely to be missing or of poor quality is within glacier accumulation areas, and we re-iterate therefore that our estimates of volume loss since the LIA to the present are conservative.

Where our workflow identified positive elevation changes (Fig. SI 1A) i.e. a present day surface higher than the reconstructed LIA surface, we examined these manually on a case-by-case basis. Some were due to surges and are presumably cancelled out in the volume change estimates by a corresponding area of elevation losses because a surge is a translation of mass11. Others are undoubtedly due to poor DEM quality, for which we did not attempt any fixes because they covered a very small proportion (< 1 %) of the total glacier area. The remaining few examples are due to a fault in our workflow that cannot automatically account for situations where lateral moraine crests are lower in a transverse direction than the glacier surface; for example, in steeply convex ice falls or on piedmont lobes. Across the entirety of our dataset, the area covered by grid cells with positive elevation changes is 5.6% of the total glacier area and the magnitude of these positive values combined represents between 3 % and 4.4 % of the (lower and upper bounds of) volume loss that we compute. 

Prescribing a convex profile to reconstructed ice surfaces is not trivial and subject to subjective decisions 12. In a sensitivity test [in their SI] Carrivick et al. 9 found typically < 5 % volume difference (but up to 30 % difference for some very small glaciers) after prescribing a convex surface compared to not, for individual glaciers. This is a very small sensitivity of the volume difference calculation, and virtually insignificant when the time frame of changes and hence rates of change are computed.

Uncertainty in area estimates will result from DEM resolution, LIA moraine identification and digitising precision. Our LIA area change estimates are subject to uncertainty depending on the hillshaded DEM (8 m) and optical image (< 1 m) resolution used for digitising moraine crests, and subjective choices of the most prominent inner moraine and of trimlines. Nevertheless, in the vast majority of cases the geomorphological evidence is distinct, whilst digitising errors for smaller glaciers will have the largest relative effect in area measurement accuracy12. For a typical Himalayan glacier of 2 km2, digitizing errors of one pixel would typically produce an area of ~ ± 2 % (depending on glacier shape), which is less than Nuimura et al.12 reported for their Himalaya glaciers but they were using 30 m raster imagery and included inexperienced operators and poorly-lit imagery. For the debris-covered ablation tongues, uncertainty might be as much as 10 %12.

Uncertainty in our volume estimates depend on the extraction of elevations from a DEM on the ablation area outlines. Due to the frequent holes in the HMA DEM coverage13, we were unable to use it for all glaciers. We therefore examined usage of the ALOS DEM14, which is seamless but of coarser 30 m resolution. We conducted an assessment of the effect of DEM source (timing of imagery used to construct DEM and resolution of DEM) on our volume estimates. Our findings, for the Langtang region that has good HMA DEM coverage, is that our LIA volume estimates either for individual glaciers or for entire regions do not depend on DEM source (Figure SI 1). 

Our volume estimates do depend on the interpolation method used to derive a LIA glacier surface from points on moraine crests. For the interpolation, 4 different spatial interpolation techniques were considered: Natural Neighbour, Inverse Distance Weighting, Kriging, and Spline. Their accuracy in interpolating elevation was assessed by using a K-fold cross validation to evaluate their predictive methods. To do this, areas of known elevation (i.e. digitised points along the LIA moraine crest) were taken; each interpolation technique was iterated through 10 times with a random 10 % of the points removed for each iteration. The points removed (with the extracted interpolated elevation) were then assessed for their ‘closeness of fit’ with the actual elevation. The interpolated technique with the lowest root-mean-square-error (RMSE) and lowest standard deviation (STD) was determined to be the best method. Results of the analysis are shown within Table SI 1. As Carrivick et al.8, 9 also reported, Natural Neighbour was determined in this study to be the more realistic spatial interpolation routine to estimate LIA glacier surfaces from points on moraine crests. Natural Neighbour interpolation incurred the lowest RMSE of 10.49 m and the lowest STD of 13.18 m. Spline gave similar results with a RMSE of 10.66 m and a STD of 16.14 m but Spline does not preserve the original values of input points and thereby yields erroneous sinks and ridges. Carrivick et al.9 found that Kriging interpolation gave similar results to Natural Neighbour but was very computationally intensive, while additionally in our study Kriging incurred too high an error in its elevation prediction.

Rates of change do not depend so much on volume estimate, but rather are largely affected by the choice of a date for the LIA. Glaciers across the LIA reached their maximum LIA extent at different times1, but there is no trivial way to assign a date to individual glaciers, or even to individual regions. We therefore took the earliest (year 1300 CE) and latest (year 1600 CE) dates for the LIA across the Himalaya as proposed by Rowan1 and calculated rates of change for both scenarios. The shortest time, i.e. from year 1600, produces the most rapid centennial rate changes that are plausible, but these are still an order of magnitude slower than the rates reported for the last few decades by Brun et al.15, for example.

For the purposes of comparing our centennial-scale volume changes to contemporary changes reported in the literature, and for evaluating the relative importance of Himalayan glaciers to global sea level contributions, we converted our volume changes into mass changes. For this calculation, we used an ice density of 850 kg/m3 from Huss16. That density assumes, for simplicity, that all volume lost was ice, even though a small proportion could have been firn, and it complies with our aim for a conservative estimate of ice volume loss. The mass of ice was converted to a sea level equivalent (SLE) using an ocean area of 3.62 x 108 km2 from Hock et al.17.
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[bookmark: _Hlk40263903]Figure SI 1. Effect of DEM source on surface lowering (maps) and volume changes per glacier (graphs) for the Langtang region. A) The 30 m ALOS DEM, B) the 8 m HMA DEM, C) negative elevation and D) positive elevation, changes compared between the two DEMs. The dataset analysis and preparation of parts A and B of this figure were made using ESRI ArcGIS software (v. 10.6).




	
	NN
	IDW
	Kriging
	Spline

	Iteration
	RSME
	STD
	RMSE
	STD
	RSME
	STD
	RSME
	STD

	1
	10.39
	13.73
	16.75
	20.91
	15.63
	20.83
	11.07
	16.02

	2
	10.22
	12.5
	16.39
	21.58
	15.47
	19.25
	10.47
	17.87

	3
	10.18
	12.61
	16.66
	21.55
	16.7
	21.08
	10.74
	16.96

	4
	10.77
	13.98
	17.07
	21.76
	16.48
	19.73
	9.98
	13.16

	5
	10.65
	13.05
	15.38
	18.98
	15.9
	19.22
	10.64
	18.41

	6
	10.62
	13.49
	16.78
	21.42
	16.52
	20.62
	11.2
	15.36

	7
	10.35
	12.6
	16.84
	20.04
	16.25
	19.71
	10.59
	14.62

	8
	10.68
	13.29
	17.48
	22.08
	16.88
	21.04
	11.17
	20.13

	9
	10.59
	12.84
	15.68
	20.49
	20.37
	24.31
	10.62
	16.04

	10
	10.47
	13.68
	16.85
	21.3
	16.17
	19.06
	10.08
	12.87

	Mean
	10.49
	13.18
	16.59
	21.01
	16.63
	20.49
	10.66
	16.14



Table SI 1. K-Fold Cross Validation results for spatial interpolation of LIA glacier surfaces from point elevations on moraine ridge crests.

Determination of glacier type and terminus environment
Studies have identified that the glacial terminus conditions can affect the rate of glacial mass loss18. In this study, glaciers were assigned to one of four mutually exclusive classes depending on their surface characteristics (debris-covered vs clean-ice) and their terminus environment (lacustrine or on land). Hereon-in we refer to those four classes accordingly: debris-lake (1%), debris-land (7%), clean-lake (4%) and clean-land (88%).

Lake-terminating glaciers were identified via the inventory of High Mountain Asia glacial lakes from Wang et al.19 for 1990 and 2018, which was derived from 30 m Landsat imagery; we used the 2018 inventory. Wang et al.19 used a normalized difference water index (NDWI) to identify water bodies, while any water bodies within a 10 km buffer of a glacier terminus were determined as a glacial lake. In this study, a ‘selection by location’ was performed to select all glaciers that were within a 30 m buffer of a glacial lake. 

Glaciers were identified with ‘debris-cover’ via a dataset from Kraaijenbrink et al.20, which includes debris-cover for glaciers across the Hindu-Kush-Himalaya region. This dataset was created from Landsat 8 imagery and by selecting pixels below a normalized difference snow index (NDSI) value of < 0.25 and a slope threshold of < 24° to a debris cover pixel. In this study, glacier outlines were then assigned a percentage cover from this debris-cover raster layer and any glacier with > 30 % debris cover was categorised as ‘debris-covered’. 

Glaciers were identified to be of both debris-cover and lake-terminating condition where the results from the above two categorisations coincided spatially. The remaining glaciers in our study were by default ‘land-terminating’ and ‘clean ice’.

In our categorisation of glacier type and terminus environment, any single glacier is assigned to one group only. In reality, glaciers can exhibit several of the properties simultaneously and to varying degrees. However, we draw attention to the fact that Brun et al.18 have shown that different thresholds used to categorise glaciers into their respective terminating conditions have limited influence on the final results. Furthermore, it must be acknowledged that our categorisations are based on modern conditions. Both debris-cover and proglacial lakes evolve through time and we cannot say anything about this evolution since the LIA.

We predominantly analysed glacier changes by morpho-climatic zone following those of Brun et al.15. It should be noted that with these zones the glaciers of Sikkim are part of the category East Nepal and that all glaciers from Uttarakhand are integrated in the category Spiti-Lahaul. Glacier volume changes between the LIA to present were -148 km3 for Spiti-Lahaul, -107 km3 for West Nepal, -170 km3 for East Nepal and -63 km3 for Bhutan. By major river catchment/drainage basin this glacier volume change is -160 km3 for the Indus, -234 km3 for the Ganges and -93 km3 for the Brahmaputra. Our analysis of glacier changes for north versus south of the main divide and for major river catchment/drainage basin is summarised in Figure SI 2.

Statistical difference of mass loss between groups
GLMs (Generalised Linear Models) were constructed in R3.6.121 to assess if there was a statistically significant difference between differing groups. The GLM approach allowed us to account for non-normally distributed mass balance data. Mass-balance values (which are a negative m w.e.) were inverted prior to analysis. Zero-inflated Poisson distribution models were specified using the pscl package (https://www.rdocumentation.org/packages/pscl) to account for zero observations, which arose due to some small fragments of ablation areas produced by the automatic extraction of ablations areas; i.e. where multiple cirques feed into a single ablation tongue some small lowermost parts of some cirques were classified as ablation areas but were disconnected from the main tongue. We observed difference in mass balance between groups, namely; (i) between region (p=0.024; McFadden pR2=0.06, (ii) north versus south of the main divide (p=0.0471; pR2=0.06), and (iii) between glacier terminus and surface type (p=4.5e-08; pR2=0.03). We also ran nested models: region/glacier type in (p=3.85e-07; pR2=0.07), north versus south/glacier type (p=1.65e-05; pR2=0.10), and region/north versus south/glacier type (p= 3.17e-05 ; pR2=0.06)  (Table SI2). The large proportion of unexplained variance across all models is likely a reflection of local topographic factors which could not be quantified within our remote sensing framework.
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Figure SI 2. Total volume change of glaciers since the LIA discriminated by drainage basin and by glacier terminus type north/south of the main divide. The dataset analysis and preparation of this figure was made using ESRI ArcGIS software (v. 10.6).



	
	
	
	1300
	1600
	1300
	1600

	Region
	Terminus type
	n
	median m w.e/yr
	IQR m w.e./yr

	Bhutan
	
	1356
	-0.012
	-0.022
	0.015
	0.027

	East Nepal
	
	2380
	-0.013
	-0.023
	0.016
	0.029

	West Nepal
	
	2902
	-0.011
	-0.019
	0.012
	0.022

	Spiti Lahaul
	
	8160
	-0.009
	-0.016
	0.010
	0.018

	North (all)
	
	3601
	-0.011
	-0.020
	0.015
	0.025

	South (all)
	
	11197
	-0.010
	-0.017
	0.011
	0.020

	Bhutan North
	clean-land
	778
	-0.010
	-0.017
	0.013
	0.023

	 
	clean-lake
	100
	-0.025
	-0.043
	0.020
	0.034

	 
	debris-lake
	6
	-0.022
	-0.039
	0.038
	0.067

	 
	debris-land
	55
	-0.020
	-0.035
	0.014
	0.025

	Bhutan South
	clean-land
	296
	-0.010
	-0.018
	0.012
	0.020

	 
	clean-lake
	83
	-0.023
	-0.039
	0.013
	0.023

	 
	debris-lake
	14
	-0.030
	-0.052
	0.025
	0.044

	 
	debris-land
	24
	-0.025
	-0.043
	0.012
	0.022

	East Nepal North
	clean-land
	924
	-0.010
	-0.018
	0.015
	0.025

	 
	clean-lake
	147
	-0.026
	-0.045
	0.023
	0.040

	 
	debris-lake
	20
	-0.037
	-0.064
	0.027
	0.047

	 
	debris-land
	165
	-0.022
	-0.038
	0.025
	0.043

	East Nepal South
	clean-land
	839
	-0.011
	-0.019
	0.014
	0.024

	 
	clean-lake
	90
	-0.026
	-0.045
	0.015
	0.026

	 
	debris-lake
	26
	-0.030
	-0.052
	0.020
	0.036

	 
	debris-land
	169
	-0.018
	-0.031
	0.014
	0.024

	West Nepal North
	clean-land
	598
	-0.010
	-0.018
	0.012
	0.021

	 
	clean-lake
	46
	-0.021
	-0.036
	0.015
	0.026

	 
	debris-lake
	8
	-0.005
	-0.008
	0.018
	0.032

	 
	debris-land
	41
	-0.015
	-0.027
	0.009
	0.016

	West Nepal South
	clean-land
	1902
	-0.010
	-0.017
	0.012
	0.021

	 
	clean-lake
	49
	-0.015
	-0.026
	0.009
	0.016

	 
	debris-lake
	6
	-0.020
	-0.036
	0.011
	0.020

	 
	debris-land
	252
	-0.016
	-0.028
	0.012
	0.022

	Spiti Lahaul North
	clean-land
	677
	-0.009
	-0.016
	0.011
	0.019

	 
	clean-lake
	14
	-0.017
	-0.030
	0.007
	0.013

	
	debris-lake
	0
	-
	-
	-
	-

	 
	debris-land
	22
	-0.013
	-0.023
	0.009
	0.016

	Spiti Lahaul South
	clean-land
	7072
	-0.009
	-0.016
	0.010
	0.018

	 
	clean-lake
	64
	-0.016
	-0.028
	0.010
	0.017

	 
	debris-lake
	13
	-0.020
	-0.035
	0.015
	0.027

	 
	debris-land
	298
	-0.015
	-0.025
	0.012
	0.020



Table SI 2. Mass balance from the LIA between data groups.





	
	Gardelle et al. (2013)
	Kääb et al. (2015)
	Brun et al. (2017)
	Maurer et al. (2019)
	This study

	Time period
	2000-2010
	2003-2008
	2000-2016
	1975-2000
	2000-2016
	1300-2020
	1600-2020

	Spiti Lahaul
	-0.45±0.14
	-0.42±0.26
	-0.37±0.09
	-0.15±0.14
	-0.45±0.15
	-0.010
	-0.017

	West Nepal
	-0.32±0.14
	-0.37±0.15
	-0.34±0.09
	-0.28±0.13
	-0.38±0.14
	-0.012
	-0.021

	East Nepal
	-0.26±0.14
	-0.31±0.14
	-0.33±0.20
	-0.22±0.12
	-0.41±0.12
	-0.016
	-0.028

	Bhutan
	-0.22±0.14
	-0.76±0.20
	-0.42±0.20
	-0.25±0.12
	-0.51±0.15
	-0.014
	-0.025

	Mean
	-0.35±0.08
	-0.42±0.12
	-0.36±0.07
	-0.21±0.07
	-0.43±0.08
	-0.013
	-0.023



Table SI 3. Comparisons with prior studies for mass balance (m w.e./yr) within the Himalaya 
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