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Figure S1: (a) Map of southwest Greenland study area showing the location of Rio Behar (RB) catchment (black star indicates discharge gage site location, outline is catchment boundary) (67.05oN, -49.02oW; 1215 m. a.s.l.) in relation to automatic weather stations KAN_M and KAN_L, discharge gage sites on the Akuliarusiarsuup Kuua River’s northern tributary (AK4) and the Leverett Glacier’s (LG) outlet, and two supraglacial lakes with satellite lake volume (SLV) estimates. (b) The 60.1 km2 Rio Behar catchment was surveyed with an uncrewed aerial vehicle carrying an RGB camera during the 20–23 July 2015 and 6–13 July 2016 field experiments1 (2016 values are shown here). These images were georefrenced, mosaiced, and georectified using Agisoft PhotoScan Pro stereophotogrammetry software. Catchment surface classification by a k-Nearest Neighbors algorithms yielded 3.1% snow cover, 1.2% water, and 95.7% bare ice during the 6–13 July 2016 field experiment (snow cover was 6.5% for the 2015 experiment)1. Catchment delineations were obtained from WorldView-1 and WorldView-2 satellite imagery and associated high resolution stereo‑photogrammetric digital elevation models following reference2 (see Methods). The lower (dotted line), upper (dashed line) and “best guess” (solid line) catchment boundaries are shown here, with corresponding catchment surface areas of 51.2 km2, 71.3 km2, 60.1 km2, respectively. 
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Figure S2: A network of twelve bamboo ablation stakes were randomly distributed within a ~0.5 km2 area within the study catchment. The distance from an 8-inch square wooden ‘ablation board’ datum to the top of each stake was measured on a three-hourly schedule from 12:00 on 6 July 2016 to 21:00 on 12 July 2016. The board was oriented to true north and 2–4 measurements were made from a line printed on the board to the top of each stake to minimize local ablation rate variability in the vicinity of each stake. These distances were converted to cumulative surface lowering for comparison with simulated melt rates. Bright white ice (center image) contrasts with dark ice (right image). White boxes show stake locations visible in image background.
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Figure S3: Example of processing stream applied to climate model output used in this study (RACMO2.3 data are shown here). (a) The native climate model output is provided at ~7.5 km grid spacing. (b) The catchment boundary contains areas drained by crevasse fields and internal moulins that are subtracted from the catchment contributing area. (c) The native climate model grid is projected onto the National Snow and Ice Data Center Equal-Area Scalable Earth (EASE) grid version 2.03 and the climate model data is resampled at 100 m horizontal grid spacing using Delaunay triangulation and nearest neighbor interpolation. These 100 m gridded values are then intersected with the catchment boundary and converted to volumetric quantities using the catchment-scale area weighted average of the 100 m grid cells shown at right. 
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Figure S4: Hourly values of (a) reflected shortwave radiation, (b) incoming longwave radiation, (c) net turbulent heat flux, and (d) net radiation from MERRA-2, RACMO2.3, MAR3.10, and an independent offline surface energy balance (SEB) model4 forced with weather station observations during the 6–13 July 2016 field campaign. Among these models, RACMO2.3 most closely reproduces observed net radiation and SEB-modeled turbulent energy fluxes but overestimates meltwater runoff, consistent with the July 2015 field experiment1 (see also Figure S5).
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Figure S5: Hourly values of (a) reflected shortwave radiation, (b) incoming longwave radiation, (c) net turbulent heat flux, and (d) net radiation from MERRA-2, RACMO2.3, MAR3.10, and the SEB model forced with KAN-M automatic weather station observations during the 20–23 July 2015 field campaign. Among these models, RACMO2.3 most closely reproduces net radiation and turbulent energy fluxes but overestimates meltwater runoff.
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Figure S6: Model simulations of ice sheet surface meltwater runoff compared with direct discharge measurements collected during a 20–23 July 2015 field experiment1. During this field experiment, heavy cloud cover was present during the final ~24 h. The radiative effect of cloud cover contributes to enhanced spread between climate model simulations and the climate model emulator “SkinModel” which is forced with hourly meteorological variables recorded at the KAN-M automatic weather station. Apart from these discrepancies, the climate-model emulator “SkinModel” closely reproduces climate model runoff, but overpredicts measured discharge when forced with weather station albedo measurements. In contrast, the one-dimensional ice column model IceModel reproduces observed discharge to within 1% cumulative, whereas two of three climate models overestimate runoff for this time and location. Consistent with our 2016 experimental findings, MERRA-2 simulates lower runoff due to its high albedo bias (Figure S7) and corresponding underestimation of net radiation (Figure S4 and Figure S5).
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Figure S7: Comparison of observed hourly albedo from the KAN_M automatic weather station with albedo output from the offline ice surface energy balance model (SEB), two regional climate models (RACMO2.3 and MAR3.10), one global climate model (MERRA-2), and daily albedo from the MODIS satellite during the (a) 6–13 July 2016 field experiment, and (b) 20–23 July 2015 field experiment. Among the climate models examined, RACMO2.3 most closely reproduces observed albedo values. Consequently, RACMO2.3 most closely reproduces energy available for meltwater production, but overestimates meltwater runoff. The MODIS satellite time of overflight at this location is 10:30 for Terra and 13:30 for Aqua. Note that model simulations presented in this study labeled ‘AWS Observations’, and also the SEB model, are forced with KAN-M albedo observations.
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Figure S8: (a) Model simulations of cumulative ice sheet surface meltwater runoff compared with supraglacial discharge measured over two months5 in 2016 at a supraglacial catchment contained within the Akuliarusiarsuup Kuua River’s northern tributary (AK4) catchment. IceModel forced with meteorological observations from the nearby KAN-L automatic weather station (AWS) closely reproduces observed supraglacial discharge (compare solid blue line to red error bars proportional to 25% estimated discharge uncertainty at the 95% confidence level5). In contrast, all other models overestimate observed discharge. The supraglacial catchment contributing area was determined by direct mapping of topographic divides in the field which provides a field-validated constraint on meltwater runoff in this catchment. Modeled runoff uncertainty (shaded envelopes) is proportional to estimated 5% catchment area uncertainty5. (b-c) Same as (a) but for seven years (2009–2015) of cumulative proglacial discharge measured in the Akuliarusiarsuup Kuua River’s northern tributary (AK4)6. Runoff uncertainty (shaded envelopes) and central estimates (solid/dashed lines) are derived from catchment contributing area boundaries corresponding to upper, middle, and lower prescribed values of the flotation factor , which accounts for evolving subglacial water pressure and hydraulic routing throughout the summer melt season7. In (b), upper and lower bounds are  and , respectively. In (c), upper and lower bounds are  and , respectively. Central estimates are the average of the upper and lower contributing areas. The close fit in (b) suggests that the AK4 contributing area is in the range of the lower and upper boundaries corresponding to  and , respectively.
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[bookmark: _Ref47367486]Figure S9: Values of (a) single-scattering extinction coefficient , (b) single-scattering co-albedo , and (c) asymmetry parameter , calculated with Mie scattering algorithms for an ensemble of grain sizes (N=1000) randomly drawn from a normal distribution with mean value 2.0 mm and standard deviation 0.3 mm. These single-scattering properties describe the extinction of shortwave radiation due to absorption and scattering by spherical ice grains. The mean values of each ensemble (thick blue lines) at 118 spectral bands that span the solar spectrum (here 0.3–3.03 m) are used to calculate spectral flux extinction coefficients (Eq. ), which describe the extinction by absorption and scattering of shortwave radiation by a volume of ice grains having a volume-to-surface-area ratio (effective optical radius) equivalent to the grain radius used for the Mie scattering calculations. 


[image: A close up of a map

Description automatically generated]
[bookmark: _Ref47371014]Figure S10: Values of spectral flux extinction coefficient, , for an ice volume with effective optical grain radius  mm and bulk density , calculated with Eq.  (theoretical values) using the single scattering properties in Figure S9, and field-calibrated values calculated with Eq. 14 using ice absorption coefficient values obtained from measurements of solar flux attenuation in glacier ice in the Greenland Ice Sheet ablation zone9. The higher values in the spectral region 0.3–0.7 m are caused by light absorbing impurities present within the ice column in the Greenland Ice Sheet ablation zone. 

2 Supplementary Text
2.1 Supplementary Methods
2.1.1 Description of IceModel
Ice temperature, meltwater production, and refreezing are calculated using a one-dimensional coupled model of mass and heat transport. Following Liston et al.10:

where  [kg m-3] is solid ice density,  [J m-3 K-1] is volumetric specific heat capacity,  [K] is ice temperature,  [J kg-1] is the latent heat of fusion of ice,  [m3 m-3] is volumetric ice content,  [m] is distance in the vertical dimension,  [W m-3] is the net solar flux divergence, and  [m s-1] is the ice surface ablation rate. The model updates an earlier version10 with new values for the spectral absorption coefficient of ice11 and the advection term  following Jordan12. 
Changes in enthalpy associated with heat gained or lost by melting and refreezing of liquid water are governed by changes in ice content, where a decrease in ice content is equivalent to an increase in water content:

and an increase in air content  [m3 m-3] is equivalent to a decrease in ice content scaled by volume expansion:

The ice thermal conductivity,  [W m-1 K-1], is from Calonne et al.13:

where the volumetric ice density  and solid ice density  are in units of kg m-3. The latent heat flux coefficient, , accounts for water vapor diffusion within the ice matrix air passages, and is defined by:

where  [J kg-1] is the latent heat of sublimation,  [J kg-1 K-1] is the gas constant for water vapor, the water vapor diffusivity,  [m2 s-1] is given by Anderson14:

and the saturation vapor pressure over ice  (Pa) is defined according to Murray15:

where  is in [K]. When meltwater is contained within the ice matrix,  is replaced with :

and  is updated according to:

where , , and   [J kg-1 K-1] are the specific heat capacities of pure ice, water, and air, respectively, and  [kg m-3] is the ice matrix bulk density: 

The residual liquid water content of the ice matrix is set to 2% following Pettersson et. al.16.
2.1.2 Two-stream radiative transfer model
The solar radiation source term  is evaluated with the two-stream radiative transfer model described by Schlatter17. Single-scattering extinction coefficient , single-scattering co-albedo , and asymmetry parameter , are computed as functions of grain size using Mie scattering algorithms provided as MATLAB code by Mätzler18 and the complex index of refraction of pure ice from Warren and Brandt11. The Mie solutions at each wavelength are integrated over a Gaussian size distribution (N=1000) of scattering radii  to eliminate ripples associated with Bessel function solutions to the Mie equations19 (Figure S9). 
The spectral flux extinction coefficients are applied to a downwelling solar irradiance profile for an Arctic mid-winter atmosphere. At the start of each model timestep, the two-stream model is solved using the observed broadband albedo as an upper boundary condition. The spectral flux extinction coefficients are combined with the modeled ice and liquid water fraction of each vertical layer to compute an effective bulk extinction coefficient:

where 

is the total equivalent liquid water content of the layer. The bulk extinction coefficient, , is calculated following Brandt and Warren20:

where  is incoming spectral irradiance at the ice surface,  is the spectral flux extinction coefficient for wavelength :

and:

is the single-scattering extinction coefficient.
An empirical constraint on  is given by a user-defined absorption coefficient profile following Equation 15 of Warren et al.21:

where  is a reference wavelength. In this study, values for  used as input to Eq.  are from measurements of flux attenuation within glacier ice in Greenland’s ablation zone9. Enhanced absorption of visible light due to impurities found on and within Greenland’s ablating ice surface including dust, black carbon, and microorganisms is demonstrated by the higher values of  from 0.3–0.6 um (Figure S10).
2.1.3 Numerical implementation
Equation (1) is solved using one-dimensional finite volume discretization and fully implicit time stepping. The spectral model is discretized at 2 mm vertical grid spacing to 12 m depth. Values for  at each 2 mm layer are obtained with a tri-diagonal matrix solver following Appendix 1 of Schlatter17. The thermal model is discretized at 2 cm vertical grid spacing to 20 m depth. Values for  are obtained with a tri-diagonal matrix solver using the finite control volume method described by Patankar22. 
At each timestep, the effective thermal conductivity (; Equation ) and specific heat capacity (; Equation ) are updated as functions of the evolving ice, air, and liquid water fractions following Equation 8 and Equation 9. 
The upper boundary condition for Equation  is the ice surface temperature , which is initially unknown. To estimate it, a surface energy budget is cast in the following form:

where  [-] allocates the incoming shortwave solar radiation  [W m-2] into a surface component allocated to the upper grid cell, and its subsurface component ,  [-] is ice surface albedo,  [W m-2] is incoming longwave radiation,  [W m-2] is longwave radiation emitted by the ice surface,  [-] is the ice surface emissivity,  [W m-2 K-4] is the Stefan-Boltzmann constant,  [K] is the ice surface temperature,  [W m-2] is the sensible heat flux,  [W m-2] is the latent heat flux,  [W m-2] is the conductive heat flux, and  [W m-2] is energy available for meltwater production. The methods used to obtain  and  are described in Liston et al.10. 
The bottom boundary condition for Equation  is:

where  is 20.0 m and the model is initialized with  based on observations of ice temperature in the western Greenland ablation zone23.
For SkinModel simulations, if the resulting value for  is greater than 0oC, then its value is converted to melt energy and  is set to 0oC. If  is less than 0oC, then the energy deficit available to freeze liquid water is computed. For IceModel simulations, the value for  is used as the upper boundary condition on Equation , and a tri-diagonal matrix solver is used to obtain values for  at each vertical node. If  is less than 0oC, then the energy deficit available to freeze liquid water is computed. If  is greater than 0oC, then its value is converted to melt energy and  is set to 0oC. 
If the ice thickness of the topmost layer is less than 1 mm it is combined with the layer below. The two layers are combined by adding their ice and liquid water mass and updating the bulk density and thermodynamic properties using the combination formulas in Jordan et al.12 (Equations 136–139).  
Sequential solutions to the coupled radiative, thermodynamic, and hydrologic conservation equations are obtained with an operator splitting method24. Within a timestep, the surface energy balance is computed, followed by the numerical spectral and thermodynamic equations. State variables are then updated, which include the ice, air, and liquid volumetric fractions, the enthalpy profile that accounts for release and consumption of latent heat, and the specific heat capacity, thermal conductivity, vapor diffusivity, and radiation extinction coefficient, which are used in the following time step.
The mass fraction of each individual control volume is composed of partial fractions of ice, liquid water, and air12:

where  [m3 m-3],  [kg m-3] and  [kg m-3] are respectively the partial volume fraction, partial density, and intrinsic density of constituent . 
The sum of the volume fractions is unity:

and the sum of the bulk densities is the total density:

The glacier ice density  is the combined liquid water and ice bulk densities i.e. . 
Porosity is the ratio of pore volume to total volume [m3 m-3]:

The volume fractions are also expressed in terms of porosity and liquid saturation , or the volume of liquid water per unit volume of voids [m3 m-3]:



The liquid saturation  is set to the residual liquid water holding capacity 2% following Pettersson et al.16. Liquid water that exceeds  is drained into the layer below, following25. If a sub-freezing layer is encountered, the liquid water is instantaneously drained from the ice column.
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