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15  Abstract

16  Under global warming, the Greenland Ice Sheet (GrIS) is experiencing unprecedented mass
17 loss . A key factor closely associated with this loss is the change of snow and ice albedo,
18 which is directly influenced by the firn metamorphism. To investigate the impact of bare ice
19 microstructure changes on the regional warming of the GrIS ablation zone, SNICAR-ADv4
20  (Snow, Ice and Aerosol Radiation model Adding-Doubling Version 4), a physically based
21  radiative transfer model, is incorporated in Common Land Model version 2024 (CoLM2024).
22 It allows the land surface model represent the ice albedo with changes in ice properties rather
23 than using a constant ice albedo value. Meanwhile, quality control was performed on the bare
24 ice physical property dataset input into CoLM, with multiple MODIS products combined.
25  Using SNICAR-ADv4 reduced the overestimation of shortwave broadband albedo by 60%,
26  with a bias of only 0.053. Further sensitivity experiments indicate that the albedo in the bare
27  ice region is reduced by 0.032 during the summer due to the bare ice metamorphism,
28  producing a 2-m temperature forcing of 0.071°C and a snow cover change of -0.011. The
29  contraction of snow cover exposes more bare ice and will further decrease albedo and
30 increase the ground's absorption of solar radiation, suggesting a feedback mechanism
31 involving bare ice, snow, and albedo. This highlights the indispensable role of bare ice
32 physical properties in the bare ice-snow-albedo feedback for amplifying melt, and more

33  significant feedback is expected to be produced by land-atmosphere coupling model.

34
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37

38 1. Introduction

39 The Greenland Ice Sheet (GrIS), the last remnant of the Ice Age has been melting at a rapid
40  pace since the 1990s, losing around 255 Gt of ice annually in 2003-2016 (Sasgen et al., 2020;

41  Li et al., 2022; van den Broeke et al., 2017). The negative mass balance of the GrIS and
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42  peripheral glaciers is the most significant cryospheric factor driving sea level rise,
43 contributing over 25% of observed global sea level rise (Chen et al., 2017; Ryan et al., 2019).
44 Such melting was linked to a combination of processes including climate warming, reduced
45  retention capacity of firn and lower surface albedo (Hofer et al., 2017; King et al., 2020;
46  Ryan et al., 2024). The total mass loss from GrlS consists of two components: surface runoff
47  and frontal ablation occurring at the terminus of outlet glaciers (Cogley et al., 2011,
48  Kochtitzky et al., 2023). Surface losses have exceeded frontal losses in contributing to GrIS
49  mass loss since 2000, with 55% of Greenland’s total mass loss attributed to surface mass
50  balance and 45% to the discharge of outlet glaciers between 2000-2018 (Mouginot et al.,
51 2019).

52

53  Ice discharge on the surface of the GrlS is partially regulated by the surface albedo. It serves
54  as a fundamental parameter in controlling the absorption of insolation by the ice sheet (Box
55 etal, 2012; Naegeli et al., 2017, Feng et al., 2024). A minor change in snow and ice surface
56 albedo can exert a substantial effect on the energy budget of regional surface-air system,
57  causing significant fluctuations in the energy flux on the surface of the GrIS (Nolin and
58  Stroeve, 1997). Surfaces with high albedo, such as fresh snow, efficiently reflect solar
59  radiation, whereas darker areas, such as glacier ice, absorb the majority of incoming
60  shortwave energy (Whicker et al., 2022). Snow and ice albedo varies with the spatial
61  distribution of snow, ice, and biotic and abiotic light absorbing constituents (LACs) and
62  further evolves with the melting of snowpack and glacier surfaces through the spring and
63  summer. Fluctuations in the snowline dictate the relative extend of dark bare ice and brighter
64  snow (Ryan et al., 2019), and GrIS’s surface melt can be attributed to the exposure of bare ice
65  (Antwerpen et al., 2022) and the processes that darken bare ice itself (Chevrollier et al., 2023).
66  Dark bare ice extent closely tracks interannual variations in snowline elevation and was
67 exposed as the snowline retreats further inland during the melt season, leading to the
68  reduction of ice sheet albedo and the intensified melt. This positive feedback has been
69  referred to as the “snow-albedo feedback” (Ryan et al., 2019).

70

71  In the preceding decades, polar amplification has contributed to the progressive darkening of

3
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72 the GrIS and the prolongation of the melt season, both of which serve as positive feedback
73 mechanisms that intensify surface melt (Tedesco et al., 2016). As the warming occurs in the
74 ice surface, bare ice albedo is reduced through melt processes that darken the ice surface.
75  Notably, these processes include exposure of dust layers, pooling of surface meltwater,
76  increased interstitial water content, and liquid meltwater-induced growth of pigmented ice
77  algal assemblages that inhabit the bare ice surface (Cook et al., 2020; Stibal et al., 2017,
78  Tedstone et al., 2020; Williamson et al., 2018; Whicker et al., 2022). Despite operating over a
79  relatively small area of the ice sheet, it is argued that these bare ice processes have
80  contributed substantially to an observed reduction in albedo and associated increase in melt
81 across GrIS’s ablation zone from 2000 to 2011 (Stibal et al., 2017; Tedstone et al., 2017).
82  This category of physical and biological melt-albedo processes that darken bare ice is
83  referred as the “bare ice-albedo feedback” (Ryan et al., 2019). However, the complex and
84  non-linear response of regional snow and ice, particularly in ablation zones, to changes in
85  meteorology and climate highlights the growing necessity to model these surfaces using
86  physical principles rather than relying solely on empirical methods (Box et al., 2012).
87  Therefore, accurately modeling the influence of snow and ice on the albedo of the GrIS
88  becomes increasingly important to capture these dynamics effectively.

89

90 The albedo of the cryosphere varies widely depending on the solar zenith angle (SZA),
91  atmospheric conditions, metamorphic state of the snow and ice, and impurities (He and
92  Flanner, 2020). The Snow, Ice, and Aerosol Radiative (SNICAR) model is one of the most
93  widely used snowpack radiative transfer models (Flanner et al., 2021). Initially, it combined
94  the theory from Wiscombe and Warren (1980) and Warren and Wiscombe (1980) with the
95  multi-layer two-stream solution from Toon et al. (1989) to enhance the simulation of snow
96 albedo (Flanner et al., 2007). Updates and new features have also been incorporated within
97  SNICAR, including eight species of LACs (Flanner et al., 2007), four snow grain shapes (He
98 etal., 2018), black carbon-snow and dust-snow internal mixing state (Flanner et al., 2012; He
99 et al, 2017, 2019). Dang et al. (2019) developed SNICAR-AD by substituting the
100  tri-diagonal matrix solution solving method (Toon et al., 1989) with the delta-Eddington
101 adding-doubling radiative method, as a result of the latter's superior computational stability

4
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102 across varying solar zenith angles and higher computational efficiency (He et al., 2024). To
103 represent ice albedo, Whicker et al. (2022) further developed SNICAR-ADv4 by integrating
104  and extending key features from earlier radiative transfer models to achieve more accurate
105  simulations of a spectrally resolved cryospheric column of snow and ice with a refractive
106  boundary, while incorporating light-absorbing constituents (LACs), such as black carbon (BC)
107 and algae, into this offline radiative transfer model. It simulates bare ice using the physical
108  microscopic structure of the ice, including the ice density, the scattering air bubbles within an
109  absorbing ice medium, and a refractive boundary that depicts the refraction across snow-ice
110  interfaces (Briegleb and Light, 2007; Gardner and Sharp, 2010; Mullen and Warren, 1988).
111

112 Nevertheless, the ice albedo is typically prescribed as a constant value in the visible (VIS)
113 and near-infrared (NIR) spectral regions in Earth system models (ESMs). For instance, Ice
114 albedo is 0.6 in the visible and 0.4 in the NIR in the default version of the Energy Exascale
115  Earth System Model (E3SM) and the Community Earth System Model (CESM) version 2
116  (Whicker et al., 2024). Such parameterization does not capture the albedo of solid ice or
117  variations in spectral albedo with changing ice conditions. To advance ice radiative transfer
118 modeling in Earth system models (ESMs), Whicker et al. (2024) incorporated
119  SNICAR-ADvV4 into the E3SM, in which the GrIS ice physical properties are retrieved by the
120  satellite observation data. This enhancement enables more realistic simulations of the GrIS
121 bare ice albedo, and concurrently reveals that the default ELM method overestimates bare ice
122 albedo by 4% in the visible and 7% in the NIR bands. However, the quality information of
123 MODIS albedo products were not considered in the process of acquiring bare ice properties
124 in their study. Schaaf et al. (2011) noted that the MODIS poor-quality inversions beyond a
125 SZA of 70° are characterized by high noise and often significantly lower than the more stable
126  and consistent values observed at smaller SZAs. Omitting quality flags could, therefore, lead
127 to an underestimation of Greenland's snow/ice albedo and introduce significant uncertainties
128  in the retrieval of bare ice physical properties. Despite the aforementioned modeling
129  advances, the Common Land Model (CoLM) still uses fixed values to represent ice albedo
130 (0.80 in the visible and 0.55 in the NIR). For the purpose of investigating the impacts of bare
131 ice metamorphism under polar warming, it is also imperative to incorporate ice radiative

5
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132 transfer techniques into CoLM to enhance albedo modeling with more realistic and physical
133 representations of snow-ice-LAC-radiation interactions.

134

135  In this study, we focus on the bare ice region of the GrIS, characterized by the presence of
136 land ice, and bare ice is exposed with snow melting in ablation season. The aim of this study
137 is to develop a more reliable dataset of Greenland's bare ice physical properties by
138 incorporating the quality information of MODIS albedo products, and explore the bare
139 ice-albedo feedback associated with the metamorphism of bare ice after the implementation
140  of the SNICAR-ADvV4 into the CoLM. This paper is organized as follows. Section 2 provides
141 descriptions of the CoLM snow and ice albedo schemes and details the model simulations, as
142 well as the explanation of the use of various MODIS products to inform the ice albedo
143 calculations in SNICAR-ADv4. Section 3 compares the differences in albedo simulations
144  with and without ice radiative transfer solver (SNICAR-AD and SNICAR-ADv4), and
145  quantified the impact of varying bare ice propertyies on the near-surface air temperature and
146 the snow cover. Section 4 is conclusions and discussion.

147
148 2. Models, Data, and Methods

149 2.1 CoLM Snow and Ice Albedo Scheme

150  The CoLM version 2024 (CoLM 2024) used in this study is based on the CoLM 2014 and
151  features enhancements to surface energy, hydrology, biogeochemical cycles, and
152 anthropogenic disturbance processes. The available snow albedo schemes of the CoLM 2024
153 are BATS (Dickinson et al., 1986) and SNICAR-AD (Dang et al., 2019). For ice albedo, the
154  CoLM uses fixed values of 0.80 in the visible and 0.55 in the NIR. As one of the
155  representative snow albedo schemes, BATS is simply computes snow surface albedo for
156  direct and diffuse radiation over visible and NIR spectrums with snow age, surface
157  temperature, solar zenith angle (SZA), and absorptive impurities (Abolafia-Rosenzweig et al.,
158  2022). SNICAR-AD is another snow albedo scheme embedded in the CoLM 2024 used to

159  compute snow albedo for the multi-layer (up to 5 layers) snowpack with the two stream
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160  radiative transfer scheme of the delta-Eddington approximation and adding-doubling
161  technique, accounting for the effects of snow grain size and LAC contamination on snow
162 albedo. It uses the physical properties of the snowpack and albedo of the top layer of the
163 underlying ground to determine the column albedo (Flanner and Zender, 2006). The input
164  variables for SNICAR-AD consist of direct and diffuse radiation, the surface downward solar
165  spectrum, the solar zenith angle (for direct radiation), the ground albedo beneath the
166  snowpack, vertical profiles of snow grain size, snow layer thickness and density, aerosol
167  concentrations of each snow layer, as well as the optical properties of both snow and
168  aerosols.

169

170 To achieve better albedo simulation using the satellite-informed ice microphysical properties
171  and to explore the regional climatic response induced by changes in bare ice albedo, we
172 implement the SNICAR-ADv4 into the CoLM. Then, using SNICAR-AD or SNICAR-ADv4
173 becomes an adjustable switch and both have the same radiative transfer solver to calculate
174 snow albedo, with the only difference being in how they obtain ice albedo. In other words,
175 using CoLM SNICAR-ADv4 enables the simulation of radiative processes over both ice and
176 ~ snow surfaces. For snow albedo modeling, CoLM SNICAR-ADv4 has been updated to
177  include snow nonsphericity, BC/dust-snow internal mixing (Hao et al., 2023), contributing to
178  improved simulations of snow surface energy and water balances. For ice albedo modeling,
179  as proposed by Whicker et al. (2024), the radiation transfer process within the ice layer can
180  be calculated in the land surface model, which requires input variables such as ice density, air
181  bubble effective radii within the ice, equivalent BC concentrations, and downward solar
182 spectra. The need for air bubble parameters arises from the representation of ice layers as
183 collections of independently scattering air bubbles within a solid ice medium in
184  SNICAR-ADv4, while snow layers are treated as independently scattering ice crystals in an
185  air medium (Picard et al., 2016; Whicker et al., 2022).

186

187 2.2 Model simulation

188 We conduct several land-only CoLM simulations on a 0.5x0.5-degree resolution driven by
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189  the atmospheric forcing from the 6-hourly European Center for Medium-Range Weather
190  Forecast's fifth-generation atmospheric Reanalysis (ERAY) in the GrIS. Compared with other
191  atmospheric forcings, ERAS’s precipitation rates exhibit a higher correlation with measured
192 net accumulation over the GrIS (Schneider et al., 2023). We run the model simulations for the
193 years 1980-2020 and the summer melt season (June, July and August; JJA) during
194 2000-2020 is used for analysis. Aerosol concentration in the snow layer is calculated based
195  on the prescribed monthly aerosol (BC, dust, OC) wet and dry deposition flux from the
196 CESM2-WACCM simulations participated in CMIP6 experiments (Danabasoglu et al., 2020).
197  The monthly bare ice properties for ice radiative transfer process are inferred from MODIS
198  products over the bare ice region of the GrlS, covering the JJA from 2000 to 2020, as the
199  MODIS products has been available since 2000. To prevent possible unusual model behavior
200  when shifting bare ice albedo schemes, the bare ice properties from the summer of 2000 were
201  used in a brief spin-up run for the variable bare ice conditions in our experimental runs from
202 1998 to 2000. For land ice patches informed by the ice properties, the bare ice albedo is first
203 calculated and replaces the constant values (0.8 for VIS and 0.55 for NIR). If snow is present
204  over the ice, the new ice albedo of underlying ice column is used as the lower boundary to
205  calculate snow albedo. The total patch albedo is then determined by the fractional coverage
206  of land types and snow cover.

207

208 2.3 Data

209  The MODIS land cover data (MCD12Cl1) is used to remove grids that are not classified as
210 snow or ice. The selected MCDI2C1 Version 6.1 dataset has a spatial resolution of
211 0.05°%0.05° and annual intervals (Friedl et al., 2010). MODIS MCD43C3 product is
212 extracted during the summer melt seasons of 2000-2020 to evaluate the simulation of the
213 albedo in GrIS bare ice region. MODO9CMG reflectance product (Vermote 2021), along with
214  MCD43C3 (Schaaf and Wang, 2021), is used to retrieve the optically relevant physical
215  properties of bare ice surfaces. The daily MCD43C3 albedo data provides spectral (MODIS
216  bands 1 to 7) and broadband (VIS 0.3-0.7 um, NIR 0.7-5.0 um and shortwave 0.3-5.0 um)
217 black-sky albedo (BSA) and white-sky albedo (WSA) at local solar noon, by using 16 days of

8
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218  Aqua-Terra merged surface albedo dataset based on the bidirectional reflectance distribution
219  function (BRDF) algorithm (Schaaf and Wang, 2021). Among the GLASS-AVHRR and
220  C3S-v2 albedo products, MCD43C3 stands out as the most reliable for monitoring snow
221  albedo, exhibiting the lowest bias and RMSE over snow and consistent performance across
222 diverse snow cover conditions (Urraca et al., 2022). In the GrIS, MCD43A3 was found to
223 outperform the GLASS albedo product and even the reconstructed albedo based on the
224  MODI10AL, for the sites located in the GrIS ablation zone (Ye et al., 2023).

225

226  Considering the little difference between BSA and WSA for a typical summer day, using
227  BSA is considered acceptable for analyzing the GrIS during the summer (Alexander et al.,
228  2014; Stroeve et al., 2005). For MODIS MCD43C3 product, we use its SZAs and the
229  MCD43A3 BSA band 2 (0.841-0.876 pm), visible, NIR and shortwave albedo. Figure la
230  shows the daily variation of the regionally weighted average SZA over Greenland from May
231  to September, and the period during which the SZA>70° is primarily concentrated in
232 September. For the relationship between the SZAs of MCD43C3 and their spatiotemporally
233 corresponding albedo quality index (Figurelb), it can be seen that the percentage of
234 low-quality indices (4 and 5) rises drastically as the SZA increases at higher SZA. Therefore,
235  we excluded albedo values identified with a low-quality index when the SZA exceeded 70° to

236  make more reliable satellite-retrieved bare ice physical properties.
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238  Figure 1. Regional-weighted mean SZAs of Greenland at local noon from May to September
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239 (a; solid line). Grey shaded area represents the range of SZAs over Greenland. Relative
240  proportion of the quality index of MCD43C3 albedo dataset under different SZAs over

241 Greenland during May to September (b; 0 for best quality and 5 for poorest quality)

242 2.4 Method

243 The method described by Whicker et al. (2024) for obtaining ice physical properties (ice
244 density, air bubble effective radius and equivalent BC) from MODIS bare ice albedo involves
245  two main steps. First, a GrlIS bare ice mask and cloud mask are created using MODIS data to
246  identify bare ice areas without cloud cover. Second, the bare ice physical properties are
247  retrieved using MCD43A3 band 2 BSA and SZA, based on a lookup table generated by the
248  480-band offline SNICAR-ADv4 model. For the fist step, the MODI0C1 cloud mask is
249  applied to exclude cloud-covered pixels, while a bare ice mask is used to remove
250  snow-covered pixels (Antwerpen et al., 2022). The spectral reflectance of snow and bare ice
251 in a MODIS image signifies that snow surface reflectance is significantly higher than that of
252 bare ice, particularly at a wavelength of 0.86 um (Shimada et al., 2016). Thus, bare ice pixels
253 are identified by applying a threshold of 0.6 to band 2 (841-876 nm) in the MODO9CMG
254  product (Antwerpen et al., 2022; Whicker et al., 2024). Additionally, the NIR region of the
255  spectrum is useful for determining the physical properties of bare ice, as it is sensitive to
256  changes in snow and ice microphysical properties and is minimally affected by surface LACs
257  (Schneider et al., 2019). The resulting bare ice extent is then filtered to exclude pixels with
258  elevations exceeding the mean equilibrium line altitude of 1679 m a.s.l. (Antwerpen et al.,
259  2022). Then, we upscale the filtered MODIS product from a spatial resolution of 0.05°x0.05°

260  to 0.5°x0.5°.

10
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262  Figure 2. MCD43C3 band 2 (0.841-0.876 pm) albedo as a function of ice specific surface
263  area (SSA) and solar zenith angle (a). Spatial distribution of JJA (b) specific surface area
264  (m>kg"), (c) ice density (kg'm?), (d) air bubble effective radius (um) and (¢) volume
265  fraction of air in the period of 2000-2020.

266

267  The lookup table was generated by running offline SNICAR-ADv4 simulations. Considering
268  that ice can be classified as cryospheric media with densities exceeding 650 kg-m™, in
269  optimal agreement with measurements, and that the local noon solar zenith angles (SZAs) for
270 CoLM GrlIS grid cells over the GrIS range from 35° to 75°, We adjusted the input parameters,
271 including ice densities from 650 to 916 kg/m?® and air bubble effective radii from 100 to 1500
272 um, for each SZA within the 35°—75° range. The band 2 albedo, specific surface area (SSA)
273 and the volume fraction of air (Vair) included were then output by the offline SNICAR-ADvA4.

11



https://doi.org/10.5194/egusphere-2025-230
Preprint. Discussion started: 26 February 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

274  The relationship between the SSA (o, units: m?-kg™") and ice density and ari bubble effective
275  radius is given by Eq.1, where puvi is layer bulk ice density used to calculate the volume
276  fraction of air (Eq.2). Figure 2a shows the band 2 albedo from the SNICAR-ADv4 lookup
277  table as a function of SSA, a measure of the total surface area of ice-air interfaces relative to
278  the ice mass. It is noteworthy that there is a one-to-one relationship between SSA and albedo
279  for a given SZA, while the relationship between SSA, ice density, and air bubble radius is not
280  unique. Since MCD43C3 provides the band 2 albedo and SZA for each bare-ice grid cell, the

281  corresponding bare ice physical properties can be inferred from the lookup table.

= NVair

282 = Eq. 1

8 PoikRett (Eq. 1)
283 Vair - Pice._PbIk (Eq- 2)
284

285  After acquisition of the daily ice density and air bubble effective radius of the GrIS (Figure
286  2c and 2d), we again employed the offline SNICAR-ADv4 model to simulate the NIR and
287  visible albedo for each bare ice grid cell of the GrIS. This allowed us to obtain the equivalent
288  black carbon concentration by comparing the bare ice visible albedo from the offline
289  SNICAR-ADv4 with that of the MCD43C3, due to the strong impact of LACs on visible
290  albedo and negligible effect on NIR albedo for the bare ice (Schneider et al., 2019). As seen
291  in Figure 3a-c, there is minimal difference in the albedo in the NIR band, with a slight
292 underestimation of 0.029 by the offline SNICAR-ADv4. In contrast, the SNICAR-ADv4
293 significantly overestimated the visible albedo by up to 0.293 when using these bare ice
294  properties, as it did not account for the LACs (Figure 3d-f). We incrementally increased the
295  input BC concentration in the offline SNICAR model until the simulated visible albedo
296  exactly equaled that of MCD43C3 at each GrlIS bare ice grid cell (Figure 3h and 31i), and then,
297  the daily equivalent BC concentration was acquired (Figure 3g). Based on the MODIS data
298 and the offline SNICAR-ADv4 lookup table, the daily 0.5-deg ice density, air bubble
299  effective radius and equivalent BC data were then processed into monthly timescale as input
300 for CoLM. Besides, it is worth mentioning that not all bare ice grid cells are informed by the
301  bare ice physical properties data in each summer month. These grid cells are filled with the
302  climatological mean values of bare ice physical properties excluding the current year.

12
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303
304  Figure 3. The spatial distributions of MODIS bare ice albedo and offline SNICAR-ADv4

305  bare ice albedo excluding LACs in (a, b) near-infrared and (c, d) visible bands for the JJA
306  from 2000 to 2020, along with (c, f) their differences. The spatial distributions of (g)
307 equivalent black carbon, (h) the offline SNICAR-ADv4 bare ice visible albedo with
308  equivalent black carbon (ppb), and (i) its difference from the MODIS bare ice visible albedo.

309
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310  We use the offline SNICAR-ADv4 and briefly examine aforementioned factors influencing
311 spectral albedo of ice with direct light conditions, including the SZA, ice density, air bubble
312 effective radius (Reff), and equivalent BC. As shown in Fig. 4a, total internal reflection occurs
313  at wavelengths around 3um for SZA greater than 55°, and the wavelength range for total
314  internal reflection expands with the increases in SZAs. This phenomenon occurs for pure and
315 smooth ice surfaces but is not representative of naturally occurring ice, which typically has
316  impurities and rough surfaces. For the dependency of albedo on ice density, air bubble
317  effective radius, the spectra show that the albedo declines as the ice density and air bubble
318  radius increases since air bubbles within ice are responsible for the scattering light and
319  smaller bubbles scatter light more efficiently in the visible and near-infrared parts of the
320  spectrum (Fig 4b-c). Furthermore, BC impacts ice albedo rather uniformly across the visible

321 spectrum and has almost no impact at A > 1.0 pm.
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323 Figure 4. Spectral albedo simulated by offline SNICAR-ADv4 under direct incident
324  irradiance with varing (a) SZA, (b) ice density, (c) air bubble effective radius and (d) BC
325  concentration.

326
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327 3. Results

328 3.1 Mapping of GrIS bare ice physical properties

329  Figure 2b-e demonstrate the spatial distribution of summer climatological mean of the bare
330 ice physical properties, including SSA, ice density, air bubble effective radius and volume
331  fraction of air. The bare ice density gradually decreases from the lower-elevation coastal
332 regions toward the interior, while the volume fraction of air show an opposite pattern for it is
333  calculated by bulk ice-air mixture density and pure ice density (Figure 2c and 2e). SSA
334  represent the total surface area of ice-air interfaces relative to the mass of ice, determined by
335  the volume fraction of air, effective diameter of air bubbles, and the bulk density of the ice
336 layer (Whicker et al., 2022), with high-value area distributed in the area along the mean
337  equilibrium line (Figure 2b). Given the large discrepancy in bare ice visible albedo between
338  the offline SNICAR-ADv4 without LACs and the MCD43C3 in the coastal regions of the
339  GrIS (Figure 3d and 3e), there are higher concentrations of equivalent BC in these areas
340 compared to those farther inland, indicating potentially more severe contamination,
341  particularly in the southwest, east, and northernmost parts of the GrIS (Figure 3g).

342

343 3.2 Spatial and Temporal performance of CoLM Simulations

344  The bare ice region of the GrIS in this study is defined as the grid cells containing land ice
345  that are not entirely covered by snow, emphasizing the joint effect of ice and snow on the
346  albedo. Figure S5a illustrated the spatial distribution of the fraction of land ice underlying
347  snowpack, and areas with land ice as the primary land cover type are mainly located in the
348  southwestern and northeastern GrIS, which means these grid cells may also contain other
349 land cover type, e.g. bare soil. In tandem with the effect of snow cover simulated by
350 SNICAR-ADv4 enabled CoLM, the exposed bare ice fraction (Figure 5b) is calculated
351 accounting for the snow coverage in each grid cell, utilizing the SNICAR-AD scheme. It is
352  important to note that, despite a slight difference in snow cover fraction simulations, the
353 choice of snow albedo scheme does not affect the selection of bare ice regions. The exposed

354  bare ice fraction frequency distribution is shown in Figure 3d, in which the bare ice fraction
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355  spans from 0 to 0.7, and in most areas, the bare ice fraction is less than 0.5.

356
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358  Figure 5. Spatial distribution of (a) the fraction of land ice underlying snowpack and (b)
359  exposed bare ice considering the snow cover simulated by SNICAR-ADv4 enabled CoLM
360  for the JJA from 2000 to 2020. Frequency distribution of exposed bare ice in the bare ice
361  region (c; excluding grid cells with no exposed bare ice).

362

363  To assess whether the integration of an ice radiative transfer solver in CoLM improves albedo
364  simulations, we compared simulated albedo with the MCD43C3 albedo in shortwave, visible
365 and NIR regions of the spectrum during the summer of 2000-2020 in bare ice region (Figure
366  6). Both schemes of SNICAR-AD and SNICAR-ADv4 maintain consistent settings for
367  default snow albedo scheme, with sphere snow grain shape, adding-doubling radiative
368  transfer solver, and BC/dust-snow external mixing state. In other words, the differences in
369  albedo simulated by these two schemes are determined by the treatment for ice albedo. As
370  seen in Figure 6d-f, it is obvious that the SNICAR-AD enabled CoLLM albedo is significantly
371  overestimated across all bare ice region, by 0.132 in shortwave, 0.131 in visible and 0.132 in
372 NIR. Compared with CoLM SNICAR-AD, the application of the SNICAR-ADv4 scheme
373 reduced the overestimation of albedo for all bands, by 60% in the shortwave, 70% in the
374  visible and 48% in the NIR (Figure 6d-i). Furthermore, the CoLM SNICAR-ADv4 albedo

375  demonstrates superior performance compared to the CoLM SNICAR-AD albedo in terms of
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376

377

378
379

380
381
382
383
384
385
386
387

388

correlation coefficient and root mean square error (RMSE) valuation metrics, as well as linear

trend (Figures S1-S3).
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Figure 6. Spatial distribution of the difference of the 2000-2020 JJA albedo between the
CoLM with different snow/ice albedo schemes (SNICAR-AD and SNICAR-ADv4) and the
MCD43C3 in the (a, d) shortwave (0.3-5.0 pum), (b, e) visible (0.3-0.7 pum) and (c, f)
near-infrared (0.7-5.0 um) bands.

Temporally, the decrease in positive bias of CoLM SNICAR-ADv4 can be also clearly
witnessed in the time series of shortwave, visible and NIR albedo, with the consistent lower
area-weighted average albedo of GrIS bare ice region in all summertime from 2000 to 2020,
by comparing it to that of CoLM SNICAR-AD (Figure 7). The albedo of CoLM
SNICAR-ADv4 fluctuates around 0.47 in the shortwave, 0.53 in the visible, and 0.4 in the
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389  NIR, which is approximately 0.05 higher than the corresponding values in MCD43C3. In
390  addition, the SNICAR-ADv4 enabled simulations exhibit synchronous variations in albedo
391  with those of MCD43C4, and there are relatively high temporal correlations between the
392 CoLM SNICAR-ADv4 and MCD43C4 albedo, with the values up to 0.95 for the shortwave,
393  visible, and NIR bands. In contrast, the albedo from the CoLM SNICAR-AD shows lower
394 correlation with MCD43C3 due to its constant ice albedo treatment. It is obvious that a large
395  interannual variability in the SNICAR-ADv4 enabled CoLM albedo is in consistence with
396  that of the MCD43C3, while the simulated albedo using SNICAR-AD scheme present a
397  weaker interannual variability. Besides, the SNICAR-AD albedo demonstrates a lower
398  correlation of 0.71 in the NIR but higher correlations with the MCD43C3 albedo of 0.91 and

399 0.90 in the shortwave and visible, respectively (Figure 7).

07 Shortwave 07 VIS 07 NIR
(a) —&—MODIS (b) (c) —=— MODIS
SNICAR-AD SNICAR-AD
SNICAR-ADv4 SNICAR-ADv4
06 0.6 061
05 0.5 0.5
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—=—MODIS
03 031 AR 03

SNICAR-ADv4
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400

401  Figure 7. Time series of the 2000-2020 JJA CoLM SNICAR-AD and SNICAR-ADv4 albedo
402  versus the MCD43C3 albedo over bare ice region, in the (a) shortwave (0.3-5.0 um), (b)
403  visible (0.3-0.7 um) and (c) near-infrared (0.7-5.0 um) bands. Double asterisks indicates
404  significance at the 99% confidence level.

405

406  Given that the bias reduction varies across regions with different bare ice coverages, we
407  explore the distribution of the albedo from CoLM SNICAR-AD, CoLM SNICAR-ADv4 and
408  MCDA43C3 under different bare ice fractions. Generally, as bare ice fraction increases, CoLM

409  SNICAR-ADv4 can more effectively reduce the overestimation of shortwave broadband
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410  albedo (BBA) from CoLM SNICAR-AD, due to its improved simulation of bare ice BBA
411  (Figure 8). For regions where bare ice covers more than half the area, the albedo
412 overestimation of SNICAR-AD was reduced significantly by up to 99%. When the bare ice
413 fraction is between 0.4 and 0.5, the percentage of overestimation reduction in albedo
414 decreases to 88%, followed by regions with bare ice fraction of 0.3-0.4 (70%), 0.2-0.3 (57%),
415 0.1-0.2 (42%), and 0-0.1 (20%), respectively.

416
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418  Figure 8. Mean shortwave broadband albedo from CoLM SNICAR-AD, ColLM
419  SNICAR-ADv4 and MCD43C3 under different bare ice fractions (error plots). The
420  uncertainty is calculated as double standard error, which reflects the 95% confidence interval.
421  The percentages of CoLM SNICAR-ADv4 albedo reduction in bias are represented by grey

422 bars.
423

424 3.3 A feedback revealed by bare ice properties change

425  The application of the SNICAR-ADv4 scheme in CoLM significantly has reduced the bias in
426  albedo simulations. To investigate the regional climatic response to bare ice metamorphism
427  of Greenland’s bare ice region, we conduct a simulation in which the bare ice physical
428  properties for each year are set to the values from 2000. By calculating the difference in
429  simulated albedo between the simulations with annually varying bare ice properties and those

430  using the 2000 values, the model sensitivities to the change in summer bare ice albedo can be
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431  assessed to quantify its impact on 2-m temperature and snow cover. To better highlight the
432 impact of changes in bare ice physical properties, the study area was restricted to regions with
433 a bare ice fraction larger than 0.4. Figure 9a shows the effects of bare ice metamorphism on
434 the 21-year annual mean albedo, 2-meter temperature, and snow cover fraction when using
435 annually varying bare ice properties compared to the 2000 baseline values. The regional
436 weighted mean albedo difference between the two experiments reaches 0.032, indicating that
437  the albedo in the bare ice region is reduced by 0.032 during the summer due to bare ice
438  metamorphism. This leads to a 0.071°C 2-meter temperature forcing and a -0.011 change in
439  snow cover fraction over the study period (Figure 9d). These results suggest that the
440  temperature increase associated with the change in albedo contributes to snow melting.

441

442 Spatially, the regions with strong response of near surface air temperature to bare ice albedo
443  changes are concentrated in the edge of the northeast ablation zone, where the 2-temperature
444 increased by over 0.1°C in most part of these areas (Figure 9b). A similar response pattern
445  can be also seen in the difference distribution of the snow cover (Figure 9¢), with decrease in
446  snow cover fraction exceeding 0.04 in parts of the northeastern GrIS due to the significant
447  warming. Such response of the temperature and snow cover manifest a strong bare ice-albedo
448  feedback in the GrIS bare ice region because bare ice albedo is reduced through physical and
449  Dbiological melt-albedo processes that darken the ice surface as the warming occurs in the ice
450  surface. The metamorphism of bare ice could be manifested in the changes in the ice density
451  and air bubble radius with the ice, and these two factors jointly determine the specific surface
452 area (Eq.1) which have one-to-one relationship with the bare ice albedo (Figure 2a). From
453 Figure 9d, the difference in BBA shows a strong positive correlation with the specific surface
454  area, with a correlation coefficient of 0.88 (significant at the 99% confidence level), since the
455  control experiment only altered the bare ice physical property data input into the land surface
456  model. As more intense melt processes commence in the early summer of the GrIS ablation
457  zone after 2000, the lower specific surface area, linked with the bare ice-albedo feedback,
458  consistently contributes to the reduction of the BBA (Figure 9d). Additionally, according to
459  the sensitivity of modeled spectral albedo to the relevant parameters of the offline
460  SNICAR-ADv4 model (Figure 4), the decreased bare ice albedo, associated with a lower
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461  specific surface area, suggests an overall increase in ice density and a larger size of air
462  bubbles within the ice in the GrIS bare ice region.

463

464 After 2000, the metamorphism of bare ice in the Greenland bare ice region is mainly reflected
465 in the decrease of SSA, which leads to ice darkening. This, in turn, induces region
466  near-surface temperature increases, causing snowmelt and ultimately resulting in a reduction
467  of snow cover. Changes in snow cover directly determine the extent of bare ice exposure and
468  significantly effect the albedo through snow-albedo feedback. The obvious snow cover
469  contraction attributed to the changes in the physical properties of bare ice will cause more
470  dark ice exposure and darkening, and make a constant contribution to albedo reduction in this
471  ablation zone, suggesting a potential linkage between the bare ice-albedo and the

472  snow-albedo feedback.
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Figure 9. Spatial distribution of the differences between the simulations using annually

varying bare ice properties and those using the 2000 values in 2000-2020 JJA (a) albedo, (b;

units:°C) 2-m temperature and (c) snow cover. Time series of the differences in speciafic

surface area (units: m*>-kg') and simulated shortwave broadband albedo between the two

experiments (d).

4. Conclusions and Discussion

In this study, we incorporated SNICAR-ADv4 into the CoLM and made an enhanced

MODIS-informed bare ice physical properties to explore the response of the bare ice albedo

to the ice metamorphism under polar warming. The use of SNICAR-ADv4 in CoLM

significantly reduces the severe overestimation originated from the default ice albedo
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485  treatment, with the improvement of the albedo modeling by 60%, 70% and 48% for the BBA,
486  visible and NIR albedo. The snow and ice treatment used in CoLM SNICAR-ADv4 schemes,
487  and SNICAR-AD are summarized in the Figure 10, and it is evident that SNICAR-ADv4
488  performs radiative transfer calculations not only over the snow column but also over the ice
489  column. During the summertime of 2000-2021, the bare ice BBA decreased by 0.032 due to
490  the changes in bare ice physical properties. The subsequent darkening of the bare ice led to a
491  2-m air temperature forcing of 0.071°C and a change in snow cover of -0.011 over the
492 2l-year period, suggesting that even a slight reduction in bare ice albedo can trigger strong
493 climate responses in ablation region.

494

495  Our findings highlight the impact of bare ice-albedo feedback associated with bare ice
496  properties changes summarized in Figure 10, where a drastic contraction of snow cover
497  occurred because of the reduction in bare ice albedo in ablation zone, leading to more bare
498  ice exposed and subsequent regional albedo reduction, especially in the northern GrIS. This is
499  consistent with previous research, suggesting that increased bare ice exposure in North
500  Greenland will intensify the impact of the GrIS snow-albedo feedback, with its strength rising
501 by 51% in their 20012017 study period (Ryan et al., 2019). Although the hydrological and
502  biological processes that darken bare ice, including algae growth, exposure of impurities and
503  interstitial water, have been found to be the secondary contributor to amplifying ice sheet
504  melt up in the period of 2001-2017, relative to the processes that expose bare ice (Ryan et al.,
505  2019), the changes of bare ice properties were an important control on ice sheet meltwater
506  quantities in GrIS, which decrease the snow cover to some extent and will further leverage
507 the effect of snow-albedo feedback. Meanwhile, rising temperatures may alter the
508  microphysical properties of bare ice, leading to a further decrease in its albedo. It is
509  noteworthy that the bare ice-albedo feedback in this study refers to the changes in bare ice
510  physical properties, characterized by a downward trend in specific surface area of -0.007 yr-!,
511  albeit statistically insignificant. Thus, we collectively term these processes of the variation in
512 the bare ice albedo associated with snow melting the bare ice-snow-albedo feedback (Figure
513 10). Such feedback is anticipated to drive an increase in the frequency of glacier calving,
514  surface ablation, submarine and subaerial melting in the GrIS bare ice region, and these
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515  possible intensification of glacier responses present a valuable avenue for future research.

516

517  This study advances our understanding of the performances of the GrIS’s snow and ice
518 albedo simulations using different snow/ice schemes (BAT, SNICAR-AD and
519  SNCIAR-ADv4), and the amplifying effect of bare ice on the albedo reduction through bare
520  ice-snow-feedback mechanism. However, the 0.5°x0.5° resolution is insufficient to
521  accurately represent the narrow ablation zone, and big resolution gap between MODIS data
522 and the model output is a limitation of this study. In future research, we will study the effects
523 of bare ice albedo changes at a higher resolution to accurately delineate bare ice regions.
524  Future efforts are also needed to consider the actual LACs concentrations within the ice,
525  including BC, dust and snow algae, instead of the equivalent BC, and to investigate its effect
526  on the GrIS’s mass loss via land-atmosphere coupling for the land-atmosphere coupling
527  model may produce more pronounced feedback than land-only simulations. Besides, the
528  current methods are still unable to distinguish how the ice density and the size of air bubbles
529  change individually, as the relationship between ice density and the effective radius of air
530  bubbles is arbitrarily prescribed (pice=650 kg.m corresponds to Reg=100 pm, pice=916 kg.m>
531  corresponds to Re=1500 pm) when constructing the lookup table based on the offline
532 SNICAR-ADv4 model. The precise inversion of ice density and the effective radius of air
533 bubbles within the ice is a scientific problem worthy of further investigation.

534
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535

536 Figure 10. Schematic representation of the snow and land ice column in CoLM BATS,
537  SNICAR-AD and SNICAR-ADv4 (the upper part of the figure), and bare ice-albedo
538  feedback in the GrlS (the lower part of the figure).

539

540  Data availability. The SNICAR-ADv4 enabled CoLM2024 code is available on GitHub at
541 https://github.com/guoshuyang23/CoLM-SNICARADv4. The offline SNICAR-ADv4 used in
542 this study can be downloaded at https://github.com/chloewhicker/SNICAR-ADv4. MODIS
543 snow cover data (MOD10C1) used to make the cloud and snow mask for bare ice pixels is
544  available at https://nsidc.org/data/mod10cl/versions/6. MODIS surface reflectance data
545  (MODO09CMG) used to  retrieve the bare ice  properties is  from
546 https://doi.org/10.5067/ MODIS/MOD09CMG.061. MODIS surface albedo data (MCD43C3)
547 used to evaluate the simulations and retrieve the bare ice properties is from
548  https://doi.org/10.5067/MODIS/MCD43C3.061
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