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Note S1: Calibration of the reflected light intensity into reflectance 20 

A handheld integrating sphere snow grain sizer (HISSGraS) measures the near-infrared (NIR) reflectance of snow 

using an integrating sphere. The InGaAs photodiode, attached inside the integrating sphere, collects the light 

reflected by a snow sample and outputs a light intensity signal. The signal is then converted to reflectance (R) using 

a calibration curve derived from measurements on six reflectance standards (5–99%). However, the calibration 

curve is sensitive to the instrument temperature due to the temperature sensitivity of the laser-diode emission. We 25 

describe the method for calibrating the temperature-dependent output signal into R, applicable to the temperature 

range for our study (−35 to 5°C), following Aoki et al. (2023). 

For the temperature correction of the output signal, HISSGraS simultaneously records the temperature 

near the laser diode along with the output signal of light intensity. We first established the relationship between the 

laser-diode temperature and the HISSGraS output signal for the six reflectance standards (5–99%). Figure S1a 30 

shows 112 output signals for each standard, measured at temperatures between −35 and 5°C during our observation 

campaign in Antarctica from 12 November 2021 to 31 January 2022. These data show a temperature sensitivity of 

approximately −1% K−1 and can be fitted by cubic curves. Then, we obtain output signals at arbitrary temperatures 

using the cubic curves. Figure S1b shows output signals at 0, −10, −20, and −30°C as examples, plotted against the 

reflectance of standards. Obtaining a fitting curve to the output signals using quadratic functions (solid line in Fig. 35 

S1b), we can calibrate the output signal into R at arbitrary temperatures. Here, the coefficients of the quadratic 

functions are parameterized as cubic functions of temperature with relative standard errors of 0.1%, providing the 

following calibration formula: 

 

𝑅 = 𝑎𝑋ଶ + 𝑏𝑋 + 𝑐, (S1) 40 

𝑎 = −7.2 × 10ିଵଶ 𝑇ଷ − 6.7 × 10ିଵ଴ 𝑇ଶ − 3.41 × 10ି଼ 𝑇 − 1.753 × 10ି଺, (S2) 

𝑏 = 3.8 × 10ି଼ 𝑇ଷ + 4.3 × 10ି଺ 𝑇ଶ + 2.95 × 10ିସ 𝑇 + 3.091 × 10ିଶ, (S3) 

𝑐 = −9.5 × 10ିହ 𝑇ଷ − 4.0 × 10ିଷ 𝑇ଶ − 5 × 10ିଷ 𝑇 − 10.97. (S4) 

 

Here, X represents the output signal (count), a, b, and c are regression coefficients, and T represents laser-diode 45 

temperature (°C). The R derived from this formula overlaps the fitting curves in Fig. S1b. 

The temperature correction reduces errors in SSA measurements, which are caused by temperature 

changes during an observation activity due to the laser-diode heating by repeated light emissions or the insufficient 

adjustment of instrument temperature to ambient temperature. Moreover, the temperature correction eliminates the 

need for adjusting the laser-diode temperature to ambient temperature before measurement, which typically 50 

requires 30 minutes (Aoki et al., 2023), and measuring six reflectance standards necessarily before (or after) all 

measurement activities. 

  



3 

Note S2: Potential error in broadband albedo derived from HISSGraS measurement 

To evaluate the potential error in broadband albedo derived from the surface snow grain size measured with 55 

HISSGraS, we compared the albedo values calculated for a snow layer with homogeneous snow grain size to those 

calculated when the snow grain size of the subsurface layer differs from the surface layer. Broadband albedos were 

calculated using a physically based snow albedo model (Aoki et al., 2011), which assumes two snow layers. The 

snow grain shape employed was a spherical particle model, with radii (SSA) in the two snow layers set at 50 µm 

(65.4 m2 kg−1), 200 µm (16.4 m2 kg−1), and 1000 µm (3.3 m2 kg−1), representing average snow grain radii for new 60 

snow, fine-grained old snow, and old snow near the melting point, respectively (Wiscombe and Warren, 1980). The 

thickness of the top layer was assumed to be the critical snow depth (CSD) for monochromatic albedo at 1310 nm, 

the laser wavelength of the HISSGraS. The CSD is defined as the depth at which the monochromatic albedo at this 

wavelength closely approximates (assumed to be 99% in this study) the albedo of a semi-infinitely thick snow layer 

and no longer depends on the snow grain size in deeper layers. For a snow density of 200 kg m−3, the CSD values 65 

are 8.3 mm, 21.1 mm, and 37.1 mm for snow grain radii (rs) of 50, 200, and 1000 µm, respectively. The thickness 

of the bottom layer in the two-layer snow model was assumed to be semi-infinite. Snow contamination is held 

constant at a concentration of 1.0 ng L−1 black carbon across all snow layers, based on in-situ measurements along 

the route from S16 to Mizuho (Kinase et al., 2020). The atmospheric conditions include assumptions of both clear 

sky and cloudy sky. Considering that the solar zenith angle (θ0) at local solar noon on the summer solstice is 44.5° 70 

and 54.0° at S16 and Dome Fuji, respectively, we calculated the broadband albedos for θ0 > 45°. 

Figure S2 presents the simulated broadband albedo under clear sky (Fig. S2a) and cloudy sky (Fig. S2b) 

conditions for various combinations of three types of rs across the two snow layers. When the rs values in the two 

snow layers are the same and correspond to the HISSGraS measurement, the simulated broadband albedo 

corresponds with that expected from the HISSGraS measurement. When the rs values differ between the top and 75 

bottom layers, the potential variability in broadband albedos for each rs in the top layer is calculated. The difference 

in albedo between cases where the snow grain size is the same and differs between the two snow layers represents 

a potential error in the broadband albedo estimated from the surface snow grain size measured with the HISSGraS. 

The maximum estimated error is 0.05 when the rs of the top and bottom layers are 1000 µm and 50 µm, respectively, 

at θ0 = 45° under clear sky conditions. This error remains consistent across all θ0 under cloudy conditions. In this 80 

study, the surface snow SSA measured with HISSGraS in Antarctica predominantly falls within the range of 50 

µm to 200 µm (Fig. 7). For this range, the estimated maximum error is 0.03 when the rs for the top and bottom 

layers are 50 µm and 1000 µm, respectively, under the same θ0 conditions.  
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Table S1: In situ observation sites for snow SSA (or reff) in the top few meters of firn in Antarctica. 85 

  

Area Latitude 

(°) 

Longitud

e (°)a 

Number of observation 

spots 

Sample / Depth Instrument Reference 

Dronning Maud Land −76 to −71 −7 to 20 3 spots Core / 10–12 m X-ray CT Linow et al. (2012) 

Kohnen Station 75.0 0.1 46 m transect Near-surface firn / 1.1 m Snow Micro Pen Proksch et al. (2015) 

Kohnen Station 75.0 0.1 (1) 1 spot 

(2) Multi spots along a 

100 m transect 

(1) Surface snow 

(2) Surface snow 

(1) Albedometer 

(2) IceCube 

Carlsen et al. (2017) 

Dome Fuji −78 to −77 39–41 4 spots Core / 10 m Line scanner of NIR 

reflectance 

Inoue et al. (2024) 

S16 – Dome Fuji −78 to −69 39–45 2139 spots along a 1051 

km traverse routeb 

Surface snow HISSGraS This study 

Inland plateau of Wilkes 

Land 

−80 to −75 106–126 7 spots Core or borehole / 4–18 

m 

ASSSAPc or POSSSUMd Picard et al. (2022) 

Dome C −75.1 123.3 1 spot Pit wall / 3 m NIR photography Brucker et al. (2011) 

Dome C −75.1 123.3 2 spots Borehole / 8 m POSSSUM Picard et al. (2014) 

Dome C −75.1 123.3 1 spot Surface hoar Ice Cube Gallet et al. (2014) 

Dome C −75.1 123.3 (1) 1 spot 

(2) 632 spots within an 

area of ~ 1000 m2 

(3) 130 spots with > 5 m 

intervals 

(1) Surface snow 

(2) Surface snow 

 

(3) Pit wall / 0.5 m 

(1) Albedometer 

(2) ASSSAP 

 

(3) ASSSAP 

Libois et al. (2014; 

2015) 

Dome C −75.1 123.3 10 spots Core / 11–80 m POSSSUM Leduc-Leballeur et al. 

(2015) 

Dome C −75.1 123.3 1 spot Surface snow Albedometer Picard et al. (2016) 

Point Barnola −75.7 123.3 1 spot Pit sample / 3 m X-ray CT Calonne et al. (2017) 

Dumont D’Urville – Dome C −76 to −68 123–139 (1) 8 spots along a ~ 

1200 km traverse 

route 

(2) 13 spots at Dome C 

Pit sample / 0.7 m Ice Cube Gallet et al. (2011) 

Adélie Land −70 to −67  134–142 11 spots Core / 3–9 m ASSSAP Picard et al. (2022) 

Adélie Coast −66.7 139.8 2 spots Surface snow Albedometer Arioli et al. (2023) 

Hercules Dome −86 −105 1 spot Core / 15 m X-ray CT Hörhold et al. (2009);  

Linow et al. (2012) 

Aboa Station −73.1 −13.4 8 spots Surface snow Radiometer Pirazzini et al. (2015) 

a Listed in the ascending order of longitude. b Measurements were missed at 11 surfaces out of 215 sets of 10 different surface measurements. c Snow Specific Surface Area 

Profiler (Libois et al., 2015). d Profiler Of Snow Specific Surface area Using shortwave infrared reflectance Measurement (Arnaud et al., 2011). 
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Figure S1: Calibration of the HISSGraS output signal (reflected light intensity) into reflectance R. (a) Relationship 

between laser-diode temperature and the HISSGraS output signal for six reflectance standards (5–99%). The output 

signals were measured during our observation campaign in Antarctica from 12 November 2021 to 31 January 2022. 90 

Marker colors indicate laser-diode temperature. Data are fitted using cubic functions (black lines). (b) Output 

signals calculated from the cubic curves in (a) at 0, −10, −20, and −30°C, plotted against the reflectance of standards. 

Data are fitted using quadratic functions (black lines). 
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 95 

Figure S2: Theoretically calculated broadband albedos under (a) clear sky and (b) cloudy sky for the combination 

of rs = 50, 200, and 1000 µm in the two-layer snow model as a function of θ0 simulated with a physically based 

snow albedo model. 
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Figure S3: Meteorological fields during the events A, B, and C indicated in Figs. 3 and 4 in the main text, derived 

from the ERA5 reanalysis, the 5th generation global climate reanalysis conducted by the European Centre for 

Medium-Range Weather Forecasts (Hersbach et al., 2020). The red line in each panel indicates the Antarctic 

coastline and the traverse route between S16 and Dome Fuji. Stars indicate major sites along the traverse route 

mentioned in the main text. Contours indicate the 500 hPa geopotential height (m). (a) Temperature at 500 hPa 110 

geopotential height, (b) specific humidity at 500 hPa geopotential height, and (c) precipitation at 9:00 LT on 18 

November 2021, when we experienced a severe blizzard at Mizuho (second star from the coast). A blocking ridge 

intrudes from Princess Elizabeth Land toward Dome Fuji, transporting warm, moist air and precipitation to the 

traverse route along the western side of the blocking ridge. The space between the isoline of the 500 hPa 

geopotential height is narrow on Mizuho, and the total precipitation during the blizzard event from 17 to 19 115 

November is 10 mm w.e. at Mizuho. (d, e, f) The same as (a, b, c) but for 9:00 LT on 19 December 2021, after 

which melt-freeze crusts with a low SSA (~ 7 m2 kg−1) were observed at the surface of S16 (first star from the 

coast). S16 is located under high atmospheric pressure with low specific humidity and no precipitation. (g, h, i) 

The same as (a, b, c) but for 18:00 LT on 27 December 2021, when heavy snowfall was observed in the middle 

area of the traverse route. Air masses with high specific humidities are advected from low latitudes along the east 120 

side of a cyclone on the coast of east Dronning Maud Land (DML), and the space between the isolines of the 500 

hPa geopotential height expands toward the interior around the traverse route. 
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Figure S4: Air temperature, wind speed, and air pressure between 12 November 2021 and 31 January 2022, 125 

recorded at (a) S17, (b) H128, (c) Mizuho, (d) MD78, (e) MD364a, (f) MD364b, (g) Dome Fuji, and (h) NDF 

AWSs. Distances from the coast are shown in parentheses after the AWS names. The double-headed arrows above 

each panel represent periods for the four traverses. The vertical lines and capital alphabets A, B, and C in each 

panel indicate meteorological events whose ERA5 meteorological fields in DML are presented in Fig. S3. 

  130 
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Figure S5: Photographs of the surface at S16 with HISSGraS (0.3 × 0.1 × 0.1 m3 volume) on the surface and snow 

crystals (a, b) before event B (indicated in Figs. 3 and 4 in the main text) at 15:30 LT on 17 December 2021 and (c, 

d) after event B at 22:00 LT on 21 December 2021. The surface becomes rough, with melt-freeze crusts appearing 

between the period. 135 
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Figure S6: Photographs of the surface at Dome Fuji with HISSGraS on the surface and snow crystals. (a, b) 19:30 

LT on 7 January, (c, d) 19:30 LT on 9 January, (e, f) 19:30 LT on 12 January, and (g, h) 19:30 LT on 15 January 

2022. Circular marks on the surface are traces made by pressing the glass window in front of HISSGraS. 140 
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