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a b s t r a c t 

The properties of light reflected from snow and ice surfaces are important for the understanding of light 

scattering theory and the interpretation of remote sensing in the cryosphere. Spectral measurements 

of the degree of linear polarization (DoLP) and its related Stokes parameters P q = −Q/I and P u = U/I of 

Stokes vector I S = [ I Q U V ] T were made for various snow and ice surfaces in Hokkaido, Japan. The mea- 

surement results indicated that the angular dependence on both the viewing angle and azimuth angle 

in the DoLP, P q and P u was significant especially in the shortwave infrared (SWIR) regions. In addition, 

an important finding here is that the measurements revealed for the first time the existence of neutral 

points of P q and P u in the snow and bare ice surface. The SWIR polarization features can be explained by 

the single scattering properties of snow/ice or surface reflection associated with surface scattering. For 

the snow cases, the DoLP was represented by the measurement geometry and the scattering phase ma- 

trix while for the bare ice case, the DoLP was represented by the measurement geometry and the Fresnel 

reflection matrix. An additional remark is that the angular dependence of the neutral points was linked 

exclusively to the measurement geometry regardless of snow particle size, shape and scattering/absorbing 

inclusions in the ice. In contrast, the polarization in the visible regions was so small but remained de- 

tectable. However, the angular dependence of the neutral points was somewhat different from that in 

near infrared and SWIR regions. These results suggested that the neutral points depend on the polar- 

ization magnitude and the plane of polarization that related to the multiple scattering in the snow and 

atmosphere. The polarimetric measurements related to the neutral points are expected to be useful for 

the retrieval of new snow/ice physical parameters. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The cryosphere is the most vulnerable area to the climate 

hanges. The decreases in snow cover duration and area in the 

orthern hemisphere [1–3] , and the retreat of glaciers in the Arctic 

rea and ice sheet in Greenland [4,5] are typical phenomena. Snow 

ighly reflects solar radiation and has the effect of controlling 

lobal warming. However, when snow cover decreases over time 
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nd space as a result of temperature rise, albedo decreases, result- 

ng in further acceleration in the global warming through snow- 

lbedo feedback [6,7] . For this reason, the cryosphere is an im- 

ortant observation target from the perspective of climate change 

onitoring. 

Satellite observations are indispensable for the wide area snow- 

over monitoring. Optical remote sensing has expanded from 

he use of panchromatic and multispectral sensors to imaging 

pectrometers with multi-viewing capability. Operational satel- 

ites such as Advanced Very High Resolution Radiometer (AVHRR), 

oderate Resolution Imaging Spectroradiometer (MODIS), Second- 

enerated Global Imager (SGLI), and Sentinel-series are capable of 
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igh-resolution observation on spatial and temporal scales which 

ive the opportunity to investigate large-scale changes of the 

ryosphere in response to climate changes. For example, snow cov- 

rage was monitored by satellite data acquired from the 1980s to 

he present and changes in snow coverage was analyzed [1,8,9] . In 

ddition, retrievals of snow parameters such as snow grain size, 

ass concentration of light absorbing particles in snow, which are 

he primary parameters controlling spectral and broadband albedo, 

nd snow/ice surface temperature were attempted [10–12] . These 

now parameters were retrieved by Global Imager (GLI) in the 

orthern Hemisphere [13–15] . Afterwards, the snow grain size in 

he Antarctic and Greenland ice sheets has been monitored by 

any researchers and its spatial and temporal variations have been 

evealed [16–21] . These results are based on a large number of 

bservational and simulation studies on spectral albedo and re- 

ectance of snow related to the intensity of reflected light [22–30] . 

Light reflected from the surface can also be described in terms 

f its polarization properties [31–33] . Polarimetric observations 

ave recently attracted much attention and their use is accel- 

rating especially in the atmospheric and oceanic communities. 

he space-borne POLarization and Directionality of the Earth’s Re- 

ectances (POLDER) instrument, which was launched in 1996 on 

he Advanced Earth Observing Satellite (ADEOS) platform, provided 

he first quantitative measurements of the reflectance and polar- 

zation characteristics in atmosphere, land and ocean surface [34] . 

he POLDER instrument measured polarization that was used for 

loud and aerosol microphysics retrievals [35,36] . NASA/GISS air- 

orne Research Scanning Polarimeter (RSP) based on polarimetric 

nd multi-angular measurements, provided accurate polarimetric 

easurements from land and ocean surfaces and retrieved various 

eophysical parameters [37,38] . 

On the other hand, for the land surface use, despite more than 

0 years of experiments, practical applications have remained few. 

hough very few studies and limited information have been re- 

orted on the polarization properties of the snow surface, use- 

ul knowledge about the polarization is now emerging and be- 

ng established. Goloub et al. [39] confirmed that a few percent 

f snow polarization were observed in the forward direction of 

OLDER data. Leroux et al. [40] examined the effect of snow grain 

hape on snow total and polarized reflectance from the compari- 

on between the measurements and radiative transfer calculations, 

nd found reflectance properties to be sensitive to snow grain size 

nd shape. Though they only paid attention to the near-infrared 

pectral range at wavelength λ = 1650 nm , polarization has a po- 

ential to discriminate between clouds and snow surfaces. Per- 

vich [41] measured polarized reflectance for various snow and 

ea ice surfaces at different polar and azimuth angles and con- 

rmed the strong polarization from sea ice surfaces in the for- 

ard direction. Since the solar zenith angle was close to the Brew- 

ter angle, any specularly reflected light would be highly polar- 

zed. Tanikawa et al. [42] also confirmed the strong forward peaks 

or the melt-freeze crust in the near-infrared regions under the 

rewster geometry. They concluded from measurement results that 

he polarization is quite sensitive to not only optical properties of 

now but also the solar incident angle and illumination condition. 

he effect of a densely packed medium in snow polarization was 

heoretically studied based on ray-tracing simulations [43] , and it 

as later confirmed by Lv and Sun [44] that the changes of the 

egative degree of linear polarization in the backward direction, 

hich is a most remarkable observation phenomenon, were re- 

ated to the packing density of snow. The polarization properties 

n snow grain size were extensively studied in the snow field 

nd the cold laboratory [42,45,46] . These results suggested the po- 

arization measurement will be helpful for the retrievals of snow 

rain size. Recently, radiative transfer models for the atmosphere- 

now system were developed for the calculation of polarized radi- 
2 
nce and reflectance, and their application to remote sensing were 

ttempted [38,47] . 

There has been an extensive effort to investigate the area of the 

olarization of snow described above. The majority of research into 

he polarimetric properties of snow is concerned with the degree 

f linear polarization (DoLP). However, each element of Stokes vec- 

or (described in the next section) that makes up the DoLP has 

ot been fully explored yet, so there is a possibility that differ- 

nt polarization information is acquired even with the same DoLP. 

urthermore, as mentioned above, the DoLP depends on the snow 

rain size. But it is not completely understood how each element 

f Stokes vector relates to the snow grain size and the measure- 

ent geometries. The elements of Stokes vector are related to the 

agnitude and orientation of the semi-major axis of the polariza- 

ion ellipse, which is expected to contain additional information 

oncerning snow properties. More detailed investigations and anal- 

ses are thus required to understand and quantify certain polariza- 

ion properties of snow. 

We measured spectral DoLP and its related polarization pa- 

ameters of snow and bare ice through intensive observations in 

okkaido, Japan. In this paper, we focus on the angular depen- 

ence of each element of the Stokes vector related to the mag- 

itude and the orientation of the polarization for snow and bare 

ce surfaces, and discuss the utility of these parameters for char- 

cterization of the snow and the bare ice. In Section 2 , definitions 

f terms and explanations of spectral measurements are presented. 

ection 3 covers measurement conditions about location, snow and 

tmospheric conditions. In Section 4 , spectral DoLP and related pa- 

ameters for various snow types and bare ice surfaces are reported. 

e discuss the angular dependence on the DoLP and its related 

arameters. Section 5 presents conclusions and future work. 

. Definition of radiant quantities and spectral measurements 

.1. Definition 

The polarization state of light can be described by a set of four 

arameters specified by the symbols I ‖ , I ⊥ , U and V , which are el-

ments of the Stokes vector I (λ) = [ I ‖ (λ) I ⊥ (λ) U(λ) V (λ)] T . The

tokes parameters I ‖ (λ) and I ⊥ (λ) are the intensity components 

hat are parallel and perpendicular to the scattering plane, respec- 

ively. U(λ) is the degree of linear polarization in 45 ◦ and 135 ◦

lanes to the reference plane, and V (λ) is the degree of circular 

olarization which is usually negligible after reflection, and the su- 

erscript T denotes the transpose [32,4 8,4 9] . This Stokes vector is 

elated to the more common one, I S (λ) = [ I(λ) Q(λ) U(λ) V (λ)] T ,

y I(λ) = I ‖ (λ) + I ⊥ (λ) and Q = I ‖ (λ) − I ⊥ (λ) , where I(λ) is the

otal intensity of the reflected light. The Stokes vector’s first three 

lements are the most important ones determining the polariza- 

ion state. The degree of linear polarization (DoLP) is described 

y 

oLP (λ) = 

√ 

P 2 q (λ) + P 2 u (λ) , (1) 

here P q (λ) and P u (λ) are polarization-related parameters normal- 

zed by I(λ) as follows: 

 q (λ) = −Q(λ) 

I(λ) 
, P u (λ) = 

U(λ) 

I(λ) 
. (2) 

These above quantities also depend on the solar-target-sensor 

eometry, i.e. on the solar zenith and azimuth angles (θ0 , φ0 ) and 

he sensor’s viewing and azimuth angles (θv , φv ) respectively, so 

oLP, P q and P u depend on θ0 , θv , φ0 and φv . 

In this paper, we provide the hemispherical-directional re- 

ectance factor (HDRF) in order to examine the relation between 
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Fig. 1. Photographs of the goniometer to measure the polarized radiation: (a) The 

downward solar flux was measured by directing the optical fiber through the fore 

optics with polarizer to the upper surface of the WRS, and (b) The upward polarized 

radiance was directly measured by the optical fiber through the fore optics with 

polarizer. Photographs were taken at the snow surface at Nakasatsunai (a) and at 

the bare ice surface at Saroma-ko Lagoon (b). 
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oLP and HDRF. The HDRF is defined by 

DRF (θ0 , θv , φ0 , φv ;λ) = 

π I(θ0 , θv , φ0 , φv ;λ) 

F (θ0 ;λ) 
, (3) 

here I is the upward radiance reflected from the surface and F 

s the downward solar irradiance for the surface which includes 

adiation from the entire hemisphere. 

.2. Spectral polarization measurements 

The spectral measurements were made using grating spec- 

rometers, ASD FieldSpec 4 (Malvern Panalytical, UK). The scan- 

ing spectral range of the instrument is from the ultraviolet to 

he near infrared wavelength region between λ = 350 nm and 

500 nm with a spectral resolution of 3 nm for λ = 350 − 10 0 0 nm 

nd 10 nm for λ = 1001 − 2500 nm , and a spectral sampling (band- 

idth) of 1 . 4 nm for λ = 350 − 10 0 0 nm and 1 . 1 nm for λ =
001 − 2500 nm . The scanning time employed was 0 . 1 s with a 

ampling interval of 1 nm for the full spectral range. Angular de- 

endence of DoLP and its related parameters was observed by a 

elf-developed goniometer ( Fig. 1 ). This instrument was upgraded 

rom a previous version used in the studies reported by Tanikawa 

t al. [42] and observes the same point of the target from any po- 
3 
ar and azimuth angle. The polar and azimuth angles can be set 

ith an accuracy better than 1 ◦ by a machine control device. 

The polarized radiance reflected from the snow and bare ice 

urfaces was brought into the spectrometer by a calcite Glan- 

homson prism installed in the fore optics. By machine control de- 

ices, the calcite Glan-Thomson prism was rotated in an increment 

f 1 ◦ to measure the polarized radiation of different directions. A 

uartz-wedge depolarizer was inserted between the optical fiber 

nd polarizer in order to prevent a linearly polarized radiation en- 

ering the spectrometer. The field of view of this system is 7 ◦. The

tokes vector’s first three elements are derived by measuring the 

eflected polarized radiance at different polarizer directions as fol- 

ows: 

(λ) = { L 0 ◦ (λ) + L 45 ◦ (λ) + L 90 ◦ (λ) + L 135 ◦ (λ) } / 2 , (4) 

(λ) = L 0 ◦ (λ) − L 90 ◦ (λ) , (5) 

(λ) = L 45 ◦ (λ) − L 135 ◦ (λ) , (6) 

here L x (λ) is the polarized radiance at different polarizer direc- 

ions x (x = 0 ◦, 45 ◦, 90 ◦ and 135 ◦) . For the HDRF measurement, the

ownward solar irradiance was observed by directing of optical 

ber through the foreoptics with polarizer to the upper surface of 

he white reference standard (WRS) placed on the plate ( Fig. 1 a). 

The measurement was made for various planes including the 

rincipal and the perpendicular plane with the viewing angle θv 
f basically every 10 ◦ from 0 ◦ (nadir) to 70 ◦. During the mea- 

urement, the fore optics holds pointing to the same target of the 

now/bare ice surface from any polar and azimuth angle, but the 

ootprint of the measured surface varies with the polar angle. The 

onfiguration of this upgraded goniometer is the same as the pre- 

ious one [42] . So, the distance from the target point to sensor 

as 50 cm . The footprint was a circle with a diameter of 6.1 cm at

v = 0 ◦ and an ellipse with a major axis of 12.3 cm at θv = 60 ◦. 

The average measurement uncertainty of this system was esti- 

ated within 3% based on the error analysis process represented 

y Suomalainen et al. [50] . Comparing to the previous version 

42] , the measurement uncertainty was reduced due to mainly the 

ower angle adjustments of the goniometer and the polarizer di- 

ection, and the wedge depolarizer installed in the measurement 

ystem. 

. Observation conditions 

.1. Observation site 

The spectral measurements were carried out for snow fields on 

ebruary 11–14, 2020 at Nakasatsunai, Hokkaido, Japan (located at 

2 ◦38’40”N, 143 ◦06’36”E), and for smooth bare ice fields on Febru- 

ry 25, 2020 at Saroma-ko Lagoon, Hokkaido, Japan (located at 

4 ◦07’21”N, 143 ◦57’59”E). The observation site at Nakasatsunai is 

ocated at the east side of Hokkaido close to the Pacific Ocean. The 

easurement was conducted at snow-covered flat farms without 

ny undulation and shadows by forest. The site at Saroma-ko La- 

oon (surface area, 151 . 59 km 

2 and maximum depth, 22 m ) is lo- 

ated on the northeast coast of Hokkaido and is connected to the 

outhern part of the Sea of Okhotsk through two inlets. The mea- 

urement was conducted at smooth bare ice area of the lagoon 

here there is no obstacle of ridge and so on. 

.2. Snow/bare ice condition 

Snow pit work was conducted together with spectral measure- 

ents in order to explain various spectral data quantitatively. The 



T. Tanikawa, K. Masuda, H. Ishimoto et al. Journal of Quantitative Spectroscopy & Radiative Transfer 273 (2021) 107845 

s

d

s

i

t

g

h

r

d  

c

[

o

[

i

t

i

s

i

o  

d

o

i

A

t

a

m

c

f

p

f

a

s

s

t

l

(

s

s

3

b

q

t

s

m

t

c  

a

v

l

t

o

f

(

c

c

w

u

Fig. 2. Vertical profiles of snow physical parameters: (a) February 11, 2020, (b) 

February 14, 2020 at Nakasatsunai and (c) February 25, at Saroma-ko lagoon. For 

snow grain size (r) , minimum, maximum and medium (within brackets) values are 

described. Mass concentration of snow impurities has three values, OC, EC, and 

dust, respectively. It was measured for two snow layers of [A] d s = 0–2 cm depth 

and [B] d s = 2–10 cm depth. The meaning of an abbreviation is as follows: local 

time (LT), air temperature (T a ) , snow depth (d s ) , snow temperature (Temp.), snow 

density (Dens.) and mass concentration of snow impurities (Imp.). 

4

4

t

t

s

w

w

�

w

r

now physical parameters measured here were as follows: snow 

epth, snow form (shape), snow grain size, snow temperature, 

now density and mass concentration of light absorbing particles 

n snow. The snow grain shapes are according to “The Interna- 

ional Classification for Seasonal Snow on the Ground” [51] . The 

rain size was defined as half the branch width of dendrites, as 

alf of the width of the narrower portion of broken crystals, or the 

adius of each spherical particle. This dimension corresponds to r 2 
efined by Aoki et al. [25] . Because its use in radiative transfer cal-

ulations led to good correlations between spectral albedo and r 2 
25,52] and between broadband albedo and r 2 [53] , the dimension 

f r 2 is considered to be the optically equivalent snow grain size 

51] . Hence, the dimension of r 2 was employed as snow grain size 

n this study. 

Snow samples were collected to estimate the mass concentra- 

ion of light absorbing particles in snow (insoluble solid particles 

n the snowpack; hereafter snow impurities). The concentration of 

now impurities is an essential parameter controlling snow albedo 

n the visible regions [23] . We measured it from two snow layers 

f d s = 0–2 cm depth and d s = 2–10 cm depth where d s is snow

epth. The mass concentration of dust, elemental carbon (EC) and 

rganic carbon (OC) were determined in our laboratory by filter- 

ng melted snow samples and by the instrument of the Lab OC-EC 

erosol Analyzer (Sunset Laboratory Inc., Tigard, Oregon) based on 

he thermal optical reflectance method [54] . We followed the same 

pproach by Kuchiki et al. [55] in the instruments and measure- 

ent procedures. So we omitted the explanation in details. 

Fig. 2 shows the results of the vertical profiles of snow physi- 

al parameters. For Nakasatsunai site ( Fig. 2 a-b) the observed snow 

orm in top layer consists of mainly decomposing and fragmented 

recipitation particles and faceted crystals in February 11, and melt 

orms (melt-freeze crust) in February 14. Snow grain size gradu- 

lly increased day by day during the intensive field campaign. The 

now impurity concentration was on the order of ppmw and re- 

ults of OC, EC and dust indicated almost the same value during 

he measurements. For Saroma-ko lagoon site ( Fig. 2 c), the surface 

ayer was smooth bare ice and specular reflection was confirmed 

 Fig. 1 b). This is a refreezing ice of melted-snow partly including 

eawater. The layer below the surface consisted of melt forms with 

lush. 

.3. Atmospheric condition 

In order to evaluate the state of polarization of snow and 

are ice surfaces, measurements under clear sky conditions are re- 

uired. We monitored the cloud amount and the aerosol optical 

hickness (AOT). The cloud condition was monitored by visual ob- 

ervations and all sky camera. The spectrometer was also used to 

easure the solar illumination condition. The diffuse fraction of 

he downward solar flux is a reliable guide for the presence of 

louds. The AOT at λ = 380 , 440 , 675 and 870 nm was measured by

 Sunphotometer (Microtops-II, Solar Light Inc., Glenside, Pennsyl- 

ania). However, we were unable to measure the AOT at Saroma-ko 

agoon site due to a lack of the equipment. 

Fig. 3 shows the AOT and the diffuse fraction during the spec- 

ral measurements. Cloud amounts were almost zero by the visual 

bservations and all sky camera. Although the AOT and the dif- 

use fraction gradually increased day by day at Nakasatsunai site 

on February 11, 12 and 14), the results of the diffuse fraction 

an be considered as a clear sky Rayleigh atmosphere. Since cloud 

over increases the diffuse solar fraction for all spectral regions, we 

ould say from Fig. 3 that spectral measurements were conducted 

nder clear sky conditions. 
4 
. Results and discussion 

.1. Spectral dependence on the DoLP, P q , P u and HDRF 

Fig. 4 depicts spectral DoLP and its related polarized parame- 

ers P q and P u at λ = 350 − 2500 nm for the precipitation particles 

aken at Nakasatsunai site on February 11, 2020. Spectral data at 

everal viewing angles in the forward direction (�φ = 0 ◦) , side- 

ard direction (�φ = 90 ◦) and backward direction (�φ = 180 ◦) 
ere depicted. In this paper, we refer to the directions of 0 ≤
φ ≤ 60 ◦, 60 ◦ < �φ ≤ 120 ◦ and 120 ◦ < �φ ≤ 180 ◦ as the “for- 

ard direction”, “sideward direction”, and “backward direction”, 

espectively. The solar zenith angles were θ = 57 ◦ corresponding 
0 
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Fig. 3. (a) Aerosol optical thickness (AOT) and (b) diffuse fraction of the downward 

solar flux. All data were measured during the intensive field measurements. For (b), 

the spectral data between λ = 180 0 and 20 0 0 nm and λ > 2400 nm are noisy be- 

cause signal-to-noise ratios were low in the absorption bands by atmospheric gases. 

Note that we also showed the data on February 12, 2020 though we didn’t discuss 

spectral data of this day in this research, and there are no AOT data available on (a) 

February 25, 2020 at Saroma-ko lagoon site. 
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o local solar noon. The spectral data at λ = 1800 − 2100 nm and 

> 2300 nm were masked due to low signal-to-noise ratios in ab- 

orption bands of atmospheric gases. For a reference, results of 

pectral HDRF data were depicted. 

The spectral DoLPs in the visible region (VIS; λ = 400 −
00 nm ) were small in the range between 0.0 and 0.03 and spec- 

rally uniform. There was no clear dependence on the relative az- 

muth angle. Because the light absorption by the ice is particu- 
ig. 4. Spectral DoLP, P q , P u and HDRF at several viewing angles in the forward direction

espectively, taken at February 11, 2020. θ0 = 57 ◦ . Note that DoLP, P q , P u between λ = 18

oise ratios in the atmospheric gaseous absorption bands. Spectral data for θv = 60 ◦ in th

5 
arly weak in VIS regions [56] , multiple scattering is dominant, im- 

lying that the light reflected from the snow surface was essen- 

ially unpolarized. In the near infrared (NIR; λ = 700 − 1400 nm ) 

nd the shortwave infrared (SWIR; λ = 1400 − 2500 nm ) regions, 

avelength dependence of the DoLP with unique spectral features 

as confirmed. Some sharp peaks at λ = 1500 and ∼ 2100 nm and 

ome troughs between each peak corresponded to the light ab- 

orption by ice. This result can be explained by the difference of 

he contribution of volume scattering to the reflected light as fol- 

ows [42] . The volume scattering originates from the spectral de- 

endence of the absorption coefficient by ice. So, for highly ab- 

orbing spectral regions, the volume scattering is relatively low. In 

ther words, scattering process at a surface is dominant for the 

eflected light. Hence, the reflected light is polarized for highly 

bsorbing spectral regions, which explains the characteristic mea- 

ured spectral features in the NIR and SWIR regions. These features 

re consistent with the results of previous studies conducted in the 

old laboratory and field measurements [42,44–46] . 

The dependence of the DoLP on the viewing angle was mainly 

bserved in the SWIR regions. This result can be seen in the previ- 

us studies [42,44–46] , but it is interesting to note that the view- 

ng angle dependence was different between the DoLP and the 

DRF; the viewing angle corresponding to the maximum values 

ere different from each other. Similar results for other cases were 

btained. This result will be discussed in the next section. 

Regarding the linear polarization parameters P q and P u , the 

oLP in the principal plane (�φ = 0 ◦ and 180 ◦) is determined by 

 q > 0 and P u ∼ 0 , respectively ( Fig. 4 a and c). In general, the U

tokes parameter would be 0 in the principal plane, so that Q is 

ominant in the DoLP. In contrast, the DoLP in the perpendicular 

lane (sideward direction; �φ = 90 ◦) depends on both P q < 0 and 

 u < 0 ( Fig. 4 b). So, the DoLP is the result of combining the po-

arizations of both Q and U . Furthermore, we found that the weak 
 (�φ = 0 ◦) , sideward direction (�φ = 90 ◦) and backward direction (�φ = 180 ◦) , 
00 nm and 2100 nm and for λ > 2300 nm were masked due to the low signal to 

e backward direction (�φ = 180 ◦) were masked due to the detector shadow. 
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ependence of the DoLP on viewing angle was mainly due to P u , 

ince P q would be independent of the viewing angle. In summary, 

he behavior in Q and U was different even in the same DoLP, de- 

ending on the azimuth angle, and besides that, the viewing angle 

ependence in Q and U was different in the azimuth angle. In the 

ext section, we will further examine the effect of the viewing and 

zimuth angles on the DoLP and related parameters P q and P u . 

.2. Angular dependence on the DoLP and related parameters P q and 

 u 

Figs. 5 –7 show polar contour plots of measured HDRF, DoLP, P q 
nd P u for the snow and bare ice surfaces in SGLI selected channels 

t λ = 443 , 673 . 5 , 868 . 5 and 1630 nm . These wavelengths are used

n the snow parameter retrievals adopted for the SGLI snow/ice 

roducts [21] , and actually SGLI has two polarization channels at 

= 673 . 5 and 868 . 5 nm that can measure polarization [57] . These

our wavelengths selected here were similar to the spectral chan- 

els of satellite instruments such as MODIS and POLDER as well 

s RSP. Thus, HDRF, DoLP, P q and P u shown in Figs. 5–7 were 

omputed using the spectral response functions of SGLI [57] . All 

easurements were conducted under clear sky condition for θ0 = 

2 ◦ ∼ 62 ◦. For the bare ice measurements, θ0 was almost equal to 

he Brewster angle (θB ∼ 52 ◦) . 

.2.1. DoLP 

At first, we discuss the DoLP of snow surface. Fig. 5 shows 

esults for the precipitation particles at February 11, 2020, while 

ig. 6 depicts results for the melt forms at February 14, 2020. The 

oLP plots were characterized by high values in the forward di- 

ection (�φ = 0 ◦) that gradually decreased toward the side and 

ackward directions even at λ = 443 , 673 . 5 and 868 . 5 nm . The an-

ular dependence of the DoLP on the viewing geometry at these 

hree wavelengths was commonly very small and the DoLP in the 

orward direction was less than 0.03. Because multiple scattering 

s dominant due to relatively weak light-absorption by ice at these 

avelengths [56] , the radiances were almost unpolarized. 

In contrast, the dependence of the DoLP on viewing angle was 

learly seen at λ = 1630 nm . The DoLP appears to exhibit a broad 

eak in the forward and sideward directions of �φ < 90 ◦. This po- 

arization feature can be seen in both cases ( Figs. 5 and 6 ); as

 general trend, the DoLPs of the melt forms were higher than 

hose of the precipitation particles. These results can be explained 

n terms of single scattering properties of snow particles using a 

imple scattering theory. In the SWIR regions where the light ab- 

orption by ice is relatively strong, the scattering process will be 

ominated by the single scattering at the surface layer. So, for un- 

olarized incident solar radiation I 0 = [ I 0 0 0 0] T where I 0 is the

npolarized intensity, the scattered radiation after one scattering 

vent I 1 = [ I 1 Q 1 U 1 V 1 ] 
T can be described as follows: 

 1 (�, σ1 , σ2 ) = L (−σ2 ) F (�) L (π − σ1 ) I 0 (7) 

= 

⎡ 

⎢ ⎢ ⎣ 

a 1 (�) I 0 

cos 2 σ2 b 1 (�) I 0 

− sin 2 σ2 b 1 (�) I 0 

0 

⎤ 

⎥ ⎥ ⎦ 

, (8) 

here F (�) is the normalized scattering matrix, L is the rotation 

atrix, and � is the scattering angle. a 1 and b 1 are elements of 

ormalized scattering matrix F , and σ1 and σ2 are the angles of 

otation (see Appendix A). The normalized scattering matrix F gen- 

rated by electromagnetic scattering theory provides a complete 

haracterization of the angular distribution and polarization state 

f the light scattered by an ensemble of dielectric particles [58] . 
6 
These values are connected with measurement geometries of 

0 , θv , and �φ(= φv − φ0 ) using spherical trigonometry [33] : 

os � = − cos θv cos θ0 + sin θv sin θ0 cos �φ, (9) 

os σ1 = 

cos θv + cos θ0 cos �

sin θ0 sin �
, (10) 

os σ2 = −cos θ0 + cos θv cos �

sin θv sin �
. (11) 

Thus, I 1 can be represented using the measurement geometries, 

hat is I 1 (θ0 , θv , �φ) . Details of the normalized scattering matrix 

 and its related coordinate system are described in Appendix A. 

rom the Stokes parameters of I 1 , we obtain the DoLP as follows: 

oLP = | b 1 (�) /a 1 (�) | . (12) 

Fig. 8 shows the ratio −b 1 /a 1 of elements of normalized scat- 

ering matrix for various snow grain sizes and shapes calculated 

y the geometrical optics approximation [59,60] and the Mie the- 

ry. In general, this ratio indicates the degree of the linear polar- 

zation of scattered light for unpolarized incident light in a single 

rain and is a function of a scattering angle �. From the results, 

he ratio reveals a broad peak at approximately � = 60 ◦ − 120 ◦ at 

= 1630 nm regardless of the shape and size of the particles. This 

eans that the scattered light in this range of scattering angles 

ould be polarized. Based on this result, we investigated the re- 

ationship between the broad peak of the DoLP and the scattering 

ngle � calculated from θ0 , θv and �φ by Eq. (9) and found that 

he broad peak of the DoLP corresponds to around � = 60 ◦ − 120 ◦

 Figs. 5 d and 6 d). It is concluded that the broad peak of the

oLP results from the polarimetric properties of the single scatter- 

ng properties of snow particles. Regarding the difference between 

oLP of the precipitation particles and that of the melt forms, it is 

onsidered from Fig. 8 that the dependence on the snow grain size 

ould be reflected in the measured DoLP. 

As can be seen in the previous section, the dependence on 

iewing angle was different between the DoLP and the HDRF; the 

iewing angle corresponding to the maximum values were dif- 

erent from each other, and the maximum values were at θv = 

0 ◦ − 60 ◦ for the DoLP, but at θv = 70 ◦ for the HDRF. Both features 

an be explained by the single scattering properties of snow par- 

icles. Since the reason for the DoLP has already described above, 

he reason for the HDRF can be described as follows: From the re- 

ationship between the particle size and the wavelength, the scat- 

ered light intensity is dominant in the forward direction (see in 

ig. 3 in Tanikawa et al. [30] ); the smaller the scattering angle, the 

igher the scattered intensity. Therefore, the HDRF has a relatively 

igher value in the forward direction with the larger viewing an- 

le where the scattering angle is small. This is the reason why the 

ngular distribution was different between the DoLP and the HDRF. 

Next, we discuss the DoLP of the bare ice surface shown in 

ig. 7 . The DoLP had strong peaks around θv = 40 ◦ − 60 ◦ in the for-

ard direction for all four wavelengths. The DoLP at λ = 1630 nm 

as almost 1.0. This result is caused by a large specular reflection 

omponent plus strong polarization near the Brewster angle. Under 

he measurement condition of θ0 = 53 ◦ − 54 ◦, the viewing angle 

v = 40 ◦ − 60 ◦ along the principal plane was approximately equal 

o the angle of reflection, where there is a large specular compo- 

ent in the reflected light. Also, near Brewster’s angle the spec- 

larly reflected light is strongly horizontally polarized. Thus, the 

igh DoLP was mainly a result of specular reflection at θ0 ∼ θB . 

t other angles away from Brewster’s angle, where the specular 

eflection was smaller, there was much less linear polarization of 

he reflected light. The reason is that the reflected light mainly 

onsists of the volume scattering component which is largely un- 

olarized. However, surface reflection is essentially independent 
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Fig. 5. Polar contour plots of HDRF, DoLP, P q and P u at four selected SGLI channels as obtained from spectral measurements for the precipitation particles on February 11, 

2020. The small cross signs on each contour plot indicate observation points. The radial coordinate is proportional to the viewing angle θv . The centre of the half-circle is 

θv = 0 ◦ (nadir) and the outer half-circle is θv = 70 ◦ . The illumination from the sun comes from the lower half of each map, indicated by the yellow sun mark. The solar 

zenith angle is θ0 = 57 ◦ . The solid and dashed lines in the HDRF and DoLP plot the scattering angle � with 10 ◦ interval, while the black dash and red solid lines in the P q 
and P u indicate observed and calculated neutral points, respectively. The top of each contour map is the forward scattering direction. The values around the yellow sun mark 

in the HDRF are low because of the detector shadow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

7 
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Fig. 6. Same as Fig. 5 , but for the melt forms on February 14, 2020. θ0 = 58 ◦ − 61 ◦ . 

8 
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Fig. 7. Same as Fig. 5 , but for the bare ice surface on February 25, 2020. θ0 = 53 ◦ − 54 ◦ . 

9 
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Fig. 8. The ratio −b 1 (�) /a 1 (�) of the elements of normalized Stokes scattering matrix in the various snow grain size and shape: Voronoi column (SVC), Voronoi aggregate 

(M03) and spherical particles, respectively. r VA is the effective snow grain radius of Voronoi particles defined as radius of sphere that has an equal volume/area ratio [24] , 

and r eff is the effective radius of spherical particles. For the Voronoi particles, the ratios at λ = 443 nm and 869 nm are almost the same. 
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f wavelength, while the volume component is reduced at longer 

avelength due to increased light absorption by the ice, imply- 

ng that a noticeable polarization can be measured at λ = 1630 nm 

ven at angles away from Brewster’s angle. We note that the view- 

ng angle corresponding to the maximum DoLP was different be- 

ween the three wavelengths (λ = 443 , 673 . 5 and 868 . 5 nm ) and

= 1630 nm . This might be due to the surface roughness in the 

are ice surface ( Fig. 1 b). If the bare ice surface was to be per-

ectly smooth, one would expect to measure high DoLP values at 

lmost the same viewing angle at λ = 443 , 673 . 5 and 868 . 5 nm . 

.2.2. P q and P u 
In this section, we focus on the angular dependence of P q and 

 u for light reflected from a snow surface ( Figs. 5 and 6 ). By

efinition, both values were measured to be in the range below 
10 
he DoLP. So, P q and P u were small values at λ = 443 , 673 . 5 and

68 . 5 nm but they showed a remarkable dependence on the view- 

ng geometry. P q had positive values in the forward direction and 

hen the sign was inverted from the side to the backward direc- 

ions, and P q exhibited zero and negative values except for some 

ngles. In contrast, P u was almost zero in the principal plane, had 

egative values in the forward direction except for the principal 

lane, and had positive values in the backward direction. The neu- 

ral points ( P q = 0 and P u = 0 ) were continuously observed. For P q ,

eutral points were observed in the forward and backward direc- 

ions, while for P u , neutral points were observed in the backward 

irection. An even more interesting result is that the signs and 

eutral points of P q and P u are almost independent of viewing ge- 

metry especially for NIR and SWIR wavelengths, though they are 

ot completely the same positions. This result can be seen in both 
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now surface measurements of the precipitation particle and melt 

orm: the snow conditions have little effect on the position of the 

igns and the neutral points. This circumstance would be indicative 

f a universal property of the polarization. These measurements 

epresent the first known confirmation of these unique snow po- 

arization features. 

We now examine the position of the signs and the neutral 

oints of P q and P u for the snow case. First, we consider the wave-

ength of λ = 1630 nm using a same approach as for the DoLP. If 

he single scattering in the surface layer is assumed to be domi- 

ant, then P q and P u can be represented from I 1 ( Eq. (8) ) as fol-

ows: 

 q = − cos 2 σ2 · b 1 (�) /a 1 (�) , (13) 

 u = − sin 2 σ2 · b 1 (�) /a 1 (�) , (14) 

here b 1 /a 1 is again the ratio of elements of the normalized scat- 

ering matrix. Thus, the signs and the neutral points of each P q 
nd P u would be determined by Eqs. (13) and (14) . From this 

quation, the neutral points in P q ( P q = 0 ) can be seen to require

 measurement angle corresponding to the following condition: 

i) principal plane (φv − φ0 = 0) : σ2 = 0 or π (see Fig. A.9 ) , so

os 2 σ2 = 1 , implying that the measurement angle must satisfy 

b 1 (�) /a 1 (�) = 0 , and (ii) the others (φv − φ0 � = 0) : cos 2 σ2 = 0

egardless of −b 1 (�) /a 1 (�) . An important point here is that the

eutral point is independent to the snow grain size and shape. 

or P u = 0 , the following condition is required: (i) principal plane 

φv − φ0 = 0) : σ2 = 0 or π , so sin 2 σ2 = 0 , implying that P u would

e everywhere zero in the principal plane, and (ii) the others 

φv − φ0 � = 0) : sin 2 σ2 = 0 regardless of −b 1 (�) /a 1 (�) . The neu-

ral point in P u is also independent of the snow grain size and 

hape. 

Figs. 5 d and 6 d show polar contour plots of P q and P u and cal-

ulated neutral points at λ = 1630 nm . Each neutral point is seen 

o be consistent with the measured one. Also, each sign of P q and 

 u was consistent with the measured one, respectively, under the 

ollowing condition: P q (P u ) > 0 for positive sign and P q (P u ) < 0 for

egative sign in Eqs. (13) and (14) . It is concluded that in the SWIR

egions where the single scattering at the surface is dominant, the 

igns of P q and P u and the neutral points can be determined from 

he measurement geometric conditions irrespective of the snow 

rain size and the shape. 

On the other hand, the angular dependence of P q and P u in the 

IS and NIR regions was weak, but not cancelled completely. A 

eak dependence on the viewing geometry was still confirmed. 

his reason could be that the contribution to the reflected radi- 

tion of the surface scattering is higher than that of the volume 

cattering. But, the signs and neutral points of P q and P u did not 

ompletely match in all four wavelengths. For example, there ex- 

sts a slight difference of the neutral points among them. Compar- 

ng to the neutral points at λ = 1630 nm , the neutral points for P q 
t other three wavelengths seemed to be shifted forward, while 

he neutral points for P u seemed to be broad in the backward di- 

ection. This difference may be related to the scattering properties 

n each wavelength. Because scattering by larger particles such as 

now is characterized by strong forward scattering with a diffrac- 

ion in the forward direction, and because the multiple (volume) 

cattering component is increased at shorter wavelength such as 

IS, the scattered light penetrates in the forward direction, result- 

ng in the difference among all four wavelengths. This could be 

he reason why the calculated neutral points based on the single 

cattering were not consistent with the measured ones in the VIS 

nd NIR regions. According to radiative transfer calculations in the 

tmosphere-ocean system, the position of the neutral points in- 

icated the difference in atmospheric conditions due to multiple 
11 
cattering [61] . Thus, we conjecture that the snow layer structure 

nd the atmospheric condition are related to the position of the 

igns and the neutral points. 

We next focus P q and P u for the bare ice surface ( Fig. 7 ). The an-

ular dependence on the signs of P q were mostly the same as for 

he snow case: P q had positive values in the forward direction and 

hen the sign was inverted from the side to the backward direc- 

ions, and P q exhibited zero and negative values except for some 

ngles. But, the P q in the forward direction was high in all four 

avelengths comparing to the snow. In contrast, P u was almost 

ero in the principal plane, and had positive values in the forward 

irection at λ = 443 nm and 673 . 5 nm and in the backward direc- 

ion at λ = 868 . 5 nm and 1630 nm . The neutral points each were 

ontinuously observed. But, the positions of the neutral points of 

 q and P u were different between the bare ice and snow except for 

hose at λ = 1630 nm . 

We now examine the position of the signs and the neutral 

oints at λ = 1630 nm based on the same approach as for the 

now case. In the SWIR regions, the scattering process will also 

ominate reflection at the bare ice surface. However, the surface 

ondition is different between the snow and the bare ice because 

he bare ice is not an aggregate of ice particles but a smooth sur- 

ace. So, we applied a Fresnel reflection matrix R instead of the 

cattering matrix F in the scattering calculations. If r ‖ and r ⊥ are 

resnel reflection coefficients due to the change in refractive index 

 at the air-ice interface, P q and P u would be expected as follows: 

 q = − cos 2 σ2 · (r ‖ r ∗‖ − r ⊥ r ∗⊥ ) / (r ‖ r ∗‖ + r ⊥ r ∗⊥ ) , (15) 

 u = − sin 2 σ2 · (r ‖ r ∗‖ − r ⊥ r ∗⊥ ) / (r ‖ r ∗‖ + r ⊥ r ∗⊥ ) , (16) 

here 

 ‖ = 

n cos θ0 − cos θt 

n cos θ0 + cos θt 
, (17) 

 ⊥ = 

cos θ0 − n cos θt 

cos θ0 + n cos θt 
, (18) 

nd θ0 is connected with θt by Snell’s law: sin θ0 = Re (n ) sin θt 

here θt is the refraction angle in the bare ice. From these equa- 

ions, each neutral point, for example, can be seen in the mea- 

urement angle corresponding to the angle under the condition of 

 q = 0 and P u = 0 in Eqs. (15) and (16) , respectively. 

Fig. 7 d depicts polar contour plots of P q and P u and measured 

nd calculated neutral points at λ = 1630 nm . The calculated neu- 

ral points were roughly consistent with the measured ones. How- 

ver, there was a difference in the backscattering regions (� > 

50 ◦) . 
This could be due to the contribution of the surface roughness 

n the bare ice. We employed the Fresnel reflection matrix R in 

hich the surface is an idealized surface that is perfectly smooth. 

owever, the bare ice surface was not perfectly smooth as shown 

n Fig. 1 b. As a result, a moderate polarization was observed in the 

ackscattering regions, showing a difference between the calcula- 

ions and the measurements. 

In the VIS and NIR regions, a weak angular dependence was 

bserved in P q (except for the forward direction) and P u . In the for-

ard direction in P q , the surface reflection did contribute. Since the 

urface reflection is essentially independent of wavelength, the an- 

ular dependence can be seen commonly for all four wavelengths. 

t other angles except for the forward direction, multiple (volume) 

cattering would be dominated. Regarding the neutral points, they 

id not completely match calculated ones based on the surface 

cattering process. From Fig. 7 a–c, the observed neutral points in 

 q were shifted to the forward direction and there existed a dif- 

erence of the neutral points between calculations and measure- 

ents. In addition, the neutral points in P u were quite different 
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t different wavelengths. Although the reason for the difference is 

ot clear at this moment, this difference could be related to the 

ultiple (volume) scattering, the surface roughness and the illumi- 

ation conditions that determine the polarization magnitude and 

he plane of the polarization. Regarding the neutral points in P u , 

here is a possibility that these differences are due to the mea- 

urement uncertainty since the magnitude of the P u is rather small 

t λ = 443 , 673.5 and 868 . 5 nm . It is desirable to clarify the reason

hrough a quantitative analysis using a radiative transfer model of 

tmosphere-snow/ice system. 

. Conclusion and closing remarks 

Until now, the majority of research into the polarimetric prop- 

rties of snow and bare ice was concerned with the DoLP. How- 

ver, each element of the Stokes vector that makes up the mea- 

ured DoLP was not fully explained yet. In order to understand and 

uantify polarization properties of snow and bare ice, we carried 

ut spectral measurements of DoLP and its related parameters P q 
nd P u in a flat snow/ice field in Hokkaido, Japan. Snow pit works 

nd atmospheric measurements were also conducted at the same 

ime to give an interpretation to the spectral data. 

The measurements of polarization in snow and bare ice surfaces 

emonstrated that the DoLP exhibits unique spectral characteris- 

ics. We observed significant signatures associated with the depen- 

ence of the DoLP, P q and P u on the angular viewing geometry. In 

ddition, an important finding here is that the measurements re- 

ealed for the first time the existence of neutral points of P q and 

 u in the snow and bare ice surface. Besides, these unique features 

ppeared to be almost the same regardless of snow/ice condition 

specially for the NIR and SWIR wavelength. In particular, signifi- 

ant results can be seen in the SWIR regions where the scattering 

rocess is dominated by single scattering at the surface layer. 

We examined the angular dependence of the neutral points and 

he signs of P q and P u at λ = 1630 nm . A simple scattering the-

ry revealed that the observed polarization features were related 

o the measurement geometry (reflection and azimuth angle) re- 

ardless of a snow particle size and shape, and ice conditions. In 

ther words, once measurement geometries are determined, the 

eutral points and the signs of P q and P u are determined. Regarding 

he angular dependence of the DoLP for snow, it was found that 

t was directly linked to the single scattering properties of snow 

epresented by the scattering phase matrix. For the bare ice, the 

igh DoLP and P q in the forward direction were mainly a result of 

he specular reflection at the Brewster angle. At other angles away 

rom Brewster angle, there was less linear polarization due to mul- 

iple scattering by ice, air, and scattering/absorbing inclusions in 

he bare ice. However, the moderate polarization measured in the 

ackscattering regions could be due to the surface roughness of the 

are ice. On the other hand, the polarization in the VIS regions was 

o small but not completely canceled and remained detectable. The 

ngular dependence of the neutral points was somewhat different 

rom that in NIR and SWIR regions, though the overall features 

ere similar each other. These results suggested that the neutral 

oints depend on the polarization magnitude and the plane of po- 

arization that related to the multiple scattering in the atmosphere 

nd snow, and the solar illumination conditions. 

The challenge for the future is to develop a forward theoreti- 

al model to give a quantitative explanation of the P q and P u po- 

arization properties of snow and ice. By coupling these observa- 

ions with forward/inverse theoretical models, we expect that it 

ill be possible to extract quantitative information regarding snow 

nd ice physical parameters. The SGLI is an imaging sensor on- 

oard GCOM-C satellite, having two polarization channels at λ = 

73 . 5 nm and 868 . 5 nm . The measured polarization features were 

eak at these channels, but the neutral points were detectable 
12 
ased on the plane of polarization. The polarimetric measurements 

elated to the neutral points are expected to be useful for the re- 

rieval of new snow and ice physical parameters. 

In this paper, the polarization properties of DoLP, P q and P u were 

nvestigated in order to enhance our understanding of light scatter- 

ng, but those of Q and U themselves were not fully investigated. 

urthermore, the polarized reflectance and the angle of linear po- 

arization have not been fully explored yet. It is thus desirable 

o conduct additional polarimetric measurements for different ge- 

metries and wavelengths together with theoretical calculations to 

nterpret optical properties of snow and ice because it is expected 

o provide the enhanced information compared to that obtained 

rom the DoLP, P q and P u alone. These additional measurements are 

xpected to lead a successful polarimetric remote sensing of snow 

nd ice surfaces. 
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ppendix A. The phase and scattering matrices 

The phase matrix M can be calculated with the scattering ma- 

rix F and two rotation matrices L : 

 (�, σ1 , σ2 ) = L (−σ2 ) F (�) L (π − σ1 ) (A.1) 

https://doi.org/10.13039/501100001691
https://doi.org/10.13039/501100005946
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Fig. A.9. Illustration of the relationship between the phase and scattering matrices. 

This illustration is the same as Fig. 11.3.1 (a) in Mishchenko et al. [33] . ˆ n inc and ˆ n sca 

are the direction of incident and scattering waves. 
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here a i (i = 1 , 2 , 3 , 4) and b i (i = 1 , 2) are elements of normalized

cattering matrix, � is the scattering angle between incident and 

cattering angles and σ1 and σ2 are angles of rotation that can be 

alculated from the measurement geometries θ0 , θv , φ0 and φv us- 

ng spherical trigonometry [33] : 

os � = − cos θv cos θ0 + sin θv sin θ0 cos (φv − φ0 ) , (A.2) 

os σ1 = 

cos θv + cos θ0 cos �

sin θ0 sin �
, (A.3) 

os σ2 = −cos θ0 + cos θv cos �

sin θv sin �
. (A.4) 

The angles of σ1 and σ2 are illustrated in Fig. A.9 . 
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