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A model of angular-dependent emissivity spectra of snow and ice in the 8–14 μm atmospheric window is
constructed. Past field research revealed that snow emissivity varies depending on snow grain size and
the exitance angle. Thermography images acquired in this study further revealed that not only welded
snow particles such as sun crust, but also disaggregated particles such as granular snow and dendrite
crystals exhibit high reflectivity on their crystal facets, even when the bulk snow surface exhibits black-
body-like behavior as a whole. The observed thermal emissive behaviors of snow particles suggest that
emissivity of the bulk snow surface can be expressed by a weighted sum of two emissivity components:
those of the specular and blackbody surfaces. Based on this assumption, a semi-empirical emissivity
model was constructed; it is expressed by a linear combination of specular and blackbody surfaces’ emis-
sivities with a weighting parameter characterizing the specularity of the bulk surface. Emissivity spectra
calculated using the model succeeded in reproducing the past in situ measured directional spectra of
various snow types by employing a specific weighting parameter for each snow type. © 2013 Optical
Society of America
OCIS codes: (280.0280) Remote sensing and sensors; (280.6780) Temperature; (290.0290)

Scattering; (290.6815) Thermal emission.
http://dx.doi.org/10.1364/AO.52.007243

1. Introduction

Directional emissivity spectra of snow cover at thermal
infrared (TIR) wavelengths are essential properties
for remote sensing of the earth’s thermal properties,
such as snow surface temperature [1–5], cloud dis-
crimination from space [6,7], and for estimating

Earth’s long-wave radiation budget on the Greenland
and Antarctic ice sheets by broadband radiometer
such as the clouds and the Earth’s radiant energy sys-
tem (CeRES) [8]. The spectra may also be potentially
utilized for sensing remote planets in astronomical
applications [9].

The spectral emissivities of snow in TIR had been
investigated based on theoretical radiative transfer
(RT) calculation approaches in addition to laboratory
or field measurements. Berger [10] indicated that
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snow emissivity exhibits weak dependence on snow
density by adapting a simple geometric optics
approximation to the theoretical scattering calcula-
tion. Dozier and Warren [11] simulated the
directional-hemispherical reflectance (DHR) of snow,
which can be equalized to 1 − ε using Kirchhoff ’s law
(where ε is the directional emissivity at an exitance
angle), based on a more rigorous treatment: Mie
scattering for single scattering and the delta-
Eddington approximation for multiple scattering.
This indicated significant angular dependence of the
DHR, but little dependence on grain size and density.
Most of the algorithms for retrieving snow surface
temperatures from space (e.g., [1,12,13]) have been
developed based on the simulated emissivity by
Dozier and Warren [11].

Rees and James [14] investigated angular varia-
tion of the infrared emissivity of an ice surface using
a simple TIR sensor for the measurement of bright-
ness temperature averaged between 8 and 14 μm,
together with a thermocouple thermometer for meas-
uring the physical temperature of the surface. They
found that the broadband emissivity of ice surfaces is
in agreement with the Fresnel formula for a plane
interface. Subsequently, Rees [15,16] attempted to
measure the emissivity of various snow covers in-
cluding fresh snow, employing the same measure-
ment approach, yet the resulted emissivity seems
to vary widely between 0.70 and 0.92, even in the
same snow type (fresh snow). This is possibly due
to a failure in making accurate physical temperature
measurements at the feathery low-density surface of
the fresh snow cover.

Salisbury et al. [17] conducted laboratorymeasure-
ments of DHR and found that snow emissivity varies
depending on snow types, including frost, fine new
snow, and medium- and coarse-granular snow, and
the resultant emissivity spectra deviate notably from
the simulated ones based on the Mie theory. These
measured emissivity spectra are the first practical
emissivity spectra of snow and are archived in the
ASTER spectral library [18], although obtained only
for a near nadir exitance angle (10° from the normal)
owing to limitations in the instrument design [17].
The snow emissivity spectra have been used for de-
veloping a recent remote-sensing algorithm to re-
trieve snow surface temperature from data of the
moderate resolution imaging spectroradiometer
(MODIS) [4].

Wald [19] proposed several theoretical approaches
to simulating grain-size-dependent emissivity
spectra and succeeded in modeling the spectral
DHR (at the near nadir angle) of the disaggregated
coarse-granular snow and welded snow obtained by
Salisbury et al. [17]. The DHR of disaggregated snow
was modeled by employing the diffraction subtrac-
tion method in which the diffracted components of
the scattered light were subtracted in the RT simu-
lation for a close-packed snow media, while the DHR
of the welded snow was expressed as the weighted
sum of the RT reflectance and Fresnel reflectance.

Wald [19] also pointed out that the angular depend-
ence determined with any RT approach is only
applicable for disaggregated snow samples, and
the emissivity of welded samples should be partly
accounted for using the Fresnel reflectance theory,
which itself has a strong angular dependence.
Therefore, not only grain size but also cementation
effects—thus whether the snow is welded or
disaggregated—are considered important factors
that determine the directionality of snow emissivity
[in general, snow particles are expressed as “an ag-
gregate of ice crystals.” However, in this paper, we
use the term “disaggregated snow (or particles)”
for expressing snow conditions consisting of fine-
to coarse-grained snow particles according to the us-
age in [19] to discriminate them from those consisted
of welded film-like ice particles such as in the case of
sun crust snow].

Hori et al. [20] conducted in situ measurements of
the spectral directional emissivity of snow and ice
and revealed that snow emissivity actually varies de-
pending both on snow surface grain size and exitance
angle. Their in situ measured emissivities clearly
indicated that angular emissivity of snow in TIR is
near isotropic for fine disaggregated snow but ap-
proaches an anisotropic nature, exhibiting specular
reflectance, as snow particles become larger and
more welded. Thus the results of [20] further demon-
strated the importance of understanding whether
snow grains are welded or not when determining
the directional emissivity of snow. Hori et al. [20] also
showed the close correlation between TIR emissivity
and shortwave infrared reflectance measured for
various snow types (fine, medium, coarse, and sun
crust), which again indicates that TIR emissivity
varies depending on the snow grain shape on the
upper skin surface. They also discussed the appli-
cability of the spectral contrast in TIR snow emissiv-
ity around the wavelengths 11–12 μm in an attempt
to discriminate among snow types from space. The
applicability of TIR spectral contrast to the monitor-
ing of snow and ice from space was also examined by
Tonooka and Watanabe [21] based on nadir angle
spectra from the ASTER spectral library.

Cheng et al. [22] recently compared several RT
models in order to examine their capability in simu-
lating the in situ measured snow TIR emissivity ac-
quired by [20]. They investigated RT models based
on the Mie scattering theory, both with and without
corrections for the packing effect, which violates the
independent scattering approximation assumed in
the theory. Their results indicated that several RT
models based on the Mie theory with the diffraction
subtraction correction proposed by [19] were able to
simulate the emissivity only at the nadir angle.
However, none of the models succeeded in simulating
snow emissivities at off-nadir angles.

The snow surface is generally densely packed, but
at the same time is sometimes porous and sometimes
a specular medium and therefore has complex sur-
face structures from the point of views of the light
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scattering. Although, as described above, the emis-
sivity of snow has been modeled by rigorous applica-
tion of Mie scattering and RT theories, currently no
theoretically unified model can simulate the angular
dependence of emissivity spectra for different snow
and ice types. There remain discrepancies between
the simulated and in situ measured emissivities,
particularly at wavelengths longer than 10.5 μm,
where typical split-window channels of satellite-
borne optical sensors are located. These instruments
are commonly used for the remote sensing of surface
temperatures from space. Approaches involving
the Mie scattering and RT models therefore fail to
accurately simulate TIR emissive properties of snow
particles with wide ranges of sphericity and size.
This problem has also been discussed in [17].

For practical applications, such as the remote sens-
ing of snow surface temperature from space, a simple
model that is capable of simulating angular and
grain-size-dependent TIR emissivity spectra is de-
sired. As Wald [19] proposed, a weighted summation
of a RT model (using the diffraction subtraction
method) and the Fresnel reflectance could be one
potential approach to such a goal, although no such
model has yet been presented.

Recent advances in handheld thermographic
imaging technology has enabled and facilitated ob-
servation of in situ TIR emissive behaviors of snow
surfaces with high spatial resolution (e.g., [23,24]).
We recently carried out thermography measure-
ments coincident with snow pit works in snowfields
and gained physical insights into the TIR emissive
behaviors of several different snow types. Based
on these thermography measurement results in
addition to the experimental knowledge obtained
in the past studies, we propose, in this study, a semi-
empirical model of snow surface emissivity to
reproduce the in situ measured directional snow
emissivity spectra [20]. The model introduces a

weighting parameter that characterizes the specu-
larity of the bulk snow surface and bridges the gap
between the specular and blackbody-like behaviors
of snow. This approach provides an alternative to in-
appropriate RT calculations for the densely packed
snow medium.

Section 2 briefly reviews and summarizes past
experimental knowledge from the literature. The
thermography images of various snow types acquired
in situ are also discussed; these images give insight
into the thermal radiative behaviors of snow covers.
Section 3 describes our modeling of snow emissivity,
including the concept for constructing a snow emis-
sivity model and the introduction of emissivity equa-
tions. Comparison of the model with past in situ
measured spectra and an example of the application
of the emissivity model to an analysis of thermogra-
phy images are also presented. Section 4 comprises a
brief discussion on the validity and applicability of
the emissivity model to other uses such as remote
sensing from space. A summary and conclusion of
this paper is included in the Section 5.

2. Experimental Knowledge

A. Typical Emissivity Spectra Obtained in Past
Experimental Studies

As described above, there is still a conflict between
snow emissivity simulated by RT calculations and
that measured by laboratory and in situ experi-
ments. In this study, we employ the angular-
dependent spectral emissivity of snow and ice
measured by Hori et al. [20] to construct a practical
model for simulating the emissive behavior of the
snow surface.

Figure 1 indicates the in situ measured spectral
emissivity of five different snow types: fine dendrite,
medium-granular, coarse-grained, sun crust, and
bare ice with a smooth specular surface. Each is

Fig. 1. In situmeasured spectral directional emissivity of five different snow types (fine dendrite, medium-granular snow, coarse-grained
snow, sun crust, and smooth bare ice) at six exitance angles (θ): (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, and (f) 75° measured from the surface
normal toward the sensor [20] reproduced from the JAXA in situ data archive for GCOM mission [25].
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shown for five different exitance angles. Typical
snow emissivity spectra have a reststrahlen band
(emissivity trough) centered at 13 μm, which occur
at surface-scattering maxima typically associated
with fundamental molecular vibration bands [26,19].
Spectra also have an emissivity peak at 10.5 μm, at
which the single scattering albedo of ice particles
reaches a minimum in the 8–14 μm window. As the
angle of exitance increases, the emissivity at the
surface-scattering maximum decreases. This angu-
lar behavior is qualitatively explained by the fact
that the fraction of emission that undergoes multiple
scattering inside the snow layer decreases toward
the surface because of leakage from the surface,
and as the exitance angle increases, the field of view
at off-nadir angles incorporates a greater contribu-
tion from the smaller flux closer to the surface [26].
As snow particles age and become welded and there-
fore flat, the surface scattering component becomes
dominant; therefore the spectra becomemore similar
to the spectrum of a smooth ice surface (the extreme
lower limit of ice emissivity), which can be com-
pletely simulated with the Fresnel reflectance theory
using the complex refractive indices of ice [27]. As in-
dicated in Fig. 1, the increase in exitance angle from
0° to 75° further enhances specular reflectances.
These in situ measurements by [20] verified that
the expected angular and snow-type dependences
of snow emissivity predicted by [19] do in fact exist.

B. Insights from Thermography Images of Snow Surfaces

1. Advantages of the Thermography for Snow
Observations
The past studies reviewed above have revealed that
snow TIR emissivity is dependent on snow particle
morphology and the angle of exitance. It should be
noted here, however, that past in situ or laboratory-
measured emissive properties were in all cases
derived not from individual snow particles such as
fine dendrite crystals or crusts, but rather for bulk
snow surfaces (i.e., a mixture of ice facets and
cavities between ice particles) within the field of view
of the spectrometer (e.g., approx. 3–4 cm square
at the nadir and over 10 cm square at off-nadir an-
gles for measurements in [20]). Thus, the average
snow emissivity for several tens of square centi-
meters has been evaluated, and as yet no study has
captured the emissive properties of individual snow
particles.

Recent technological advances in developing hand-
held thermography equipment have enabled us to
take thermography images in a real snowfield, so
the thermal emissive behavior of individual snow
particles can be easily visualized in situ. The typical
spectral range of the thermography camera is broad,
around the wavelengths 7–13 μm, and thus the sen-
sitivity to variation in snow-type-dependent emis-
sion is less than that for a high spectral resolution
spectrometer such as FT-IR. However, the thermog-
raphy is capable of visualizing emissive behaviors
of individual ice particles, which is a significant

advantage of this technology. In addition, the ther-
mography measurements have the potential to rap-
idly assess the spatial uniformity of snow types in
the snow cover. We performed in situ thermography
measurements at snowfields in Hokkaido, Japan, in
Feb. of 2011, 2012, and 2013 using a portable IR
camera [FLIR, SC660, detector: focal plane array
(uncooled microbolometer), spectral range: 7.5–
13 μm, IR image resolution: 640 × 480 pixels, weight:
1.7 kg, dimensions: 299 × 144 × 147 mm, tempera-
ture range: −40 to�120°C, accuracy of absolute tem-
perature: 2°C, temperature resolution:<0.045 K at
30°C] and gained significant physical insights into
the thermal emissive behaviors of various types of
snow cover and snow crystals.

2. Appearance of Snow Cover in the
Thermography
Figure 2 shows visible image photographs of a snow-
field taken in Hokkaido, Japan, during the period
Feb. 24–26 in 2011. Sky conditions were mostly clear
except for on Feb. 24 when it was partly cloudy at
times. During the observation period, the air temper-
ature (Tair) varied widely, and therefore snow type on
the top surface also changed day by day. Variation in
snow types are as follows: partly rounded particles
and faceted particles on Feb. 24 [Tair � −5 to 0°C,
snow grain size at the top surface rsnw (an effective
ice particle radius “r2” obtained by snow pit work
expressing one-half the branch width of dendrites
or one-half the dimension of the narrower portion
of broken crystal [28]) � 50 to 300 μm]; granular
snow (coarse-grained old snow) and patches of sun
crust in the daytime of Feb. 25 (Tair � 3 to 5°C, rsnw �
100 to 300 μm for granular particles); granular snow
with small fragments of sun crust in the nighttime of
Feb. 25 (Tair � −8 to −4°C, rsnw not available); and

Fig. 2. Visible image photographs of snow covers taken at a snow-
field in Hokkaido, Japan, on (a) Feb. 24 (surface snow type: partly
rounded particles and faceted particles; air temperature: −5 to
0°C), (b) daytime on Feb. 25 (granular snow and patches of sun
crust, 3°C–5°C), (c) nighttime on Feb. 25 (granular snow and
fragments of sun crust, −8 to −4°C), and (d) Feb. 26, 2011 (granular
snow, −8 to −4°C).
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granular snow on Feb. 26 (Tair � −8 to −4°C, rsnw �
100 to 400 μm for granular particles).

Although there are no discernible changes in
brightness in the visible image photographs in Fig. 2,
thermography images shown in Fig. 3 reveal spatial
pattern changes day by day. For example, the pattern
of brightness temperatures over the snow cover ap-
pears uniform when the top surface was covered with
finer snow particles on Feb. 24 [Fig. 3(a)]. However,
the spatial pattern transformed into a nonuniform
one in the daytime on Feb. 25 [Fig. 3(b)] when the
air temperature was so high as a result of the sun-
shine that snow grains on the surface became coarse
and welded into a sun crust during the daylight
hours. Because the TIR emissivity of a sun crust is
lower than those of disaggregated particles as
shown in Fig. 1, under a clear cold sky, the sun crust
emits less radiation than the surrounding snow
(granular snow in this case) and reflects much more
of the downwelling cold sky radiance from its surface
to the thermography camera. Thus the apparent
brightness temperature of the sun crust (shown as
a dark color in the image) becomes colder than that
of the surrounding granular snow (shown in bright
color). In the nighttime of Feb. 25, the patches of
sun crust were found to be disappearing [Fig. 3(c)],
possibly due to sublimation, and had mostly disap-
peared by the following day [Feb. 26, Fig. 3(d)].

There are also some interesting phenomena shown
in Fig. 3, which are worthy of individual note: several
warm spots are seen at the snow surface in the night-
time of Feb. 25 [Fig. 3(c)], and a vertical temperature
gradient is seen across the snow pit wall on Feb. 26
[Fig. 3(d)]. The warm spots on Feb. 25 are actual
warming of the snow cover, possibly because of the
refreezing of melt water, whereas the vertical tem-
perature change in the snow pit is a typical temper-
ature gradient seen in the snow cover. Both images
highlight the potential of thermographic imaging as
a snow survey tool for applications such as snow
pit work and others. Further discussion of the

applications of thermography is beyond the scope
of this paper.

The snow type dependence of apparent brightness
temperatures, as seen in Fig. 3(b), is further exam-
ined below using close-up images of the sun crust,
granular snow, and fine dendrite snow.

3. Sun Crust (Ice Formations)
The highly reflective nature of the sun crust seen in
Fig. 3 can be further visualized by the close-up ther-
mography images shown in Fig. 4, which were taken
on the same date as Fig. 3 but at a shorter distance
from the surface, about a few tens of centimeters. In
the left image [Fig. 4(a)], the region of dark color
again indicates patches of sun crust surrounded by
granular snow grains shown in bright color. The right
image [Fig. 4(b)] is the same snow, but with a bare
hand placed just over the sun crust, so that a large
TIR emission from the skin of the bare hand could be
reflected at the sun crust and directed to the IR cam-
era. The highly specular nature of the sun crust was
well visualized in this example. Emissivities of the
sun crust can be roughly estimated from the in-
creased brightness temperature in Fig. 4. Consider-
ing that the temperatures of the bare hand and the
sun crust are 15°C and −0.5°C, respectively, and the
enhanced brightness temperatures due to the reflec-
tion of the bare hand emission are ranged around
0.1°C–1.1°C, which are inferred from the brightness
temperatures of the bare hand, bulk snow area out-
side the sun crust, and the reflected portions of the
sun crust in the IR image, emissivities of the sun
crust are estimated to range around 0.935–0.965.
In addition, sun crust emissivities are seen to vary
depending on the location within the ice plate of
sun crust. The estimated emissivities of the sun crust
are consistent with or somewhat lower than the past
in situ measured spectra at slanted exitance angles
of around 45° to 60°, which indicates that, depending
on the specularity on the sun crust, the emissivity of
sun crust can be further lower than that shown in
Fig. 1. Finally, under clear skies, a welded snow par-
ticle such as the sun crust itself is efficient at reflect-
ing the downwelling cold sky radiance. Thus the
existence of a sun crust can be easily identified by
thermography.

Fig. 3. Thermography images of snow covers taken at the same
location and times as in Fig. 2.

Fig. 4. Close-up thermography images of sun crust snow taken at
the snowfield in Hokkaido, Japan, on Feb. 25 (daytime), 2011:
(a) without and (b) with a bare hand laid over the snow surface.
In (b) the specular reflection of TIR emission from the warm bare
hand can be seen to occur at the sun crust surface.
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4. Granular Snow Particles (Melt Forms)
Granular snow particles are defined as “clustered
rounded grains” in the “melt forms” class in the
international classification of snow crystals [29].
IR images in Fig. 5 were obtained at the surface, just
next to the sun crust area shown in Fig. 4, on the
same date at a much shorter distance, ∼10 cm from
the surface. In the left image, granular ice particles
located in the top skin surface appear darker (colder)
than the surrounding warm areas, which consist of
interstitial microcavities between individual granu-
lar ice particles. At a glance, it seems that the dark-
ness of the granular particles is only due to radiative
cooling of the ice particle itself. However, when a bare
hand is laid over the surface, as shown in the right
image, strong TIR radiation from the hand was
clearly seen to be reflected from the upper facets of
the granular ice particles [the dark spots in Fig. 5(a)
turn into bright ones in Fig. 5(b)], while the TIR ra-
diation from the bare hand seems to not affect the
brightness of the surrounding cavity spaces. The in-
terstitial cavities individually form tiny holes sur-
rounded by granular ice particles and, therefore,
on the whole are expected to behave like a blackbody
surface that radiates isotropic thermal emission up-
ward. As a result, the interstitial cavities are consid-
ered to exhibit a negligibly reflective nature.

5. Fine Dendrite Snow (Precipitation Particles)
Our final example of close-up IR images of fresh fine
snow particles partly consisting of dendrite crystals
are shown in Fig. 6; these images were captured on
Feb. 7, 2013, at Hokkaido, Japan. In the case of fresh
snow, the heat capacity of snow particles in the top
skin surface layer is so low that a bare hand laid over
the snow cover heats up the bulk surface without ex-
hibiting overall reflectivity, as shown in Fig. 6(b).
However, several (but not all) dendrite crystals, like
those shown in Fig. 6(c), which were scattered across
the surface and appear dark in Fig. 6(a), become
bright hot spots in Fig. 6(b). This phenomenon again
indicates that even a new fine snow particle with flat
crystal facets can have a highly (specular) TIR reflec-
tive nature. However, because the dendrite crystals
are oriented randomly on the surface, not all of

the particles are seen to exhibit bright reflection si-
multaneously. Rather, the location of the hot spots
moves to different crystals as the bare hand swings
over the surface (not shown in the figures). These
observed emissive behaviors of the snow surface im-
ply that (1) individual dendrite crystals themselves
have flat facets that exhibit low emissivity and high
specular reflectance, (2) the poor emissive nature of
the dendrite crystal (i.e., being a hot spot) cannot be
observed for all particles from a single fixed viewing
angle, and (3) on average the emissivity of a bulk sur-
face consisting of dendrite crystals can be deter-
mined by a combination of the specular reflective
nature of randomly oriented dendrite crystals and
the isotropic emissive nature of interstitial cavities
on the surface.

6. An Extracted Concept for Modeling the
Emissive Behaviors of Snow Cover
The observed thermal emissive behaviors of snow
particles illustrated above brought a new physical
insight: that the microscopic but flat facet of an indi-
vidual ice particle is considered to have the same
emissive or reflective properties as a specular surface
with Fresnel reflectance, whatever the snow type is,
whereas the interstitial cavities behave like a black-
body. Therefore, the emissive nature of a bulk snow
surface can be expressed as a mixture of the two com-
ponents: the specular and blackbody fractions. The
concept of this emissive behavior is illustrated in
Fig. 7. The emissivity of the bulk snow surface varies
as a function of the effective areal fraction (f sp) of
flat crystal facets or plates with specular reflectance
within the bulk surface. At the same time, the
emissivity of the specular fraction itself also varies

Fig. 5. Close-up thermography images of granular snow particles
taken at the snowfield in Hokkaido, Japan, on Feb. 25, 2011:
(a) without and (b) with a bare hand laid over the snow surface.
In (b) the specular reflection of TIR emission from the warm bare
hand can be seen to occur at the upper surface of granular crystal
facets, shown as bright spots indicated with white arrows.

Fig. 6. Close-up thermography images of fine dendrite snow
taken at a snowfield in Hokkaido, Japan, on Feb. 7, 2013: (a) with-
out and (b) with a bare hand laid over the snow surface. (c) Amicro-
photograph of dendrite crystals taken at the snow surface. In (b)
the specular reflection of TIR emission from the warm bare hand
can be seen to occur at several dendrite crystal facets, shown as
bright spots indicated with white arrows.

7248 APPLIED OPTICS / Vol. 52, No. 30 / 20 October 2013

This document is provided by JAXA.



as the f sp changes, which is inferred from the fact
that the effective angular orientation of particle fac-
ets or plates changes from nearly normal in smooth
sun crusts or bare ice, to random in the case of den-
drite crystals.

As a result of these phenomena, emissive behav-
iors of snow cover vary between blackbody-like and
fully specular, depending on the snow particle type
and therefore the specularity of the bulk surface,
which is illustrated in Fig. 8. The definitions of snow
grain shape are described in Fig. 8, based both on
the Japanese Society of Snow and Ice [30] and the
international classification in [29]. A perfectly

smooth flat surface such as the bare ice shown on
the right side of Fig. 8 exhibits specular-type reflec-
tivity and emissive properties, which are fully mod-
eled by the Fresnel reflectance theory. As snow
particles become finer and more disaggregated, the
surface becomes rough and the areal fraction of
specular facets within the bulk snow surface is re-
duced. In turn, tiny interstitial cavities surrounding
the specular particles (ice crystals) become an effec-
tive near-isotropic radiator, shown in the middle of
Fig. 8. In an extreme case, a bulk snow surface con-
sisting solely of fine precipitation particles no longer
exhibits an anisotropic reflective nature, but comes
to radiate an ideal isotropic emission close to black-
body emission (left side in Fig. 8), as also inferred
from Figs. 1 and 6.

3. Modeling of Snow Emissivity

A. Emissivity Model

Based on past experimental measurements and the
physical insights gained from the thermography
measurements of this study, we construct a simple
semi-empirical model to characterize the spectral di-
rectional emissivity of a snow surface with various
grain sizes and crystal types and compare the model
with the past in situ measured spectra acquired
by [20].

We assume that the angular-dependent emissivity
of snow cover εsnow�λ; θ� can be basically expressed
by a linear combination of the isotropic black-
body component (εbb�λ� � 1) and an apparent

Fig. 7. Conceptual illustration of a two component surface model
for reproducing the in situ measured emissivity of snow and ice.
The two components consist of a surface behaving like blackbody
(BB) and a specular surface (SP), both of which are related via an
effective areal fraction of the specular component (f sp) within a
unit of surface area. As the f sp changes, the emissivity of the latter
SP component itself is assumed to vary, from the emissivity of a
horizontal icy mirror predicted by the Fresnel reflectance theory
(when f sp � 1.0), to that of a mixture of randomly oriented ice par-
ticles with specular facets and the horizontal mirror (when f sp is
smaller than 1.0). The emissivity of BB is always constant
(i.e., 1.0).

Fig. 8. Conceptual illustration of the emissive behaviors of snow in the TIR wavelength region. Snow types are shown both for the
Japanese classification [30] and international classification of snow type [29]. Also shown are the values of an effective areal fraction
of specular surface (f sp) determined for individual snow types by comparing the modeled emissivity spectra with the in situ measured
spectra in Fig. 10.
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emissivity of the specular fraction (εsp app�λ; θ�), em-
ploying a weighting parameter that characterizes
the specularity of the snow surface as follows:

εsnow�λ; θ� � εbb�λ��1 − f sp� � εsp app�λ; θ�f sp; (1)

where λ is the wavelength, θ is the angle of exitance
measured from the normal, and f sp is the weighting
parameter, indicating an effective areal fraction of
specular surface within the bulk surface. In this
model we consider that the apparent emissivity of
the specular surface εsp app�λ; θ� itself also varies as
the specular portion f sp changes, as explained in
Fig. 7; this is expressed by the following equation:

εsp app�λ; θ� � εsp�λ; 45°��1 − f sp� � εsp�λ; θ�f sp; (2)

where εsp�λ; θ� is the emissivity of an ideal smooth ice
surface simulated with the Fresnel reflectance
ρsp�λ; θ� by Kirchhoff ’s law εsp�λ; θ� � 1 − ρsp�λ; θ� [26].

InEq. (2)weassume that the apparent emissivity of
the specular portion εsp app�λ; θ� can be expressed as a
weighted sum of the emissivity of randomly oriented
specular ice particleswith an effective orientation an-
gle of 45° and that of a horizontal specular ice plate.
The physical implication of this assumption can be in-
terpreted as follows. When the snow surface consists
of only specular ice plate or pieces if disaggregated
(i.e., f sp is large, as in the cases of smooth bare ice
or a welded sun crust), then the specular ice surface
tends to orient upward (the normal angle is
perpendicular to the horizontal bulk surface) and
their apparent specular emissivity is identical to
the ideal Fresnel reflectance εsp�λ; θ�. In contrast, as

snow particles become more finely disaggregated
(as f sp is becoming smaller as in the cases of fine,
medium, and coarse-grained snow), the bulk snow
surface becomes a porousmedium comprising ensem-
bles of randomly oriented ice particles with specular
crystal facets. Thus, the apparent emissivity of the
specular portion εsp app�λ; θ� is thought to approach
the specular emissivity at an effective orientation
(i.e., exitance) angle of 45° measured from the direc-
tion of the line of sight at the lower limit of f sp.

With these assumptions regarding the TIR emis-
sive behavior of snow particles, we can determine
the spectral directional emissivity of a snow surface
uniquely by identifying f sp, which can subsequently
be translated into information on snow grain size or
snow type. This approach will enable and facilitate
remote sensing of the specular fraction of snow
(i.e., a measure of snow type or grain size) by making
use of the spectral contrast of snow emissivity at
wavelengths of between 11 and 12 μm [20]. This is
briefly discussed below in Section 4.

Figure 9 illustrates the simulated spectral direc-
tional emissivity of snow using the semi-empirical
model [Eq. (1) and Eq. (2)] for various exitance angles
between 0° and 80°, with the weighting of f sp around
0.2–1.0. The simulated spectra captured well the
features of snow emissivity at TIR wavelengths.
For example, as the exitance angle increases, the
emissivity smoothly decreases, particularly at
wavelengths longer than 10.5 μm, owing to the en-
hancement of reflection in the reststrahlen band.
In addition, as f sp increases, the spectra decrease
in phase and then asymptotically approach those si-
mulated by the Fresnel reflectance theory, such as
that where f sp � 1.0 (Fig. 9(e)).

Fig. 9. Simulated spectral directional emissivity using the semi-empirical model with the weighting parameters of (a) f sp � 0.2,
(b) f sp � 0.4, (c) f sp � 0.6, (d) f sp � 0.8, and (e) f sp � 1.0, as a function of exitance angles (ANG) between 0° and 80°.
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B. Comparison with In Situ Measurements

The degree to which the modeled emissivity spectra
can reproduce the in situ measured spectra is shown
in Fig. 10 and Table 1. The reproduced emissivity
spectra were simulated using the f sp indicated for
individual snow types shown in the figures and
are plotted as circle symbols over the in situ mea-
sured spectra by solid lines obtained for six exitance
angles: 0°, 15°, 30°, 45°, 60°, and 75°. The f sp for each
snow type were determined using the simulated di-
rectional spectra of all exitance angles, so that the
RMSE of the simulated spectra is at a minimum
for the wavelength range 8.0–13.0 μm. RMSE values
evaluated for each angle and for narrower wave-
length ranges 8.0–10.5 μm and 10.5–13.0 μm (the lat-
ter range covers the split-window spectral channels
of MODIS ch31 and 32) are also shown together with
the overall RMSE values in Table 1. It is important to
note that the in situ measured emissivity spectra in
the shorter wavelength range around 8–10 μm are
somewhat variable and may be affected by measure-
ment errors due to self-emission from the spectrom-
eter [20] as also shown in Fig. 10.

As shown in Table 1 the overall RMSE evaluated
for the entire wavelength range are less than 0.008
for all snow types, although the RMSE evaluated for
individual angle cases can be worse up to 0.012 and
0.0093 for coarse-grained snow at 60° and 75° and
0.014 and 0.0099 for bare ice at 60° and 75°. The
spectral deviations in the worse cases are both pos-
itive and negative as shown in Fig. 10 and are con-
sidered to partly originate from measurement errors
due to the spatial heterogeneity of snow type possibly

encountered in the in situ observations. Because the
fore-optics of the spectrometer used by [20] cannot
be directed at exactly the same area of the snow sur-
face for different exitance angle measurements [31],
the instrument may observe slightly different areal
fraction of snow types.

The RMSE evaluated for the narrower half-
wavelength ranges exhibit variations similar to the
overall values with slightly higher RMSE values,
e.g., 0.012 and 0.016 for coarse-grained snow and
0.018 (worst case in this study) and 0.012 for bare
ice. As the past study [22] revealed, the theoretical
RT models overestimate the snow emissivities at
large exitance angles. For example, even a best RT
model in [22] exhibits RMSE ranges over 0.023–
0.029 for the coarse-grained snow and 0.024–0.058
for the sun crust case at exitance angles 60°–75° es-
timated for a slightly longer wavelength range 11–
13 μm. Even if the difference of the wavelength range
is taken into account, the spectral deviations of the
RT simulations are significantly larger than our re-
sults and biased. Thus the simulated spectra of
this study are considered to capture well the overall
features of the snow emissivity spectra; that is,
the angular and grain size dependences, with pos-
sible uncertainties in emissivity less than 0.01 in
most cases, which indicates the high potential of the
semi-empirical emissivity model for simulating the
directional emissivity of snow with various grain
sizes.

As a result, the weighting parameter f sp deter-
mined in the simulation can be interpreted as a mea-
sure of snow grain type as follows: f sp � 0.22, fine

Fig. 10. Comparison between the simulated spectral directional emissivity (circle symbols) with in situ measured ones (solid lines) for
(a) fine dendrite snow, (b) medium granular snow, (c) coarse grained snow, (d) sun crust, and (e) smooth bare ice, shown for six exitance
angles (ANG) of 0, 15, 30, 45, 60, and 75°. The weighting parameters f sp were determined so that RMSE of the simulated spectra for all
exitance angles is at a minimum. Also shown as a thin solid line around the bottom of each figure is the uncertainty of the in situmeasured
emissivity due to the instrument self-emission [20].
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dendrite snow; f sp � 0.29, medium granular snow;
f sp � 0.41, coarse-grained snow; f sp � 0.53, sun
crust; and f sp � 0.95, bare ice with a smooth surface.
These are also indicated on the f sp scale in Fig. 8.
From the comparison between determined f sp and
the photographs of ice crystals in Fig. 8, it can be seen
that most disaggregated snow types, such as fine to
coarse-grained snow, have an f sp less than 0.5, and
that f sp becomes smaller, up to around 0.2, as the
grain size decreases. Welded snow of a sun crust
and smooth ice plate can have f sp over 0.5, up to
1.0, depending on the extent to which the ice par-
ticles are connected together, filling the interstitial
cavities and how flat and specular the ice surface
becomes.

C. An Application Example: Simulation of Possible
Temperature Bias in Thermography Image

As an example of the application of the semi-
empirical emissivity model constructed in this study,
it was used to estimate possible temperature bias in
measurements made with a thermography camera,
taking into account relative spectral response.

Figure 11 indicates the estimated possible nega-
tive temperature bias in the thermography images
taken with FLIR SC640 with the setting of target
emissivity of 1.0 (i.e., assumption of blackbody
behavior). The bias simulations were performed us-
ing individual f sp values identified for the typical
five snow types shown in Fig. 10. In this simulation,
the spectral response curve for the FLIR SC640 in-
strument provided by FLIR Systems, Inc. was used.
In addition, for simplicity, downward atmospheric
emission that could be reflected at the snow surface
and directed to the thermographic imager is ne-
glected, simulating conditions similar to clear
cold skies.

As shown in Fig. 11, the temperature bias has a
tendency to decrease as the surface temperature de-
creases, which results from the nonlinear response of
the Planck radiance to absolute temperature.

The simulated temperature bias exhibits explicit
dependences on snow grain size and exitance (view-
ing) angle, despite the fact that, as mentioned previ-
ously, the thermography camera has a broader
spectral response and thus has a reduced sensitivity

Table 1. Determined f sp and RMSE of the Simulated Emissivity Spectra using the Semi-Empirical Model

λ: 8–13 μm λ: 8–10.5 μm λ: 10.5–13 μm

Snow Type Exitance Angle (deg.) f sp RMSE RMSE RMSE

Fine dendrite snow 0–75 0.22 0.0030 0.0032 0.0028
0 0.0030 0.0040 0.0013
15 0.0022 0.0023 0.0020
30 0.0022 0.0021 0.0022
45 0.0029 0.0022 0.0034
60 0.0030 0.0029 0.0031
75 0.0043 0.0047 0.0038

Medium granular snow 0–75 0.29 0.0062 0.0046 0.0074
0 0.0038 0.0033 0.0043
15 0.0051 0.0030 0.0065
30 0.0062 0.0051 0.0071
45 0.0066 0.0030 0.0088
60 0.0064 0.0032 0.0083
75 0.0081 0.0080 0.0082

Coarse-grained snow 0–75 0.41 0.0067 0.0054 0.0078
0 0.0020 0.0016 0.0023
15 0.0029 0.0014 0.0039
30 0.0040 0.0019 0.0052
45 0.0045 0.0025 0.0057
60 0.0117 0.0051 0.0156
75 0.0093 0.0116 0.0065

Sun crust 0–75 0.53 0.0066 0.0069 0.0064
0 0.0052 0.0072 0.0018
15 0.0048 0.0066 0.0015
30 0.0063 0.0050 0.0074
45 0.0078 0.0065 0.0089
60 0.0066 0.0062 0.0070
75 0.0083 0.0089 0.0077

Bare ice 0–75 0.95 0.0080 0.0050 0.0101
0 0.0023 0.0024 0.0021
15 0.0053 0.0034 0.0067
30 0.0053 0.0039 0.0063
45 0.0061 0.0023 0.0082
60 0.0138 0.0076 0.0178
75 0.0099 0.0072 0.0119
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to the grain size dependent emissivity variation,
compared to the FT-IR spectrometer. For example,
as snow grain size increases, the negative bias can
increase to −0.3 to −0.4°C for fine snow, −0.4 to
−0.5°C for medium granular snow, −0.6 to −0.7°C
for coarse-grained snow, −0.7 to −0.8°C for sun crust,
and −1.2 to −1.4°C for bare ice when the surface tem-
perature ranges between −5 and 0°C and the viewing
angle ranges between the nadir and 40°.

Considering possible angular dependence, the
temperature bias does not appear to change greatly
at near-nadir viewing angles smaller than 40° for all
snow types; the difference from the nadir case is less
than 0.5°C. However, the biases are significantly in-
creased when the viewing angle is larger than 50° be-
cause the specular nature of the surface becomes
dominant. For example, at the slanted viewing angle
of 70°–80°, the negative bias can be as large as −2 to
−3°C for coarse-grained and sun-crust snow, and
even larger than −10°C in the extreme case of specu-
lar bare ice.

Considering these results, a temperature bias of
the order of a few to 10°C should be taken into ac-
count as a possible error when measuring the surface
temperature of old staged snow using thermography
with a fixed setting of target emissivity. From an al-
ternative viewpoint, however, the temperature bias
could be used for discrimination of snow type when
the brightness temperature of the surface exhibits a
spatial nonuniformity, as already seen in the exam-
ples in Fig. 3.

4. Discussion

As mentioned in the introduction, past studies have
attempted to simulate the TIR thermal behavior of
snow using the Mie scattering theory [11,22] with
or without correctional approaches, such as diffrac-
tion subtraction by [19]. However, these theoretically
derived emissivities were found to not fully follow the
directional spectra derived in situ (acquired by [20])
and thus cannot completely explain the snow type
and exitance angle dependences.

The consistency of ourmodeled spectrawith in-situ-
derived directional spectra shown in Fig. 10 clearly
indicates that the semi-empiricalmodel of snow emis-
sivity captures well the overall spectral features of
TIRradiativepropertiesof snowsurfaceswithvarious
snow types and at differing exitance angles. There-
fore, the approach of combining the TIR emissive
properties of snow with blackbody emissivity and
those of a specular surface is considered to provide
the best estimates of snow emissivity at the present.

From these results, together with the insights
gained from the thermography images, it is reason-
able to suppose that (1) facets of individual ice par-
ticles have essentially the same emissive properties
as a flat ice plate, (2) the surface structure of bulk
snow changes drastically from a porous medium in
the case of disaggregated fine snow, to a welded
and specular one, in the case of a sun crust and bare
ice, and (3) emissive properties of bulk snow are
therefore determined with an effective areal fraction
of the icy mirror facets or plates within a unit area of

Fig. 11. Possible temperature biases in thermography image estimated for nine exitance angles (ANG) and the five weighting parameters
(f sp) indicated in the figures, all simulated for the FLIR SC640 spectral response. The selected weighting parameters correspond to the five
typical snow types investigated by Hori et al. [20]: (a) f sp � 0.22 for fine dendrite snow, (b) f sp � 0.30 for medium granular snow,
(c) f sp � 0.43 for coarse-grained snow, (d) f sp � 0.53 for sun crust, and (e) f sp � 0.96 for smooth bare ice. Note that the vertical axis scale
for (e) is different from the others.
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the bulk surface (that is, f sp employed in this study).
Our model simply mimics the thermal emissive
behavior of the bulk snow surface as it changes from
a porous medium to a specular one. The model has a
quite simple form but sufficient capability to repro-
duce the emissivity variations as functions of snow
grain size and exitance angle and can therefore con-
tribute to improving the accuracy of snow surface
temperature retrieval.

For example, the model enables us to reduce un-
knowns when determining surface temperature
and emissivity from remotely sensed radiance data
because the semi-empirical model of snow emissivity
is parameterized only by the f sp value. In general,
TIR radiance is a function of surface temperature
and emissivity, and the emissivity is also a func-
tion of wavelength. Thus, even if radiances at
multiple wavelengths (e.g., at two channels) are mea-
sured, the number of unknowns (temperature �
emissivities at the two channels) becomes always
larger than that of measured values (radiances at
the two channels). The f sp can relate the emissivities
at different wavelengths and thus the number of
unknowns are reduced to the same number as the
measurements and then the problem can be solved
(i.e., the surface temperature and the f sp can be de-
termined). For this purpose, the characteristic spec-
tral contrast seen in the wavelength region 11–12 μm
is suitable.

As another application of the semi-empirical
model, the f sp could be further translated into snow
type. As shown in Fig. 8, this study confirmed the val-
idity of the relationship between snow type and f sp
for the typical five different snow types. These five
snow types represent various stages of snow cover
evolution at dry (i.e., not wet) conditions except for
the case of surface hoar (frost) which has not been
measured in situ in the past. Thus, the “f sp-snow
type” relationship is considered to hold true for
any snow covers as far as the types of snow is iden-
tical to one of the five types or intermediate of two
types among those five types. The range of these
snow types can cover most of snow conditions except
for the cases of surface hoar and wet snow. Therefore,
except for these two cases, we can conclude that the
semi-empirical model (and the relationship between
snow type and f sp) holds true for most of snow covers
and thus the employment of the semi-empirical
model in remote sensing applications is expected
to have a potential to discriminate several snow
types using TIR spectroradiometer data. For this
purpose, it will be necessary to examine the uncer-
tainty in the f sp determination originated from the
emissivity uncertainties in the semi-empirical model
(of the order of 0.01 or less as estimated above). For
more precise discrimination of surface types from
space, it is also desirable to conduct further valida-
tion studies to examine the applicable range of the
semi-empirical model for various snow types includ-
ing other types of snow, such as surface hoar (frost)
and wet snow.

Finally, once the f sp is retrieved, directional emis-
sivity of the snow surface can be determined for all
exitance angles, which could then be used as an
indispensable boundary condition for estimating
thermal emissive properties of the ground surface
for polar night cloud detection, or for estimating
the radiation budget over ice sheets, among others.
We will further explore the possible applications of
our snow emissivity model in future studies.

5. Summary and Conclusion

A semi-empirical model of angular-dependent snow
emissivity spectra in TIR was constructed based
on past in situ measured emissivity spectra and
physical insights gained from the thermographic
measurements of snow surfaces with various snow
particle types.

Thermal emissive behaviors of individual snow
particles observed by thermography were found to
be essentially identical to that of a specular ice plate.
The isotropic nature of the bulk surface emissivities
for disaggregated snow, seen in the past in situ mea-
surements, was thereby considered attributable to
the porous structure of the snow surface, behaving
like a blackbody, whereas welded snow simply exhib-
ited specular behavior.

The semi-empirical model was designed to repro-
duce the spectral features of the in situ measured
directional emissivities, which exhibit strong snow
grain size and exitance angle dependences. Briefly,
the surface exhibits blackbody-like isotropic emissive
behavior when snow particles are fine and disaggre-
gated, whereas the emissivity of the surface ap-
proaches that of a specular surface when the snow
particles are welded. The degree to which the surface
behaves isotropically or specularly is considered de-
pendent on an effective areal fraction of the specular
portion within a unit area of bulk snow surface (f sp).

The simulated emissivity from the semi-empirical
model is consistent with past in situ measured direc-
tional emissivity spectra for five different snow
types: fine, medium, coarse-grained snow, sun crust,
and specular bare ice, not only at the normal exitance
angle but also at off-nadir angles up to 75°.

The consistency between the emissivity model and
the in situ measurements indicates that it is reason-
able to consider that at TIR wavelengths the snow
surface is a porous medium behaving like a black-
body when finer disaggregated particles dominate,
while snow behaves like an icy mirror surface when
snow particles grow larger and become welded and
specular plates.

The proposed semi-empirical model of snow emis-
sivity spectra, by its simple but robust treatment of
the angular, spectral, and snow type dependences
with only one weighting parameter f sp, facilitates
the use of snow emissivity in a wide range of appli-
cations. For example, the emissivity model can be
used to estimate possible errors in a broadband ther-
mometer. The emissivity model also enables us to de-
termine snow surface temperature and snow type

7254 APPLIED OPTICS / Vol. 52, No. 30 / 20 October 2013

This document is provided by JAXA.



(via its emissivity) simultaneously from space using
data from satellite-borne optical sensors. Further ex-
amples of the application of this model include con-
tribution to enhancement of the accuracy of polar
night cloud detection and estimation of outgoing
long-wave radiation over the ice sheet. These appli-
cations would contribute to our further understand-
ing of the TIR emissive nature of snow and ice covers
in the cryosphere and thus their ongoing role in the
earth’s changing climate system.
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