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Abstract

Reliable microstructure measurement of snow is a requirement for microwave
radiative transfer model validation. Snow specific surface area (SSA) can be
measured using stereological methods, in which snow samples are cast in the
field and photographed in the laboratory. Processing stereology photographs
manually by counting intersections of test cycloids with air-ice boundaries
reduces the problems in binary segmentation. This paper is a case study to
evaluate the repeatability of the manually stereology interpretation by two
independent research groups. We further assessed how uncertainty in snow SSA
influences simulated brightness temperature (Tg) driven by the Microwave
Emission Model of Layered Snowpacks (MEMLS), and how stereology
compares to Near Infrared (NIR) camera and hand lens. Data was obtained from
two alpine snow profiles from Steamboat Springs, Colorado. Results showed that
stereological SSA values measured by two groups are highly consistent, and the
ground radiometer measured Tg at 19 and 37 GHz was successfully predicted
(RMSE<3.8K); simulations using NIR SSA and hand-lens geometric grain size
(Dg) measurements have larger errors. This conclusion was not sensitive to

uncertainty in the free parameters of Tg modelling.

Keywords: microwave radiometry; snow; stereology; snow microstructure;

MEMLS

1. Introduction

Snow microstructure plays a critical role in snow hydrology and snow remote sensing;
thus, methods to quantify snow microstructure in the field are of great importance.
Snow microstructure governs many important snow physical properties such as thermal
conductivity (Sturm et al., 1997), and radiative transfer properties for visible, near-
infrared, and microwave wavelengths (Wiscombe & Warren, 1980; Mitzler, 1987).
Snow microstructure is central to microwave remote sensing methods to estimate snow
water equivalent (SWE) (Chang et al., 1987; Kelly, 2009). Rott et al. (2013) and Rutter
et al. (2019) discuss the importance of an accurate snow microstructure estimate to

constrain the SWE retrieval from Ku-band radar, a leading candidate for proposed snow
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missions by multiple space agencies (Xiong et al., 2016; Derksen et al., 2019). Thus,
objective, repeatable methods to measure snow microstructure in the field are critical.
The most traditional way to describe the snow microstructure is to use the
geometric grain size (D), defined as the maximum extent of the prevailing grains (Fierz
et al. 2009). D, can be measured in the field using a ruled card and a loupe-style hand
lens (Elder et al., 2009), or postprocessed from photos of dispersed snow grains on a
ruled card (Lemmetyinen et al., 2016; Langlois et al., 2010). D, measurement can still
be subjective; in most cases, the natural snow structure is bonded. This structure must
be disaggregated in the D, measurement protocol, which may confound observer
interpretation of particle dimension. In contrast, the snow specific surface area (SSA)
metric begins with the assumption of a continuous snow medium, including both grains
and bonds. Snow casts allow preservation of snow microstructure by displacing air
space inside a snow sample with a suitable casting agent (see Section 4.3 for more
details). Casts may be analyzed using either micro-Computed Tomography (CT; Pinzer
et al.,, 2009; Ebner et al., 2015; Hagenmuller et al., 2016), or stereology (Davis &
Dozier, 1989; Wiesmann et al., 1998; Reber et al., 1987; Matzl & Schneebeli, 2010;
Riche et al., 2012) methods in the laboratory. Both approaches in principle allow for
measurement of snow SSA and other microstructure properties directly, such as the
density, two-point spatial auto-correlation function (ACF) and correlation length (L.).
The snow SSA can also be measured in the field using NIR photography (Matzl et al.,
2006), contact spectroscopy (Painter et al., 2007), Shortwave Infrared (SWIR)
integrating sphere (Gallet et al., 2009; Montpetit et al., 2012; Zuanon, 2013; Gergely et
al., 2014) and Snow Micro-Penetrometer (SMP) (Proksch et al., 2015a), but these
approaches generally require validation using laboratory methods applied to “snow

casts”. The basis of the micro-CT is identical to medical x-ray CT: the sample is
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illuminated by x-rays, the transmitted signal is measured, and the interior structure of
the sample is numerically reconstructed, in the form of a three-dimensional map of ice-
air classification. While the CT approach has been widely used in recent years (Avanzi
et al., 2017; Wiese & Schneebeli, 2017; Ishimoto et al., 2018; Eppanapelli et al., 2019),
a CT machine is expensive, and CT analysis includes specification of a threshold used
to perform the ice-air segmentation (Hagenmuller et al., 2016). In contrast to the CT
approach, stereology is based on photographed surface sections of snow sample. The
stereology approach requires only a cold laboratory, a microtome and a camera, and is
thus significantly more accessible than CT.

There are two approaches to stereology: one in which each pixel in the snow
sample photographs is classified into ice or air, and one in which images are interpreted
manually. The process of classifying each pixel into ice or casting agent is called the
segmentation. A successful segmentation requires samples with only few air-bubbles
and little recrystallization of casting agent (Matzl & Schneebeli, 2010); otherwise, using
a fixed threshold to do the classification will introduce errors. Indeed, threshold-
determining methods like sequential filtering and energy-based approaches in
Hagenmuller et al. (2016) essentially require a bi-modal histogram of pixel values. In
contrast, manual interpretation of stereology images can be done far more accurately. It
is regularly held for stereology applications in general (i.e. mostly outside of snow) that
manual interpretation is more reliable than automated segmentation (Shain et al., 1999;
Haass-Koffler et al., 2012; Phoulady et al., 2019). Even for images of samples that show
casting agent recrystallization, the snow SSA can be measured by manually counting
the intersections of a test system of cycloid lines overlaid on the photograph with the

ice-air interfaces (Riche et al., 2012). However, the repeatability of this approach for
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measuring snow SSA across different observers needs to be examined, which is the
focus of this paper.

In this paper, the stereological method to measure snow SSA based on manually
counting protocol was tested over a deep alpine snow at Steamboat, Colorado, US in
2010. The stereological photos were interpreted by two independent research groups,
and the difference in measured snow SSA and how the difference propagates in the
passive microwave brightness temperature (Tg) simulation were evaluated. Direct snow
microstructure measurement is the key to support the physically-based remote sensing
model simulations (Xiong et al., 2012; Malinka, 2014), clarify complex relationships
between different snow microstructure parameters (Lowe et al., 2015; Chang et al.,
2016) and reinforce the understanding of newly-observed snow signal characteristics
(Leinss et al., 2016).

In this study, the snow microstructure was also measured by hand lens and a
NIR camera to be compared with the stereology. We are interested in the performance
of different methods to describe the small and large snow particle dimensions, and how
the errors comprehensively influence the Tg of a deep natural snowpack of vertically
inhomogeneity. The snow Tg was observed by a ground-based radiometer at 19 and 37
GHz, vertical polarization, at an incidence angle of 50°. The Microwave Emission
Model of Layered Snowpacks (MEMLS) based on Improved Born Approximation (IBA)
(Mitzler, 1998; Mitzler & Wiesmann, 1999) is used as the modelling tool. The
microstructure assumption of MEMLS-IBA is compatible with SSA. The
microstructure parameters measured by stereology, NIR photography and hand lens
were converted to the exponential correlation length (L.) required by MEMLS using

both the conventional coefficients from previous literatures and the optimized
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coefficients. We will further discuss the influence of soil parameters to modelling

results.

2. Snow microstructure based on continuous snow medium assumption

There are several parameters that can be used to describe a continuous snow medium,
including the surface areas, curvatures, chord length distributions, correlation lengths
and two-point spatial Auto Correlation Functions (ACF) (Mitzler, 2002; Krol & Lowe,
2016). Surface area of snow refers to the area of ice-air interface. Correlation lengths
are highly relevant to ACF. The later evaluates the correlation of two random points in
the medium as a function of the displacement between these two points. Taking the dry
snow medium as an example, the two points will be considered of high correlation if
they are both occupied by ice or air pore, and will be considered of low correlation if
one is occupied by ice and the other is occupied by air. ACF is from the statistics of
multiple pairs of points in the medium. An equation to calculate ACF for dry snow can
be found in Mitzler (1997).

The snow specific surface area (SSA) is usually defined as the ratio of the total
surface area of ice (including grains, bonds, etc.) (unit: m?) to the total volume (unit: m?)
or total mass (unit: kg) of ice. SSA in the former case is denoted as S; (unit: m!) in our
paper. The surface to volume ratio, S/V (unit: m™), represents the ratio of the total
surface area of ice to the total volume of snow. S/V is related to S;as:

S/|V=S§Xxv (1)
where, v (unitless) is the ice volume fraction, calculated by snow density divided
by ice density.

In Debye et al. (1957), it theoretically deducted the relationship between S/V and

the derivative of two-point spatial Auto Correlation Functions (ACF) at zero
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displacement, and Mitzler (2002) utilized this derivative to define a parameter called

the correlation function (L.) as follows:

L, =— (dA(x))_l

X

_ 4v(1-v)
== (2)

x=0
where, A(x) is ACF. L. is in mm.
A fit to ACF by an exponential function gives the exponential correlation length

(Le) (Miétzler, 2002) which follows:

Alx) = e_Lie (3)

If the snow ACF strictly follows an exponential-shape curve, L. equals L.
However, it has been found by Maitzler (2002) and Krol and Léwe (2016) that, for
natural snow samples, L. and L. can have different values when the slope of ACF is
steeper or more flat near the origin. The reason is L. fitted by ACF over the full domain
represents a longer-range autocorrelation, whereas L. determined near the origin is from
autocorrelation over very short length scales. In this case, a scaling factor is required to

convert L. to L. as shown below:

L, = BL, 4)

Substituting equation (4) into equation (1) and (2) gives a conversion from S/V

and S; to L. as:

4v(1-v) 4(1-v)
Le=p——=B=" (5)

Using the measurement of snow samples from Weissfluhjoch, Davos,
Switzerland by stereology, Mitzler (2002) found a mean value of f as 0.75, with a
standard deviation of 0.15. For different samples,  varies from about 1.0 for depth hoar
to 0.66 in average for fresh snow. From the recent experiment in Krol & Lowe (2016),

the average £ is 0.79, and they explained the difference is from the more depth hoar
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samples included. Krol & Lowe (2016) also found a second-order ACF parameter called
the curvature length can be used to narrow down the uncertainty in S estimate. Then, S
can potentially be linked to a measurable objective parameter instead of the grain shape

classification.

3. Microwave Emission Model for Layered Snowpack (MEMLS)

3.1 Model introduction

A seasonal snowpack is fundamentally a layered medium (Colbeck, 1991). In many
cases, the snow microwave emission cannot be understood without the layered
characteristics of snowpacks (Hall et al., 1986; Boyarskii & Tikhonov, 2000; Durand et
al., 2011). This has motivated the development of multi-layer radiative transfer models.
In this study, we utilize the Microwave Emission Model of Layered Snowpacks
(MEMLS) (Wiesmann & Mitzler, 1999), one of the first multi-layer snow RT models
established from extensive theoretical (Maitzler, 1997; Maitzler, 1998; Mitzler &
Wiesmann, 1999) and experimental (Wiesmann et al., 1998; Métzler, 2002) studies. The
Improved Born Approximation (IBA) was used to calculate the MEMLS scattering
coefficient, for its stronger physical basis and outstanding unbiased performance at
different frequencies compared to the empirical MEMLS scattering coefficient (Pan et
al., 2016).

MEMLS treats snow as a continuous medium composed of ice and air. To
simplify the requirement for inputs, it assumes the snow ACF follows an exponential
function as in equation (3). MEMLS requires L., whereas the stereology provides S/V,
NIR camera provides S; and hand lens provides D.,. A conversion of these
microstructure parameters is needed, and will be described as follows.

3.2 MEMLS driven by SSA measurements
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The snow SSA measurements have been widely used to drive the radiative
transfer (RT) models for the passive microwave brightness temperature (Tg) simulation
(Brucker et al., 2011; Rutter et al., 2014; Roy et al., 2013; Proksch et al., 2015b;
Sandells et al., 2017). The accuracy of the snow radiative transfer (RT) models is
expected to be higher when the snow microstructure assumptions between the model
and the measurement are closer. Commonly, a scaling factor is needed when the two
assumptions diverge, like the difference between L. and L. in Métzler (2002) and the
difference between optical grain size from SSA and the diameter of identical ice spheres
in DMRT-ML (Dense Media Radiative Transfer — Multi Layer model) (Picard et al.,
2013) in Roy et al. (2013). Hereafter, the f value of 0.75, derived from the direct snow
microstructure measurement, is mentioned as fwv, and will be considered as a literature-
based reference value to support the conversions in equation (5).

When f was derived from the optimization of Tg simulations, it was found to
have larger variation range (Montpeitit et al., 2013; Brucker et al., 2011), with the
possibility being to compensate for errors from other sources. Montpeitit et al. (2013)
used a f of 1.3 for snow in Canada. Brucker et al. (2011) used a g of 2.08 for snow in
Antarctica. Likewise, we also calculated an optimized /S (called fo hereafter) for our
case.

3.3 MEMLS driven by geometric snow grain size measurements

To support the use of legacy D, measurements, the empirical relationship
between D, and S was studied (Maitzler, 2002; Langlois et al., 2010). It has been
checked in Durand et al. (2008), Pan et al. (2016) and Montpetit et al. (2013) that
MEMLS can be driven by D, measurements with a Tg RMSE of approximately 10 K.

Durand et al. (2008) developed an empirical relationship based on the

measurements in Métzler (2002) as:
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ay + a,InD v>vgandD, > D
Le={0 1inDy ( 0 9 g0) (6)

Leo (otherwise)

Where, ao=0.18 mm, @1=0.09 mm, which were best-fit parameters for a
logarithmic relationship between D, and L.. v0=0.2, Dg=0.125 mm, Le=0.05 mm,
which were used to determine a fixed threshold L. for low density, small grain size
SNOW.

However, for the snow in Sodankyl4, Finland, Pan et al. (2016) refitted a new
set of coefficients as @;=0.23 mm and @;=0.13 mm from the fast SSA measurements,
which gives higher Tg simulation performance compared to the Durand et al. (2008)’s
coefficients. Interestingly, the ratios of ao and a1 between Pan et al. (2016) and Durand
et al. (2008) are close, with an average value of 1.36. Neglecting the slight shape

difference, we added an optimized multiplication scaling factor, a, to equation (6) as:
L, = aL(Dy) (7

where, L2(D g) 1s the L. estimated using Durand et al. (2008)’s coefficients. An

o.of 1.0 is denoted as ap. The optimized « is denoted as ao.

4. Data and methods

We collected concurrent ground-based radiometric and snowpit measurements in the
yard of the Storm Peak Laboratory (SPL), located in the Rocky Mountains, Colorado,
USA, at 40°27°18”, -106°44’ 387, 3220 m height above sea level. SPL is within the
Rabbit Ears study area of the NASA Cold Lands Processes Experiment (CLPX) in
2002-2003 (Elder et al., 2009). The site is located at the top of a small mountain, in a
fairly exposed area with high winds and low temperatures typical throughout the winter.
Deep snowpacks commonly accumulate. The nearby SNOTEL snow pillow site

“Tower” (06J29S) reports an average SWE of 95.5 cm on April 1 (from 1975 to 2010).
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Our study period spanned three days, 21 to 23 February, 2010. From the nearby Tower
SNOTEL site, there was no change in SWE (i.e. no precipitation). Within these three
days, the daily maximum air temperature at Tower site (20 m lower than SPL) was -5 ~

-9.4 °C, and the daily minimum air temperature was -19.4 ~ -15.5 °C.

4.1 Radiometer data

In order to measure the snow microwave radiance, we used a ground-based version of
the NASA Airborne Earth Science Microwave Imaging Radiometer (AESMIR)
operating at 19 and 37 GHz (Kim, 2009). We mounted the radiometer approximately
3.5 meters vertically above the soil-snow interface, with an incidence angle of 50° up
from nadir. The antennas have a narrow Full Width Half Maximum (FWHM)
beamwidth of 8°, such that footprint has an area of approximately 7 X 0.12 X 0.30 m?
on the snow surface and X 0.24 X 0.60 m? on the soil surface.

Only the vertically-polarized Tg was measured. We performed a two-point
calibration once per day. On each day, a snap-shot measurement between 30 ~ 60
minutes (warm-up and calibration time excluded) was conducted. All voltage
measurements were integrated over thirty-second periods using a fast-sampling voltage
meter. The measured average Tg at 19 GHz, vertical polarization is 247.5, 252 and 248
K from 21 to 23 February, respectively, and that at 37 GHz is 227, 233 and 231 K,
respectively. We are confident in our Tp observations as the Ts values differed by only
few K without new snowfalls when the radiometer was calibrated independently for

each observation.

4.2 Snowpit data

The snowpits were excavated on 22 and 23 February near to the ground-based

radiometer. The pit on 22 February was approximately two meters from the center of
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the field of view (FOV), whereas the pit on 23 February was excavated directly in the
center of the radiometer FOV after the Ts measurement was made.

The wind-blown effect resulted in a slightly larger depth in the up-hill direction
and a small depth in the down-hill direction. Therefore, we observed different pit depths
of 174 cm and 165 cm on 22 and 23 February, respectively, with their SWE as 547 mm
and 497 mm. The snowpits were evacuated perpendicular to the contour to capture the
depth variability. As can be seen from the NIR photos in Figure 1 and 2, the landscape
and the wind-blown effect resulted in some slant sub-interfaces which are not parallel to
the ground. Therefore, the horizontal polarization was not explored to reduce the
impacts on MEMLS simulation.

Stratigraphy of each pit was identified using standard snow hardness tests based on
protocols established under the CLPX field campaign (Elder et al., 2009). There were
six layers identified on 22 February and eight layers identified on 23 February (see
Figure 3). Counted in the bottom-first order, layer 1 (the bottom layer) on both days was
identified as depth hoar, and layer 2 was identified as composed of facetted crystals.
These two bottom layers were followed by a few layers of faceted/round mix and
rounds, and the topmost two layers were identified as new snow composed of partly
decomposed precipitation particles. No ice lenses were found in both snowpits.

The geometric grain size (Dg) was measured using the aid of a loupe-style hand
lens; following the CLPX grain size measurement protocol. The maximum and
minimum dimensions of the large, medium and small snow grains were measured for
each stratigraphic layer. The maximum dimension of the medium snow grains is closest
to the definition of D, in Mitzler (2002) and Fierz et al. (2009), written as the maximum
dimension of the prevailing grains. Profiles of the measured D, can also be found in

Figure 3. It shows the measured D, at the bottom of February 23 snowpit is much
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smaller than expected, albeit a depth hoar snow type. The reason will be discussed in
Section 5.1. However, given the subjective nature of the D, measurements, especially
those from a hand lens, this discrepancy is unsurprising. Snow temperature was
measured using a standard field thermometer to a precision of 1° C, at vertical
increments of 10 cm. Snow density was measured to a precision of 1 kg m™ by a wedge

density cutter of 1000 cm? volume.

(b) DOWN

Height above soil surface (cm)

1 1 1 1 1 L 1

0 20 40 60 80 100 120
Horizontal distance (cm)

Figure 1. NIR photo of the snowpit on 22 February. The full snow profile was
photographed by two times. Firstly, a metal frame (37 cm % 120 cm size) was attached
to the upper portion (a) of the profile and pictured; later, it was moved to the lower
portion (b). Note that the topmost 12 cm was missed on this day when the snow was too

loose to hold the frame.
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307  Figure 2. NIR photo of the snowpit on 23 February, photographed by the same method
308  in Figure 1.
309
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Figure 3. Stratigraphy, geometric grain size, and morphological classification according

to Fierz et al. (2009) for the snowpits on 22 February (a) and 23 February (b).

4.3 Stereological analysis of snow samples

We made snow casts for stereological analysis. For each of the stratigraphic layers
identified in the snowpit, a cubic sample of snow approximately 10 cm on each side was
extracted. The vertical axis of each sample was noted on sample containers. We
preserved the samples in the field using dimethyl phthalate dyed with Sudan black,
following the procedure of Perla et al. (1986). In the laboratory, samples were
maintained at cold temperature temperatures below the melting point of the dimethyl
phthalate during processing. Only the innermost section (~20 mm X 8§ mm x 8 mm) of
each sample was analyzed, in order to minimize any effects of degradation near the
edges. The sample was repeatedly cut (i.e. shaved back) by 1 mm step parallel to the
vertical direction in the snowpit using a microtome, and photographed, twenty times.

Cuts were made such that the sample face (§ mm X8 mm) represents a vertical section

defined in Riche et al.(2012). The ice and dimethyl phthalate dust was vacuumed with a

shop vac attachment on the microtome to keep sample clean. Photographs were made
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with a Canon EOS 60D 18 mpixel resolution camera with a Canon EF100 mm /2.8 L
macro lens illuminated by a ring light. Two photographs were taken of each face, one
with a ruler of 1-mm grids overlaid in order to enable determining pixel size. Note that
the samples were not thin section, nor was the ice sublimated off.

Successful casts of layers 1-4 were made for 22 February, and successful casts
of layers 1-5 were made for 23 February. Casts of the topmost layers (layers 5-6
February 22, layers 6-8 on February 23) were unsuccessful, as revealed by inspection of
the snow section photographs. Therefore, L. for these layers were estimated as follows.
For Layer 5 and 6 on February 22 and layer 8 on February 23, L. was estimated to be
0.05 mm, a typical value for fresh snow, referring to L.q in equation (5). For layer 6
and 7 on February 23, L. was assumed to be identical to layer 4 on February 22 because
of similarity in D,, density and height in the snowpit.

Figure 4 and Figure 5 show one photograph (out of 20 in total) from each
successfully-casted sample. Black pixels indicate ice, grey pixels indicate dimethyl
phthalate originally occupied by pore space, and white pixels indicate -either
recrystallized dimethyl phthalate or air bubbles. Layer 1 on February 23 has some
special horizontally-oriented thin structures, which were not observed in any other
layers. This is from the side walls of connected, strongly striated, hollow depth hoar
crystals. It has an observable difference with Layer 1 on February 22.

In order to calculate S, we used the methods explained and described in Matzl
and Schneebeli (2010). The basic principle of the methodology is to overlay a test
system of cycloids (following x = 26 — sin26, y = 1 — cos26 for 0 <0 < m/2) on
each image: see Figure 6 as an example. An unbiased estimate of S/V can be retrieved

using:

21
S|V == (8)
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where, / is the number of intersections between the cycloids and the air-ice
boundaries, and d is the cycloid length.

For validation purposes, the stereological counting was done by two separate
research teams from Ohio State University (OSU) and Swiss Federal Institute for Forest,
Snow and Landscape Research (WSL). The two groups overlaid the cycloids in
different ways, but they both visually counted the intersections without doing binary
segmentation. Ice volume fraction of the sample, v, in equation (5) was calculated as the
fraction of randomly-placed test points identified as ice in the stereological image.

The differences in the counting protocols from two research groups are as
follows. First, the raw stereological photos were resized to coarser resolution to smooth
the noise. Factors including the computer screen and the subjectivity of the observer
influence pixel size. Calculated using the 1-mm ruler, it turns out the pixel size from the
OSU group was between 6.45 to 10.20 pm, whereas that from the WSL group was
between 10.53 to 12.34 um; both varied per photo. Second, the test system used by the
OSU group includes 9 cycloids, and it used the two ends of cycloids (i.e., 18 test points)
to calculate v. The WSL group used 25 cycloids to calculate S and 100 test points to
calculate v. The cycloid length was ~12.13 mm (177 pixels) used by the OSU group,

and ~7.66 mm (68 pixels) used by the WSL group.
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(c) Layer 3 (d) Layer 4

Figure 4. Stereological photographs of snow samples on February 22: (a) Layer 1 (depth
hoar), (b) Layer 2 (facets), (c) Layer 3 (facets/round mix), (d) Layer 4 (facets/round

mix). The vertical bar is a 1-mm ruler. The arrow indicates the upward direction in the

snowpit.
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379

380  Figure 5. Stereological photographs of snow samples on February 23: (a) Layer 1 (depth
381  hoar), (b) Layer 2 (facets), (c) Layer 3 (facets/round mix), (d) Layer 4 (rounds), (e)
382  Layer 5 (facets/round mix).

383
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Figure 6. An example of cycloids overlaid on the stereological photo.

4.4 Near infrared analysis of snow samples

In the field, a vertical wall of the excavated snowpit was photographed by a NIR camera
to deliver the spatial information of S, following the procedure of Matzl and Schneebeli
(2000).

The camera used to take NIR photo was a Canon G14. The wavelength of the
detected light ranged from 840 to 940 nm, which is exactly the same as the camera used
in Matzl and Schneebeli (2006). The distance between camera and pit wall varied
between 1.4 and 2.0 m, resulting in an area of pit wall from 0.5 to 1.0 m?. The ~2 m
depth snow pit wall was photographed by two parts (the upper and the lower part). See
Figure 1 and Figure 2. A metal frame was used to provide geometrical information and
to mount pairs of Spectralon calibration targets of 50% and 99% reflectance. A
semitransparent tarp was used to cover the pit hole to reduce direct sunlight. A flat
white foam covering the pit wall was also photographed to correct the illumination
difference of diffuse light.

The NIR reflectance, 7, of the snow was calibrated using:
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r=a+ bi 9)

where, i is the illumination-corrected pixel intensity (digital numbers of pit wall
photo divided by the white foam photo), and @ and b are determined by a linear
regression between i and the reflectance of calibration targets. Afterwards, S; was

calculated as (Matzl and Schneebeli, 2006):

S; = Ae™* (10)

where, r is in %; A and ¢ are empirical constants as 0.017 mm' and 12.222,
respectively.

The estimates of NIR S; were averaged within each stratigraphic layer. The
topmost part of the snow profile outside the metal frame (~ 12 cm on February 22, ~ 33
cm on February 23) was filled by the S; right beneath that part, before processed to layer

average. The v used to convert S; to L. was from snow cutter density measurements.

4.5 Optimization of conversion coefficients between snow microstructure

parameters

As mentioned in the previous section, conversion coefficients are needed to convert S/V,
Si and Dg to L.. Besides the literature-based conventional values, we calculated the

optimized foand ao using a cost function as:

_ 2 _ 2 _ 2 — 2
f = \/(va 19v0)2,, . +(37vm=37v0)2 , ,, +(19vy—=19v0)2 . +(37vy=37v0)%, s an
c
N

where, 19v,, and 19v, are the predicted and observed Tg at 19 GHz, vertical
polarization; 37vy, and 37v, are defined similarly; N is the number of measurements,
which is 4 in our case. f,. is also the root-mean squared error (RMSE) of predicted Tg

for two frequencies, two snowpits.
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To run MEMLS, the downwelling sky brightness temperature was set as 21 K
and 33 K, respectively at 19 and 37 GHz, modelled by an 80% relative humidity under
clear sky condition. The soil reflectivity was calculated by the Wegmiiller and Miétzler
(1999) model, using the bottom-most snow temperature as the physical temperature and
a 0.1-cm soil roughness. The frozen soil dielectric constants were calculated using the
Zhang et al. (2003) model. When Zhang et al. (2003) model was used, we used zero ice
content and set the unfrozen volumetric soil water content (m,,) was a free parameter. In
the base simulation, a 12% m,, was used, and later a sensitivity test was presented in

Section 6.1.

5. Results

5.1 Comparison of snow microstructure measurements

Figure 7 shows the comparison of the measured S/} from stereological counting by the
OSU and WSL groups. It shows the measured S/V from two research groups agreed
with a mean relative difference of 2.7% and a root-mean squared error of 10%. The
small difference from two research groups lends credence to the reliability of the
stereological method. Table 1 and Table 2 list S; and L. converted from S/V for the
snowpits on February 22 and 23, respectively. To convert S/V to L., we used a single set
of v from the WSL group. This is because WSL used 100 test points, whereas OSU used
only 18 test points, and we found this difference caused approximately 11%
systematically larger v from OSU than WSL. Such bias was not found for the S/V
measurements. After conversion, the mean relative difference of L. is -1.8%, and the

root-mean squared difference is 8.8%.
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Figure 7. Comparison of measured S/V calculated from Ohio State University (OSU)
and Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) groups.

B Feb22
O Feb23

1 15 2 25 3 35 4 45 5
OSU S/V (mm™)

Table 1. Stereology analysis for the snowpit on February 22.

Layer# | Ice Surface to Specific Correlation
In Volume Volume Surface Area | Length, L.
Bottom- | Fraction, | Ratio, S/V Per Ice (mm)
first v (mm) Volume, S;
Order (mm™)

WSL | OSU | WSL | OSU | WSL | OSU
1 0.429 1.95 |2.12 | 454 | 4.94 | 0.503 | 0.462
2 0.312 1.99 |248 |6.38 |7.93 |0.431 | 0.347
3 0.410 435 |4.33 | 10.61 | 10.56 | 0.223 | 0.223
4 0.243 3.01 |3.03 | 1237 | 12.47 | 0.245 | 0.243

Table 2. Stereology analysis for the snowpit on February 23.

Layer# | Ice Surface to Specific Correlation
In Volume Volume Surface Area | Length, L.
Bottom- | Fraction, | Ratio, S/V Per Ice (mm)
first v (mm") Volume, S;
Order (mm™)

WSL | OSU | WSL | OSU | WSL | OSU
1 0.370 3.12 | 2.77 | 842 | 7.48 | 0.299 | 0.337
2 0.394 2.88 296 | 731 |7.51 |0.332|0.323
3 0.284 2.63 | 2.55 |9.27 | 898 |0.309 | 0.319
4 0.359 3.53 | 3.51 [9.85 |9.79 |0.261 | 0.262
5 0.311 N/A | 3.73 | N/A | 12.00 | N/A | 0.230
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Figure 8 shows the comparison of the layered L. converted from stereological
S/V and NIR S; measurements using fu (as 0.75) and from D, measurements using ap
(as 1.0). It also includes the fine-resolution NIR profile. There is a crack (at ~ 37 cm
height) observable on the February 23 pit wall from the NIR photo; thus the NIR data at
this location was removed to reduce its influence on the L. statistics. From Figure 8,
first, it shows in general, the different estimates of L. are well-correlated, with the
exception of hand lens estimates for the bottom-most layer on February 22 and hand
lens, stereological, and NIR estimates for the two bottom layers on February 23. Second,
it shows the 0.05-mm L. used for unsuccessfully-casted stereological samples at
topmost layer is lower than the L. estimates from NIR- and hand lens measurements.
These assumed L. for the stereological method may introduce errors to the Tg
simulation, but we are also not confident on the other two methods, too. Third, for the
bottom layer on February 23, some reasons for the differences can be found. As
mentioned previously, the stereological counting was done independently by two
different research groups. Therefore, we are confident in the stereological estimates.
From the stereological photo in Figure 5(a), the special snow microstructure of Layer 1
on February 23 has a smaller dimension compared to that on February 22. It can result
in the smaller D, measured by hand lens and the larger S/V measured by stereology; in
both cases, a smaller L. is produced. However, comparison between the bottom part of
NIR photos in Figure 1 and Figure 2 shows the crack and the rougher pit wall on
February 23 can result in a decreased reflectance; in this case, a larger L. is produced

and diverges from the other two methods.
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Figure 8. Profile of L. using different measurement tools: (a) February 22, (b) February
23. St. represents stereology. For all methods, the conventional conversion coefficients

are used.

5.2 Brightness temperature simulations

Figure 9 shows the error of the predicted Tg compared to the observed Tg, using L.
calculated from different measurements and conversion coefficients. Table 3 and Table
4 list the Tg simulations. Table 5 summarizes the mean bias (MB), mean absolute error
(MAE) and root-mean squared error (RMSE) of the predicted Ts.

The observed Tg at 19 and 37 GHz is 252 K and 233 K on February 22, and 248
K and 231 K on February 23. Using OSU stereological measurements and S of 0.75,
MEMLS predicts the observed Tg with a MB of 0.05 K and an RMSE of 2.41 K. An
error value of 2.41 K is not far from the precision of the radiometer Tg measurements
(~2 K). The optimized fo is 0.73, which is very close to 0.75. This optimization slightly
reduced the RMSE from 2.41 K to 2.39 K, but increased the MB from 0.05 K to 0.55 K,
which implies that the improvement from optimization is not significant. Therefore, it

can be concluded that, the conventional S of 0.75 works for our snowpits, and the
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stereological measurements can be used to accurately estimate Tg. For the February 22
snowpit, MEMLS Tg accurately estimated both frequencies with an error of -0.3 K and
0.8 K at 19 and 37 GHz, respectively. However, for the February 23 snowpit, Tg at 19
GHz is overestimated by 3.2 K and Tp at 37 GHz is underestimated by 3.5 K.
According to the stronger penetration ability of the low frequency and the fact that Tg
decreases with an increase of L., we would expect a slightly smaller L. at the surface
layers and a slightly larger L. at the bottom layers to closely match the observed Tg.

From Figure 9, the Tg bias using WSL L. is larger for both snowpits at 19 GHz;
therefore, its RMSE (3.71 K) is slightly larger than OSU (2.41 K). However, a RMSE
of 3.71 K is still quite acceptable. An optimized fo for the WSL stereological
measurements is 0.72. It reduced the MB from -1.40 K to 0.57 K, the MAE from 3.30 K
to 2.78 K, and the RMSE from 3.71 K to 3.23 K.

Using S; measurements from NIR camera, the RMSE based on fis 6.52 K, and
the ME is -5.2 K. As can be seen in Figure 7, a large difference between the simulation
and the observation is from the February 23 snowpit, where Tg at 19 and 37 GHz was
underestimated by 10.9 K and 6.0 K, respectively. The error for the February 22
snowpit is only -3.9 K and 0.0 K on two frequencies, respectively. It shows clearly that
the much larger L. derived from NIR photography for the bottom layers on February 23
contains some errors. An optimized fo of 0.68 can reduce the RMSE from 6.52 K to
3.76 K and MB from -5.2 K to 0.0 K, but it degraded the accuracy at 37 GHz on
February 22. This optimized S was influenced by a few poor microstructure
measurements; thus, its value as a reference is reduced.

When L. was converted from D, measured by hand lens, the Durand’s
conversion coefficients result in an overestimation of 8.08 K in average. Ts at both

frequencies and for both snowpits was overestimated. After optimization using an oo of
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1.16, it reduced the MB from 8.08 K to 1.85 K, MAE from 8.08 K to 3.40 K, and
RMSE from 8.22 K to 4.35 K. The oo of 1.16 is between the Durand et al. (2008)
(e=1.0) and the Pan et al. (2016) (a=1.36) coefficients, and clearly represents a
correction to systematic bias. After a was optimized, the biggest error comes from 19
GHz on February 23, which is 8 K overestimation. It indicates, albeit the systematic
bias, the measured D, at the bottom layers is still relatively underestimated. It agrees
with the comparison with other measurement tools in Figure 8(b).

Overall, all the snow microstructure measurements, including S/V from the
stereology, S; from NIR photography and D, from hand lens, give an RMSE below 9 K
for Tp simulation without optimizing the L. conversion coefficients. After optimization,

it is possible to achieve an RMSE below 5 K using all measurements.
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Figure 9. Error of predicted Ts by MEMLS using L. from different methods: (a) 19
GHz on February 22, (b) 37 GHz on February 22, (c) 19 GHz on February 23, (d) 37
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GHz on February 23. In each subplot, from left to right, L. is from: OSU stereology
using Sy and fo, WSL stereology using S and So, NIR photography using S and po,

hand lens using ap and ao.

Table 3. Comparison of the measured and the MEMLS-predicted Ts using stereology,
NIR camera and hand lens measurements, when L. was converted by conventional

conversion coefficients.

Ts (K) Scaling February 22 February 23
B Factor | 19GHz | 37GHz | 19GHz | 37 GHz
Observed T - 252 233 248 231

Stereology-OSU | pm=0.75 251.7 233.8 251.2 227.5
Stereology-WSL | pv=0.75 246.7 232.4 251.8 227.5
NIR Pw=0.75 248.1 233.0 237.1 225.0
Hand Lens ap=1.0 258.1 240.8 258.4 239.0

Table 4. Comparison of the measured and the MEMLS-predicted Tg, when L. was

converted by optimized conversion coefficients.

Ts (K) Scaling February 22 February 23
B Factor | 19GHz | 37GHz | 19GHz | 37 GHz
Observed T - 252 233 248 231

Stereology-OSU | Bo=0.73 252.0 234.4 251.6 228.2
Stereology-WSL | f0=0.72 248.5 234.6 253.1 230.1
NIR S0=0.68 252.1 238.5 242.9 230.5
Hand Lens 00=1.16 254.5 232.0 256.0 228.9

Table 5. Error Statistics of the MEMLS-predicted Ts using different snow

microstructure measurements and L. conversion coefficients.

Measurements Scaling Mean Bias, Mean Root Mean
Factor MB (K) Absolute Squared
Error, MAE Error,

(K) RMSE (K)
Stereology-OSU | pm=0.75 0.05 1.95 2.41
Bo=0.73 0.55 1.95 2.39
Stereology-WSL | pm=0.75 -1.40 3.30 3.71
Po=0.72 0.57 2.78 3.23
NIR Pw=0.75 -5.20 5.20 6.52
po=0.68 0.00 2.80 3.76
Hand Lens ap=1.0 8.08 8.08 8.22
ao=1.16 1.85 3.40 4.35
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6. Discussions

6.1 Influence of soil parameters

In this section, we evaluated the influences of the unmeasured volumetric soil water
content and soil roughness to errors of the predicted Tg. The range of soil parameters
used for simulation is 0-30% unfrozen volumetric soil water content (m.,) and 0-2 cm
surface root-mean-squared (rms) height. Figure 10 shows the sensitivity of Tg error at
two frequencies for both snowpits, when L. is calculated using OSU stereological
measurements and fwm. In general, it shows the influence of both soil parameters to Tg
at 37 GHz is minor. This is expected because the snow is very deep. However, Tg at 19
GHz does remain some sensitivity to the soil parameters.

The second question needs to be addressed is, did the soil parameter values
impose a seemingly better performance using the OSU stereological measurements than
other measurements? To answer this question, Figure 11 shows the MAE at 19 GHz
using different L. as a function of soil parameters. In Figure 11(a)-(b), the conventional
conversion coefficients were used. Clearly, it shows MAE varies with the soil parameter
values. However, in a m,, range of 0-25% and soil roughness range of 0-2 cm, the
MAESs using OSU stereological measurements are always the smallest. In Figure 11(c)-
(d) where the optimized conversion coefficients were used, the MAE using OSU
serological measurements is no longer always the smallest, but still less than at least two
other types. Therefore, we can conclude that the highest T simulation performance
from the utilization of stereological S/V is unaffected by soil parameter inputs and snow

microstructure conversion coefficients.
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Figure 11. Sensitivity of MAE of the predicted Ts at 19 GHz to unfrozen volumetric
soil water content (m.,) and soil roughness based on different microstructure
measurements: (a)-(b) used the conventional coefficients, (¢)-(d) used the optimized

coefficients. st. represents stereology.
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6.2 Influence of recrystallization to stereology

In this study, we observed the influence of recrystallization of casting agent on
the stereological photo. The recrystallization leaves white spots on the sample sections,
which covers or blurs the snow microstructure expected to be observed. Affected by the
photo quality, the automatic segmentation by computer becomes unreliable. This is the

most important reason why we only extracted S/} and S; instead of the full ACF.

7. Conclusions

In this paper, an in-situ snow experiment was conducted at Steamboat Springs in
Colorado mountain, US. The repeatability of stereological measurements was confirmed
by comparing the estimates from two research groups based on seven samples from two
deep snowpits, which contain both depth hoar and small facets/rounds. Later, the
efficacy of the stereological measurements to predict the passive microwave Ts was
evaluated. Results showed that the stereological measurement can be utilized to drive
the Microwave Emission Model of Layered Snowpacks (MEMLS), a widely-used
multi-layer snow radiative transfer model. MEMLS requires the exponential correlation
length (L), whereas the stereology provides the surface to volume ratio (S/F). While the
relationship between S/V and correlation length (L) is theoretical, an empirical fitting
parameter is needed to further convert L. into L.. In this paper, we found the conversion
coefficient Sy of 0.75 from the previous literature is usable for deep alpine snow in

Colorado. It gives a RMSE of 2.41 and 3.71 K using the stereological measurements

from the OSU and WSL research groups, respectively. This result highlights the utility
of stereology to validate some more rapid SSA measurement tools in the context of
microwave radiative transfer modelling.

The T modelling performance based on the stereological measurements was

also compared with that based on NIR camera and hand lens measurements. The NIR
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camera measures the snow specific surface area per ice volume (S;), and the hand lens
provides the geometric grain size (D,); they can also be used to drive MEMLS. Results
showed that, using the conversion coefficients from previous literatures without
optimization, the Tg RMSE is below 9 K in all cases. It can be reduced to below 5 K
after optimization; however, only the optimization for hand lens measured D, represents
a correction for a systematic bias.

When snow is composed of different size ice grains and grain bonds, the snow
specific surface area (SSA) is a general parameter that represents the total surface area
of all components within a unit volume. Recent studies have shown that besides SSA, a
second-order microstructure parameter to represent the grain size distribution is
important for determining the snow ACF (Krol & Lowe, 2016) and the microwave
volume scattering (Chang et al., 2016). Such parameter can be the curvature length from
the snow sample measurement (Krol & Lowe, 2016), or the stickiness in DMRT models
(Picard et al., 2013) in the RT model configuration level. Therefore, we look forward to
more high-quality stereological or micro-CT measurements to answer these open
questions. On the other hand, although the D, measurement has some degree of
subjective nature, its repeatability and objectiveness can be improved by postprocessing
the photo of a large number of crystals over a ruled card. Using this protocol, it is
possible to provide a grain size distribution to enrich the snow microstructure
description using fast SSA measurements in field.
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