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Abstract

These experiments investigate different possible errors by measur-
ing the specific surface area (SSA) of snow with the near infrared
method. The influence of black carbon on this measurement was disap-
proved, the theory was therefore validated. It shows that sunlight has
no influence on the measurement with the IceCube. Wind drift snow
as thin layer on the sample can increase the measured value of the spe-
cific surface by a few percent. This could be part of the error, observed
in former measurements at SLF. As reference for the measured SSA
values with the near infrared method, computer tomography was used
to verify the SSA values.
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1 Introduction

2 Scientific context

The specific surface area (SSA) is the surface of snow grains per mass in
units of m? kg~! or over the density of ice in m~!. The physical and chemical
interaction of snow with its environment is strongly depending on the SSA of
the snow, therefore it is an essential quantity to understand processes in snow
and for modelling snow packs [Hagenmuller et al., 2016]. The values can vary
from less than 5 m? kg~ for melt-freeze layers and ice crusts up to over 150
m? kg~! for freshly fallen snow [Domine et al., 2007]. The dependence of
the albedo on the grain size of the snow in the near infrared was shown by
Warren Warren [1982] this wavelength can be used to approximate the SSA
of snow:
SSA ~ 3piceTers

Where r.¢s describes the effective (or optical) radius of snow grains, it can
be related to the different grain shapes [Gallet et al., 2011]. A wavelength of
1310 nm can be used to measure the SSA with an accuracy of £10 % if the
SSA is below 60 m? kg™! [Gallet et al., 2009]. Another method to determine
the SSA is to scan the snow sample with X-ray computer tomography (uCT)
and calculate the SSA and density over the surface based on triangulation
method [Hildebrand et al., 1999].

2.1 Aim of the study

In snow samples from Greenland obtained in 2015 a difference of over 50%
between the measurements by the infrared method and the one with pCT
was observed. The near infrared method always resulted in the higher values.
Three theories for this difference have been considered (Schneebeli, pers.
com, 2017):

e The first assumption is that this difference derives from the calibration
of the near infrared instrument with black carbon (BC) polluted alpine
snow, whereas the snow from Greenland is much cleaner. Black carbon
(soot) reduces the albedo of snow in the visible range more efficiently
than other pollutions from the atmosphere [Hansen and Nazarenko,
2004]. However, in the near infrared BC has in theory little impact
on the albedo of snow [Warren, 1982]. In this work, we investigated
whether black carbon contamination of artificially produced snow has
an impact on the SSA measurement with the near infrared method.



Similar experiments were conducted by Brandt et all in 2011, but they
focused on the investigation of the albedo reduction of BC contami-
nated snow [Brandt et al., 2011] and not the influence of BC in the
near infrared.

e Under windy conditions, the sample can be covered with a thin film of
drift snow which has a much higher SSA than the substrate. Very thin
layers of this high SSA snow could influence the optical measurement
whereas the yCT measurements are not influenced. This could explain
the higher values of the optical measurements.

e Finally the near infrared measurement could be influenced by sur-
rounding sunlight, if the measurement is not perfectly shielded in the
near infrared. This stray light could cause increased SSA values in the
field compared to the ones in the lab.

We investigated all three possibilities to see if they could, individually or
combined, cause the difference of about 50 % between the pCT measure-
ments and the ones with the near infrared method.

2.2 Theory of snow albedo reduction

A low content (110-860 ppb) of BC increases the absorption of sunlight in
snow by 1-5 % depending on the concentration and grain size of the snow.
BC is a very efficient absorber, this is amplified by the fact that light is scat-
tered in the snow, thereby the interaction of light and BC is increased. BC
accelerates the growth of the grain size, which increases again the absorp-
tion of sun light. Larger grains allow the light to penetrate the snow deeper,
reducing the surface albedo. In nature, the BC effects are usually masked by
other effects. The influence of the BC on the albedo is increasing with the
grain size and the albedo is most sensitive on concentrations of BC below
200 ppb. The increase of the albedo caused by BC decreases significantly at
wavelengths greater than 700 nm.[Hadley and Kirchstetter, 2012] Artificial
snow has round grains, this corresponds to the SNICAR model, which was
used by Hardley and Kirchstetter [Hadley and Kirchstetter, 2012]. Also old
snow gets rounded by the ageing process, which brings the experiment closer
to reality.



3 Methods and Measurements

3.1 Instruments

The snow samples were measured with a near infrared device from A2
Photonic Sensors named IceCube and an X-ray computer tomograph from
Scanco Medical named pCT40.

e IceCube The IceCube is a commercial instrument from A2 Photonic
Sensors from Grenoble in France to measure the SSA of snow using the
reflectance in the near-infrared. The instrument consists of a integrat-
ing sphere with openings for a laser diode with 1310 nm wavelength,
for the snow sample and for an InGaAs diode. The snow sample is
directly illuminated by the collimated laser beam. The reflected light
is collected by the diode and converted in a voltage signal. This sig-
nal is converted into reflectance over a calibration with six certified
standards. The SSA is calculated by using a polynomial derived from
a radiative transfer model. The system is calibrated by the methane
absorption method [A2 , 2011]. With this instrument the SSA can
be determined in a range from 5 to 130 m? kg™!
uncertainty of +£10% in the laboratory and in the field. This instru-
ment is the only one which allows to measure the SSA accurately in
the field.

with a measurement

e Scanco pCT40 The uCT40 is a desk computer tomography system
from Scanco [uCT]. The tube which has an energy range from 30 to 70
kV. The detector has a resolution of 2048x256 pixels which results in an
upper limit for a voxel of 8 pm side length. It has an automatic sample
changer which enables to measure up to 10 samples automatically. The
uCT is located in a cold lab of the SLF and it is equipped with a fan
which blows cold air in the instrument to control the temperature of
the sample. The raw data of the CT is reconstructed to a 3D model by
a software tool from Scanco. The voxel size in all of our measurements
is 8x8x8 pm?. This grey scale 3D model needs to be segmented into
a binary image by the 3-gaussian curve fit method of Hagenmueller et
al [Hagenmuller et al., 2016]. This ensures a reproducible and more
objective method to discriminate between ice and air.

3.2 Black carbon influence on SSA

For controlled and reproducible conditions the snow was produced artifi-
cially.



3.2.1 Snow production

For this reason a laboratory scale snow maker was built producing snow
from water in a tank and bottled, pressurised clean air. It operates in a
cold room of the SLF. Further details of this SnowSpray can be found in
Appendix A.

For the production of snow ultra pure water (<0.054 pScm™1!), provided
by a group from the Paul Scherrer Institut (PSI), was used. To ensure a con-
stant pressure and little pollution, we used bottled air from PanGas, which
is filtered with a 10 pum filter. All pipes and the water tank were washed out
multiple times before the first production. Brandt received the best results
with a formulation from Tokai Corporation Aquablack 162 [Brandt et al.,
2011}, therefore we used the same black carbon. This soot has been chemi-
cally modified to contain polar groups on the surface so it dissolves in water.
In nature black carbon concentrations between 0.23 ppb (corresponding to
ngg~!) on the South Pole and 482 ppb in the French Alps were reported
[Flanner et al., 2007]. Therefore snow with 5 different BC concentrations
(0 ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb) were produced to cover the
whole range of typical BC concentrations. The snow was produced within
2 hours after mixing the concentrations to reduce possible sedimentation.
After collecting the snow it was sieved with a grid size of 1 mm and filled
into the sample containers for storage.

3.2.2 Measurements

10 samples for each concentraion were produced and stored under isother-
mal conditions at a temperature of —8°C. We measured during 8 weeks
one sample per week with both the IceCube and the pCT. All surfaces of
containers and tools were cleaned before sample preparation and all work
with the samples was done with clean gloves to ensure no contaminations of
the snow surface. The IceCube was turned on 30 min before the start of the
measurements to let it stabilise. The calibrations with the standards was
done before and after the measurements to detect drifts and pollutions of
the integration sphere. For the uCT scans an energy of 55 kV and a current
of 145 pA was used.

3.3 Ambient light effect

To quantify the possible influence of sunlight on the measured values with
the IceCube, measurements in the laboratory, in the sun and in a snow
pit were performed. Snow from the same sample was used for all three



measurements to ensure the comparability. The lab measurements were
executed in the SLF cold lab at —23°C' and —5°C, where as the outdoor
ones were done in the Fluela valley in the blazing sun at nearly 0°C' and in
a covered pit. The snow was first measured in the pCT, then transported
in a styrofoam box to the Fluela valley. After the outdoor measurements
another reference CT scan and the lab measurements were undertaken.

3.4 Influence of superficial wind-transported snow dust

To simulate similar conditions as in Greenland, clean snow from the BC
experiment was compressed. Snow with a density of 300 kg m~ was sieved
(Imm) into sample holders and compressed by a maximal pressure of 274.8
kPa to a density around 400 kgm~3. This was done in a press by compress-
ing the snow repeatedly by 1 mm and waiting for 10 min to let the snow
relax. This was repeated 14 times and the sample was thereby compressed
from 40 mm to 26 mm. To get an even lower SSA, the snow was sintered
at -5° C for 8 hours respectively 1 week. The samples were measured in
the IceCube and the uCT. To simulate the wind-transported snow dust on
the surface, snow was sieved with a 500 um sieve on the surface of the com-
pressed sample. The thickness of the layer was determined by the additional
weight due to the sieved snow. To quantify the properties of this superficial
snow, a sample holder was filed with the sieve and measured separately in
the IceCube and the uCT. To extrapolate the measurements, the measured
data was simulated with model named Two-streAm Radiative TransfEr in
Snow (TARTES). In this model, each layer of snow is approximated by the
asymptotic solution of the radiative transfer theory [Kokhanovsky and Zege,
2004], where as the albedo for the entire snowpack is calculated by the two-
stream approximation [Libois et al., 2013]. He et al [He et al., 2017] proposed
an albedo reduction for pure close packed snow at visible wavelength. No
studies about the close pack effect in the near infrared could be found.

4 Results and Disscusion

4.1 Black carbon influence on SSA

For the samples measured right after the production (less then 26 hours)
in week 0, the SSA values determined by the IceCube were widely spread
between 44.1 to 120.2 m%kg~! (Table 1).

The snow was still very loose as it can be seen in figure 1b, therefore the
sample holder could possibly shine trough and influence the measurement.
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Figure 1: Histogram (a) of the grey value 3d CT model and the segmented
3d model of the clean snow 26 hours after production

Concentration of BC in ppb ‘ 0 50 100 500 1000
SSA in m*kg ™! | 441 783 1068 120.2 107.7

Table 1: IceCube SSA values measured within less then 26 hours after pro-
duction of the snow

With this kind of snow it was not possible to calculate the density and SSA
from the CT measurement because the histogram is not clearly separated(fig.
la).

The snow sintered during the 8 week storage at -8°C and in the histogram
the difference between ice and air gets clearer and distinguishable (fig. 2a).

Calculated concentration of BC in ppb ‘ 0 50 100 500 1000

Measured concentration of BC in ppb ‘ 2.03 9.55 16.7 165.1 333.4

Table 2: Comparison of the calculated and measured black carbon concen-
tration in the snow samples in ppb which is the same as ng/kg.

Samples of the snow were sent to the Paul Scherrer Institut (PSI) to
verify the black carbon concentrations. The results of their measurements
(Table 2) differ strongly from the calculated values. This difference can be
explained by calibration of the instrument at the PSI. This instrument is
calibrated with a soot (Aquadag) which has a different grain size distribution
than Aquablack. Therefore the measurement is not suitable, however, it
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Figure 2: Histogram of the grey value 3d CT model and the segmented 3d
model of the clean snow 8 weeks aged at -9°C

proves the order of magnitude of the black carbon concentration.

The density increased over the 8 weeks storage time from around 100
kg m~3 up to over 200 kgm—3 (Appendix A). All snow samples with different
black carbon concentrations showed a similar increase in density.

The SSA exponentially decayed over the 8 weeks storage time due to
isothermal metamorphism [Kaempfer and Schneebeli, 2007]. Both methods,
IceCube and pCT, showed similar values during the 8 weeks. To compare the
SSA of the different concentrations over the 8 weeks the measured values
need to be normalised. Therefore the mean over all measurements with
different concentrations was calculated for each week.

1
IMeanjceCube = 5 Z SSAIceCube

concentrations

The same value was calculated for the measurements with the pCT. This
mean values were subtracted from the measured values to normalise them
and make the values comparable over the 8 weeks. From this normalised
values the mean and standard deviation over all weeks from each concen-
tration and each method was calculated and plotted in figure 4. The SSA
value of the IceCube dosen’t show any significant dependency on the black
carbon concentration whereas the uCT shows lower SSA values for lower
concentrations.

All samples were produced under the same conditions but they are
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Figure 3: Evolution of the specific surface area measured with the IceCube
(black) and the uCT (red) over all ageing stages. The values for the 0
week, up to 26 hours after the production, are not plotted for the reasons
mentioned above.

sieved separately, this could cause differences in density and nonhomoge-
neous shrinking due to edge effect in small storage containers. It is more

meaningful to compare the measurements of the two methods.

This can be done in units of m?kg~!:

diff = SSAIceCube - SSA;LCT

or as the relative percentage difference:

100%
(SSAIceCube + SSA/LCT)/Q

dlﬁr = * (SSAlceCube - SSAMCT)

The difference between the two methods in absolute percent shows that
after 2 weeks the pCT and IceCube measured the SSA with a standard de-
viation of less then 8% shown in Table 3. Over 8 weeks and 5 concentrations
the difference of the SSA value measured with the IceCube and pCT is only
1.28% with a standard deviation of 2.28%.

In figure 5 for each BC concentration the relative difference between the
SSA value of the IceCube and uCT was taken for every week. The band in
the box is the median, the top and bottom of the box are the first and third
quartiles and the whiskers represent the 5 respectively the 95 percentiles.
No clear trend can be seen neither in figure 4 nor in 5. Under controlled
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Figure 4: Normalised and averaged SSA values from the IceCube and pCT
measurments. The standard deviation is calculated from the 8 values per
concentration.

conditions the SSA measurements of the yCT and the ones with the IceCube
differ less then 5% with no systematic difference. Therefore black carbon in
the snow can not explain the difference of 50% between the two methods,
measured in Greenland.
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Week | Mean Difference in % | Mean Difference in m?kg !
1 -2.144+7.51 -1.84+5.09
2 0.53+6.47 0.12£3.66
3 -4.09£1.91 -1.78+0.84
4 -0.9243.22 -0.37£1.19
) -3.75+4.15 -1.24+1.39
6 -2.63+2.63 -0.81£0.81
7 -0.514+4.75 -0.16£1.40
8 3.31+5.64 0.90£1.58
Mean -1.2842.28 -0.65£0.89

Table 3: Mean differences over 8 weeks between IceCube and pCT mea-
surments in % and m?kg~!. The mean of the means gives -1.2842.28%
respectively -0.6540.89 m%kg~!.

4.2 Ambient light effect

The data in Table 4 shows the independence of the IceCube measurements
from the ambient sunlight and a significant influence of the temperature.
The transport ways were short (20 min) and the data of yCT showed no
significant change due to the transport. The standard deviation over the dif-
ferent measurements under the same condition is the most changing value
between in- and outdoor. This is caused by the more comfortable and con-
stant sample preparation in the lab.

Device and location SSA, m?kg~!
uCT before 39.2
IceCube Fluela Sun 38.7+2.0
IceCube Fluela snow pit 38.1+£2.0
IceCube Lab @ —5°C 40.5+0.3
IceCube Lab @ —23°C 38.14+0.1
uCT after 374

Table 4: Comparison of the SSA values, measured with the IceCube at
different locations and as reference with the pCT. The values of the IceCube
are mean values of 5 different samples from the same snow under the same
conditions.

12
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Figure 5: Relative percentage difference (diff,) as boxplot per concentration
over 8 weeks.

4.3 Influence of superficial wind-transported snow dust

In figure 6 SSA values, measured with the IceCube, of compressed and
sintered substrate with superficial layers of high SSA snow are shown. The
substrate of the blue data is sintered for 8 hours, where as the red data for 1
week, both at -5° C. The thickness of the layer varies from 0.1 mm up to 3.5
mm. In addition, this plot shows data simulated by TARTES. As parameters
for the simulation SSA value for the dense snow of 36 m? kg ™! respectively 32
m?kg~! and for the high SSA snow of 56.5 m? kg~! respectively 54 m? kg !
fitted the best. Those values are close to the ones measured by the pCT.

Whit this parameters more extreme combinations of SSA values can be
simulated. In figure 7 snow with SSA values up to 150 m? kg~! and density
of 200 respectively 100 kgm 2 on a substrate with a density of 500 kgm 3
and a SSA of 30 m? kg™! is simulated. This simulation shows that even thin
layers with an thickness of less then 0.5 mm of dense, high SSA snow can
increase the measured SSA value more then 50 %.

13
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Figure 6: SSA measured with IceCube of a compressed and sintered sub-
strate with superficial layers of high SSA snow. The dotted lines are simu-
lated with TARTES.

5 Conclusion and outlook

No influence of black carbon on the albedo of snow in the near-infrared
could be observed in our experiments. It could also be shown that ambient
light has no influence on the measurements with the IceCube. However layer
of wind drift snow can have an influence on the SSA value measured with
IceCube, under extreme conditions it can increase the measured value up to
50% even for thin layers. More investigations need to be done on the density
dependency of the SSA measurement with the IceCube.
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Figure 7: TARTES simulations for superficial layers of different SSA values
and densities and a substrate with a density of 500 kgm 2 and a SSA of 30
m? kg !
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1 Function principal

This SnowSprayer produces rounded, fin grained snow with a two media
nozzle. The nozzle mixes water and pressurised air, of which the water has
the higher pressure. In figure 1 the mixing nozzle and the very different
diameters of water and air can be seen. Through the expansion of the air,
the water is cooled and down gets frozen. The volumetric current of the

Figure 1: sketch of the nozzle [1]

air is four times the one of the water with this nozzle [1]. The drop size
distribution can be seen in figure 2.

100 7.50

563

50

Cumulative Volume (%)
Volume Frecauency (%,

1.88

0 ‘ 0.00
0.10 1.0

100.00  200.00

0 . . 10.00
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Figure 2: blue: cumulative volume per drop size, red: volume frequency of
the drop size [1]



2 Setup

Watertank
Manometer
Valve @ T
Q! \-L“::'
1 G-
Pressure reducer Nozzle

Gasbottle

Figure 3: schema of the setup in the cold lab of the SLF

The system is driven by only one pressure source, a gas bottle. Bottled
air is used to guarantee clean and oil free air for the snow production and to
supply the nozzle with V;, /t = 200l /min at a pressure of 8bar. By a pressure
reduction valve a constant pressure can be provided. The air is guided in
insulated pipes into the cold lab where one part of the air pressurises a tank
with water and the other one is again reduced in pressure. Both lines are
recombined in the nozzle (fig. 1 All pipes with water, the nozzle and the
water tank are insulated and heated to avoid freezing (fig. 4).



Figure 4: Styrofoam box of the tank with all pipes connected

3 Preparations

Before the snow production the tank needs to be filled with water and pos-
sible additions like black carbon. This can be done with a can containing
the water on the top of the styrofoam box and short pipes like in figure 5.
In the cold the air pipe and the electrical power for the heating needs to
be prepared. To prevent the cooling system of the cold lab from freezing, a
curtain needs to be spanned to shield the water vapour and the fine snow
in the air (fig. 6) from the fans of the cooling system.



Figure 5: filling of the tank with black carbon contaminated water

4 Snow production

The tank with the mounted nozzle has to be brought right before the start
of the production into the cold lab. The main pressure on the gas bottle has
to be set to 8 bar. The pressure reduction at the tank should have 6.5 bar.
To turn on and off the production the whole tank has to be flipped upside
down. If the pressure is turned off during production, the residual air in
the tank would press the water out. This would destroy the whole produced
Snow.

The nozzle needs to be controlled every 10 minutes to prevent it from
freezing. Ice on the nozzle can block the air stream and stopp the production.
To stop the snow production before all water is used, the tank has to be
flipped upside down. After the production the tank and nozzle needs to be
brought outside of the cool lab to prevent the rest water from freezing. The
new snow has to be collected and filled into the storage containers.



Figure 6: SnowSprayer in operation
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