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Abstract

We describe a penetration field-portable capacitance probe capable of
recording profiles of dielectric permittivity through the snow pack. The probe
was developed under the auspices of the Army Research Office as a Phase I
SBIR project. It consists of a wedged capacitance tip, which is mounted at the
end of a pole allowing its penetration through depths of at least 2m. The
capacitance instrument is integrated in the tip. By appropriate placement of
iits ground, guard and sensor conductive surfaces, the probe sheds horizontal
electric field lines permitting it to resolve horizontal snow layers of 2.5 mm
thickness. Signal processing is achieved with a lightweight, hand-held,
autonomous amplifier featuring simple controls, memory, and a RS-232C
interface.

The probe was tested at the mountain resort of Alta near Salt Lake City,
Utah. There, it recorded the real and imaginary parts of the snow dielectric
constant through a typical winter snow pack. Using independent calibrations,
measurements of the dielectric modulus provided an accurate profile of snow
density. In addition, the vertical record of the imaginary part clearly revealed
the presence of ice layers that were later confirmed by the excavation and
interpretation of a detailed snow cover profile.

Introduction

In a workshop organized by the US Army Research Office in October
1995, the snow science community assigned its highest priority to the
development of a multi-parameter snow penetration probe capable of
recording physical parameters governing the mechanical properties of the
snow pack (Brown and Dent, 1996). The recommendation was inspired by the
report of Dr. Hansueli Gubler, a leading instrumentation scientist, and by the
recent application of capacitance techniques to the measurement of snow
density and velocity by a group from Cornell University, Montana State
University, the University of Utah and the Swiss Federal Institute for Snow
and Avalanche Research. Among the desired parameters (density,
temperature, grain size, wetness and cohesion), the suggestion was to begin
with a capacitance measurement of dielectric permittivity to infer density and
wetness (Dozier, 1996; Colbeck, 1978; Boyne and Fisk, 1987).

Vertical soundings of the snow pack are essential diagnostic tools for
snow hydrologists and avalanche forecasters. The hydrologists require
relatively quantitative profiles of snow density from which they can infer the
total amount of snow coverage in a region. Because they generally inspect the
snow pack long after precipitation, their snow is often dense and fully settled.
Because variations in altitude and terrain can result in widely different
coverage, they must dig a relatively large number of pits for accurate
predictions of total snow fall. Avalanche forecasters, on the other hand, are
concerned with more recent precipitation and relatively rapid
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metamorphosis of buried snow layers. -While they too require a relatively
large number of pits to assess the avalanche potential of a basin, they often
perform a more qualitative inspection aimed at identifying the presence and
depth of weak layers in a relatively immature snow pack. '

In this context, we have developed a penetration field-portable
capacitance probe capable of recording profiles of dielectric permittivity
through the snow pack. The idea is to acquire density profile data without the
need for excavation. The probe consists of a pole with a wedged capacitance
tip allowing penetration through depths of at least 2 m. The capacitance tip is
connected to a hand-held amplifier for data processing and storage.

The probe was tested at the mountain resort of Alta in cooperation
with the University of Utah, the Utah Department of Transportation and the
Center for Snow Science at Alta. There, it recorded the real and imaginary
parts of the snow dielectric constant through a typical winter snow pack.
Using independent calibrations, measurements of the dielectric modulus
provided an accurate profile of snow density. In addition, the vertical record
of the imaginary part clearly revealed the presence of ice layers that were later
confirmed by the excavation and interpretation of a detailed snow cover
profile.

After providing some background on capacitance snow
instrumentation, the present report describes the design of the sounding
probe and outlines the tests carried out at Alta. A user’s manual for the probe
is included in an Appendix. ' o

Background

This section summarizes the principle of our processing electronics
and the dielectric properties of typical snows.

Processing electronics
As Fig. 1 illustrates, generic capacitance probes consist of three

conductors called the “sensor”, “ground” and “guard” electrodes. The
electronics records the impedance Z between sensor and ground, while a
buffer amplifier maintains the guard at precisely the same sinusoidal voltage
as the sensor’s. Because it absorbs distortions of the electric field caused by
external interferences, the guard protects the sensor from stray capacitances.
In addition, because the sensor is connected to the processing circuits using a
guarded coaxial cable, the cable capacitance does not participate in the
measurement. By eliminating stray and cable capacitances, the technique can
detect capacitances three to six orders of magnitude smaller than -
conventional bridges of similar cost. Note that, because our exact
implementation of the circuit shown in Fig. 1 is proprietary, details are not
provided in the present report.




To ensure proper operation of the guard electrode, the electronics must
maintain the guard voltage vg equal to the sensor voltage vs. This is
accomplished by sampling vs through a buffer amplifier of unity gain. This
buffer has a suitably high input impedance to avoid disturbing the sensor
circuit. Further protection of the sensor circuit from external interferences is
accomplished by surrounding it with a guarded shield. The output of the
system is the rectified guard voltage V, which the buffer keeps proportional to
the amplitude of the sensor voltage.

Another objective of the electronics is to pass a sinusoidal current of
constant amplitude through the test impedance Z. To this end, the carrier
oscillator generates a voltage v; of constant, albeit user-adjustable, amplitude.
The amplitude of the sensor current i is kept constant by controlling the
voltage (vs - v1) across the reference impedance Z. This is achieved by
sampling the sensor voltage vs through the buffer, adding the difference
(vs - v1) to the oscillator voltage, and feeding the result to the reference
impedance through an amplifier of high gain H (Fig. 1).

\ ]
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\ \
Y . . . %
: High gain buffe \ rect1ﬁerT
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N Reference I N
: impedance '.. - - -I\ \\\\\\\\ |
L} P .
N + _~*coaxial | l

__L(_ .
N ) 7 N ; cable | |
\ A L I |
\ + guard |
. I I I |
\ R
N Vil Vdl r | Ve V|
N \ | . s | |
N _ - sensor” . 7!
: Oscillator | | : il | l
‘\“‘\“\\\\‘\‘\\\\‘\\‘\\“\\\‘\\‘

ground

Fig. 1. Schematic of the electronic system. The dashed lines represent the physical
boundary of the processing circuits. Z is the impedance between sensor and ground.

Assuming negligible current input into the amplifiers, the voltage v1
into the reference impedance is

vi=H(vi-vg+v1)=i(Z:+2), , (1)
while the guard voltage is




Eliminating v1 from Egs. (1) and (2) yields

Lo 2D ©)
and
v 1
i=3 (5 =), | @
“ O+ )

Because H is large and real, inspection of Eq. (4) indicates that the current is
nearly independent of Z,

i=-vi/Z;, (5)
and the modulus of Eq. (3) is, to a good approximation,

bvel 1 Ze]

Vgl = 12T ©)

Because rectification produces a voltage proportional to vg, the output V is
itself proportional to the modulus of Z.

For media with negligible imaginary part of the permittivity,
Z =1/j2nfC, where f is the frequency of the oscillator and j2=-1. In this case,
the system produces a rectified output voltage that is related to C, the -
capacitance between the ground and sensor surfaces, through the empirical
relation

V=0Qs/gC, 7)
where Qs is a system constant and g is an adjustable gain parameter. From Eq.

(7), the effective dielectric constant €. of a homogeneous suspension covering
the probe is obtained by forming the ratio of Vo, the rectified probe output in
air, and V, the output in the presence of the dielectric powder of interest,

ge=C/Co=Vyp/V, (8)
where Cj is the probe capacitance in air. For a dielectric powder, it remains to

infer the volume fraction from the measurement of €.. This is achieved by
analyzing or calibrating the dielectric behavior of the suspension (Louge and
Opie, 1990).

For media like snow with a significant imaginary part of the
permittivity, the voltage ratio Vo/V yields the modulus of Z,

012 ot 9
2nfCo 1Z1 ©)

where Zj is the probe’s impedance in air. For isotropic media, the electric
displacement D and the electric intensity E are colinear vectors; however,
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because they are not generally in phase, the effective dielectric constant €¢ may
exhibit real and imaginary parts,
ce=D/cgE=¢"-je", (10)

where ¢’ and £” are both functions of frequency and o = 8.854 1012 F/m is the
dielectric permittivity of free space and, to a good approximation, of air. The
corresponding impedance between sensor and ground is

1
" g2nfop (e” +ije)

(11)

In this expression, £ is a characteristic length of the capacitance probe
geometry,

£=Cp/0g. (12)

In the presence of a homogeneous, isotropic suspension, £ is independent of
ge. Thus, from Egs. (9) through (12), the voltage ratio yields the modulus of &,

\% 2 2
70= e +e" . (13)

In order to resolve both components of €, we exploit the phase lag ¢ between
vr and vg, which are both readily available for measurement. From Eq. 3),
- E

n 7”7

tan ¢ =—; . (14)
€ m 1

+—+
e” N 2nfoge” £ n(1+H)
where m and n are the real and imaginary parts of the conjugate of Z,

Zy=m-nj. (15)

m

In general, the constants m/n and n(1+H) are found by recording ¢ for a series
of known capacitances. When our processing electronics operates at 16 kHz
amplifier, Z; is purely capacitive, so m = 0. Note that, in order to permit
successful measurements of capacitance in air, the condition

2nfcpf n(1-H)I >>1 (16)

must be satisfied to let Eq. (6) be a valid approximation of Eq. (3).
Consequently, at 16 kHz with m =0, Eq. (14) reduces to

4

€
Itanq)lze—,, (17)

so, at this frequency, the phase lag between vy and vy is a direct measure of the
“loss tangent” (¢”/¢’). If both real and imaginary parts of €e are required,
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frequencies, the determination of &’ and e” requires a more complicated
solution involving Egs. (13) and (14) and the knowledge of ¢ for the probe.

For the present technique, we follow others (eg, Kuroiwa, 1967; Denoth,
et al, 1984) in assuming that the snow sample contained in the probe’s
measurement volume is sufficiently isotropic and homogeneous to possess
an effective dielectric constant satisfying Eq. (10). Then it remains to evaluate
this constant through calibration.

Dielectric properties of snow

The principal challenge of capacitance techniques is to infer density and

wetness from the measurements of £’ and €”. As Fig. 2 illustrates, most snows
of practical interest behave as a Debye dielectric above a minimum oscillator
frequency fo. In this case, the real and imaginary parts of the permittivity fall
on a “Cole-Cole” circle where

e e
€ - &

7 : ” €
=¢-jeg’'=¢ + T .-
Fe ) 1+j2rnft

(==

(18)

. . e - , ‘s g
In this expression, sg and £, are the limits of ¢’ at vanishing and infinite

frequencies and 1 is the relaxation time of electric displacement.
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Fig. 2. Imaginary part versus real part of the dielectric constant of granular
snows (after Kuroiwa, 1967). For each point, frequency is shown in kHz.
Semi-circles are best fit “Cole-Cole” circles from Eg. (2).

To a good approximation, £, grows linearly with snow density p and

quadratically with volumetric liquid-phase water content W (Denoth, et al,
1984); for example, for wet alpine snow,
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£ ~1+22p+0.19 W +0.005 W2, (19)

Because it is nearly independent of temperature and snow type and texture,

e .
g. produces a robust measurement at frequencies above 10 MHz.

Unfortunately, because proper guiding of such radio or microwave
frequencies limits the instrument’s spatial resolution to distances of order the

e . . . .
wavelength A ~c / f (e_)1/2, an instrument using microwave frequencies

cannot distinguish narrow structures of the snow pack. In addition, it is
difficult to implement a guarded circuit under these conditions. As Fig. 1
suggests, proper operation of the buffer requires that the capacitive impedance
1/2nfjCsg between sensor and guard be large enough not to interfere with the
buffer’s operations. Frequencies above 10 MHz generally fail to satisfy this
criterion with cables of reasonable lengths. Consequently, measurements
with guarded capacitance probes are limited to lower frequencies, unless one
forgoes the convenience of the coaxial cable and locates the processing
electronics near the probe head.

Because for most snows the minimum Debye frequency fo is typically
10 kHz for most snows and generally no greater than 20 kHz, an alternative

idea is to infer the optical dielectric constant ei from sweeping oscillator
frequency in the range 10 to 100 kHz.

4 - e —
gauge
Piston ;":
e
L%i L \ Plastic
ST Grounds, o Tiam. | cylinder
e
: gnow-'—i— I :’{_
~ — 7 Electricfied _~}_—
( - S -1 1&‘_ :
i ek 20t 144
x4 — 3 &
L 2% 55z

Coaxial cable to amplifier j

Fig. 3. The “snow press.”

At the much lower frequency of 16 kHz, Louge, et al (1997) evaluated
the dielectric constant of various snow samples using the capacitance
instrument sketched in Fig. 3. This “snow press” included a grounded piston
traveling in a plastic cylinder of 102 mm diameter. The base featured a
circular sensor surface surrounded by a guard plate. Once a sample was
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introduced in the press, the piston was progressively lowered to bring it to
denser compactions while the corresponding values of €. were measured.

5
g 4
8
=
o 34
o
2
&
3}
[}
8
()

0 i 1 |

0 0.1 0.2 0.3 0.4
p (g/cm3)
Fig. 4. Dielectric permittivity of fresh Montana snow at -8.8°C.
6

Dielectric constant

: - T
0 0.1 0.2 0.3 0.4 0.5

p (g/cm3)

~ Fig. 5. Dielectric properties of ice grains of Imm mean size observed in Davos
at -7°C (open symbols) and -9°C (solid symbols).

To drive the “snow press” and other capacitance instruments, Louge, et
al (1997) exploited our standard electronics operating at 16 kHz. Because at

this frequency le. | is considerably larger than e, the capacitance
measurement was more sensitive to snow density than at radio frequencies.
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The presence of liquid-phase water or impurities further raised the values of
£”, and to a lesser extent, &’ (Kuroiwa, 1967). At 16kHz, Louge, et al
distinguished two broad categories of snow response. The first was exhibited
by relatively light, dry, crystalline snows (Fig. 4). The second broad category of
snow behavior was represented by irregular faceted ice grains (Fig. 5). For all

snows, both real and imaginary parts of € increased with density.

Ground :

fe——2a——

Knife edge
e w >
Fig. 6. Front view of the probe face. Dimensions are not to scale.

Probe Design

The probe tip is sketched in Fig. 6. It is mounted at the end of a pole
allowing its penetration through depths of at least 2 m. Its sensor consists of
two rectangular conductive surfaces located on either side of the vertical axis
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of symmetry and surrounded by a relatively wide guard. In a homogeneous
medium, this placement permits the sensor to shed largely horizontal
circular field lines bounding a measurement volume of height equal to that
of the sensors. To illustrate the design, we now derive the capacitance of the
probe in air and the height of the measurement volume.

y
A .M

Fig. 7. Section AA showing measurement volume and notation. In this two-
dimensional configuration, the section can be represented as the complex
plane. Voltage singularities are located between guard and ground.

Figure 7 is a sketch of the quasi-two dimensional electric field
emanating from the sensors. Because the frequency of the oscillator is small,
the field Eq. has negligible unsteady terms. It further reduces to the Laplace
Eq. in the absence of free charges in the suspension. Because the Laplace Eq. is
linear, the identical excitation of guard and sensor may be treated as a voltage

of fixed amplitude V over the entire guard/sensor assembly. In this case,
voltage singularities are located at the boundary between the ground and the
guard/sensor assembly (Fig. 7). For this symmetric configuration, it is
instructive to derive the electric field near the probe from two-dimensional
complex solutions of the Laplace Eq. For simplicity, we consider a two-
dimensional homogeneous medium above two adjacent equipotential
surfaces held at different voltages. The first surface represents the
guard/sensor assembly. The second surface is the ground. In this analysis, we
ignore the thin dielectric layer that insulates the three electrodes from one

another. The complex function that satisfies the conditions v = V for
x € ]-a,+a[ and v =0 elsewhere is

v
@ =7 (161021 +jIn(D), (20)

where the angles and radii are shown in Fig. 7. The corresponding voltage
distribution is
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v=(V/m)(61-62) . (21)

On an electric field line, the imaginary part of ® and, consequently, the ratio
ry/r1, are constant. The field lines are therefore a family of circles of radius R
with center located on the axis at an abscissa x. satisfying

(R/a) + (xc/a)2=1. (22)

The electric field arising from the complex potential ® is

E=-Vv, (23)

and the magnitude of E at the wall determines the charge distribution there,
=& /oo)n, | (24)

where & is the charge surface density and n is the outward normal to the
plane. Combining (21), (23) and (24) yields the charge density for x € ]-a,+a[

\
&= _ﬂ (x+a X-a (25)

Upon integrating this density distribution, the total charge on the sensor
surface and, consequently, the probe capacitance in air may be calculated. We
find

2doo a+b a-c

(26)

Co= tn] a-b a+c]
or, equivalently,
a+b a-c
t= —En[ a-b a+c] 27)

_ This calculation also allows us to estimate the height of the
measurement volume, which, in a homogeneous medium, is bounded by the
extreme field lines emanating from edges of the sensor surfaces. From Eq.
(22), the height of the outermost field line is

h = (a%-c2)/2c. (28)

Because, as this Eq. indicates, increasing the dimension c reduces h, it
is natural to bring the edge of the sensor surface closer to the singularities at
x=*a in order to confine the measurement volume further. However,
increasing ¢ makes it more difficult to control the value of the capacitance. In
the extreme situation where b and ¢ nearly equal a, the value of the
capacitance is very difficult to predict, as it becomes excessively sensitive to
small excursions in the values of ¢/a and b/a. The simple sensitivity analysis
that follows captures this effect.
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Fig. 8. Perspective drawing of the probe head.

First, we estimate the relative uncertainties in the capacitance by

differentiating Eq. (26) with respect to b and c. Assuming that the
uncertainties Ab and Ac are statistically uncorrelated, but equal to a common

tolerance 8, we find

4 _ & { 2 S
= . (29)
Co a ln[(1+b/a) ( 1-c/a )] Vg_(b/a)Z]Z [1-(c/a)2]2}

1-b/a’/ \+c/a
For any given value of (c/a), we find that this expression is minimum for a

unique value of (b/a) i.e.,
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b c
Qoptimum = 0.29 (3) + 0.70 (30)

Further, we find that ACg/Cp decreasing with decreasing (c/a). Because (c/a)
must be large enough to permit adequate clearance between the two sensors,
our design strategy is to prescribe (c/a) =0.2 and, according to Eq. (30), to set
(b/a) = 0.76 to minimize the sensitivity of the capacitance to excursions in
probe dimensions that may result, for example, from manufacturing
tolerances or deterioration of the front probe surface.

Thus, in the prototype of our sounding probe, we use a = 5 mm,
b=4mm and c =1 mm. The corresponding characteristic capacitance length
of the probe is then £ = 2.8 mm in air. Figure 8 is the corresponding
perspective drawing of the probe head.
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SNOW COVER PROFILE
UDOT Little Cottonwood

Time

Obs. JENSEN
Date 97-02-28

Profile Type
Surface Roughness

Penetration  Foot

No.

Ski

Location

Upper Guard

Air Temperature

H.A.S.L.

m

Co-ords

Sky Condition

Aspect

Slope 0

Precipitation

HS 181

HSW

P R 2111 N |Wind

R 1000

800

400

600
T-20 -18 -16 -14 -12 -10 -8 -6 -4

200
-2

Nlule| F | E RS

Comments

Ram Hardness

200

190

180

170
160

1F

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

4F F

1000

800

600 400

200

0 Cumulative Shear Stress (N/m?) =—n

Fig. 9. Snow profiles obtained on February 28 at (a) 12 noon and (b) 18:00; (c)

ram penetrometer profile.
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Field Tests

The probe was tested in the mountain resort of Alta near Salt Lake City,
Utah. This section summarizes the conditions and results of the tests, which
were carried out in cooperation with the University of Utah, the Utah
Department of Transportation and the Center for Snow Science at Alta. We
are particularly grateful to Professor Rand Decker and Mr. Daniel Howlett for
putting us in touch with Messrs. Newel Jensen and Ralph Patterson, who
provided logistical assistance and carried out complete snow profiles in an

adjacent pit (Fig. 9).

Multi-frequency measurements

In the Alta tests, we first attempted measurements at several oscillator
frequencies in the range 4 to 37 kHz with compact snow laid on the probe face.
As outlined earlier, the idea was to exploit the Debye dielectric properties of
snow to infer density and wetness from extrapolations of the Cole-Cole circle
to high frequencies.

15 o  40kHz

N a AR
P @ g od O 12.1
L= o Qe
o 10 N 2 2 O A 162
~

o
3 % s Brgo £2 @ 201
:;5 aooqvvvvv X 242
g, §2oo000000° s 282
o] (@)
= 8 : + 324
= &
O o , : v 365

0 2 4 6

distance to ground target (mm)

Fig. 10. Linearity tests of the portable amplifier for the amplifier frequencies
shown in the legend in kHz. While frequencies between 16 and 24 kHz
exhibit linear increase of the guard voltage over a wide range of distances, the
voltage rolls off with distance at low or high frequencies.

Unfortunately, our attempts were complicated by non-linear behavior
of the amplifier at frequencies other than its original 16 kHz design value.
Figure 10 shows results of a test evaluating output linearity. In this test, the
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probe is held parallel to a grounded target plate in air. When the plate and
probe are separated by a distance of 5.3 mm, the corresponding capacitance is
equal to that of the isolated snow probe in air. If the circuit was properly
linear, the guard voltage would be directly proportional to the distance d
between plate and probe face. As Fig. 10 indicates, linearity is best achieved at
frequencies near 16 kHz. However, other frequencies exhibit roll-off that
limits the corresponding amplifier linearity to a narrower range of
capacitances. This behavior complicates data interpretation.

In these tests, we also recorded the phase lag between the oscillator and

the guard. This permitted us to calculate the reference impedance Z; (Eq. 15)
at the frequencies of interest. We then exposed the probe face to snow cakes
of controlled compaction and, knowing Zr, we extracted both components of
the snow dielectric constant from Egs. (13) and (14). In Fig. 11, the resulting
data is compared with pure snow in the Debye plane. As this Fig. shows,
while trends are consistent with earlier observations, extrapolations are not
accurate enough to fit a Cole-Cole circle through the points. The relatively

small values of the £” recorded in our tests indicate that the snow samples
were perhaps quite dry.
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Fig. 11. Cole-Cole plot of imaginary versus real parts of the snow dielectric
constant. The numbers shown are frequencies in kHz. Circles represent

snow with p = 0.26 g/cm3 at -8.5°C (from Kuroiwa, 1967). Triangles are tests of
the capacitance probe with compacted fresh snow of p = 0.28 g/cm3 at -7°C.

While it is relatively straightforward to solve the linearity problem of
the probe amplifier at frequencies away from 16 kHz, we could not do so
during the short time of the Phase I award. In this context, we can only
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conclude that Cole-Cole extrapolations remain promising, as Camp and
Labrecque (1992) have shown. As outlined in the next section, actual
soundings at the optimum frequency of 16 kHz were far more conclusive.

Probe soundings

Figure 12 shows profiles of the real and imaginary parts of the dielectric
constant acquired with the probe at 16 kHz. For this sounding, the probe was
progressively inserted into the pack at 6 mm (1/4”) intervals. Depth was
recorded by marking the pole every quarter inch. Rather than pushing the
probe in a continuous fashion, insertion was achieved by tapping the top of
the pole until the net desired depth. This method permitted the greatest
control of the sounding despite the variable strengths of successive snow
layers.

To compare density measurements from the snow pit with the
recorded capacitance sounding profiles, we first evaluated the dielectric
properties of snows collected near the pit. To this end, we employed the
“snow press” described by Louge, et al (1997). Figure 13 illustrates the
corresponding calibrations. As expected from similar situations, faceted ice

grains tended to exhibit larger values of the modulus of €.. The resulting fit
permitted us to infer the snow density p from the soundings of leel. As

Fig. 14 shows, the corresponding values of p are in excellent agreement with
direct density measurements carried out in an adjacent pit.
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Fig. 12. Real and imaginary parts of the dielectric constant at 16 kHz versus

elevation with origin is at the base of the pack.
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Fig.13. Snow press calibration at 16 kHz of samples collected in the Alta snow

pack. The best empirical fits are \ £2+£"2 = (p/pg)1-° for p <0.29 g/cm3 and
(p/p1)31 for p > 0.29 g/cm3, with pg = 0.12 g/cm3 and py = 0.19 g/cm3.
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Fig. 14. Snow density versus elevation inferred from the sounding of Fig. 12
and the calibration of Fig. 13. The line is the detailed sounding of the
capacitance probe and the symbols are from direct density measurements
carried out in an adjacent pit (Fig. 9).
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Because it permits rapid soundings with a narrow vertical spatial
resolution, the capacitance probe records density profiles with greater detail or
speed than the traditional excavation technique. Several noticeable features
in Figs. 12 and 14 further illustrate advantages of the capacitance sounding
method. Gradual compaction of fresh snow near the surface is well captured
by the probe, followed by a sudden dip in the density. In the few centimeters
above ground, the probe records a decrease in density that often corresponds
to the local metamorphic depletion of grains near the warmer solid surface.
This feature is too narrow to be captured by the pit profile. Other details

appear on records of the complex components of €e. For example, an ice layer

with large imaginary part €” clearly arises at 65 cm elevation. While largely
undetected in the snow pit, the layer is visible on the ram penetrometer
profile. Although further studies are needed to obtain a quantitative

interpretation of both components of g, it is promising that many detailed
layers are observed in these records.

Future developments

The preliminary tests conducted at Alta suggest that our capacitance
sounding probe is a viable alternative to the excavation of a pit for recording
density profiles through the snow pack. Because snows gathered from a
single basin are likely to exhibit similar dielectric properties, we envision the
development and use of a field portable snow press that would permit rapid
determination of the dependence of dielectric constant on density. Such
calibration may obtained, for example, by rapidly extracting snow samples
from a relatively crude pit. By connecting the press to our portable
electronics, the latter can be programmed to incorporate calibration values
automatically. Once such data is acquired, it is relatively straightforward to
carry out any number of quantitative capacitance soundings from a region.

Another benefit of the probe is the apparent sensitivity of the
imaginary part of the dielectric constant to the presence of ice layers and other
inhomogeneities of the snow pack. While we have yet to demonstrate how
extrapolating dielectric data over a range of frequencies can yield an
independent measure of wetness, the idea is still promising enough to
warrant further research.

In its present version, the probe is best used at a fixed frequency of
16 kHz. Although it relies on a calibration to produce quantitative density

‘data, its soundings reveal the structure of the pack in considerable detail.

Because of this success, we will consider commercializing the probe in its
present state. Later, we hope to participate in further developments aimed at
combining this probe with other instruments and to assist in the research to
exploit its data further. ’
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APPENDIX

1. INTRODUCTION

The Multiparameter Snow Sounding System is a modified version of a Capacitec
portable gap measuring electronics package. It incorporates a “toroidal style” capacitive
probe, rulered 2 meter extendable snow “lance”, and portable low capacitance electronic
readout of permittivity and phase delay. There is also a 1000 point data logger, which
eliminates the need for a portable PC in the field.

2. LAYOUT/PHYSICAL DESCRIPTION

Serial Communications Program Memory
(RS232 (Non-Vol. RAM)

I

Data Memory < > MicroController <4—> User Interface
(Non-Vol. RAM) ("Brains") (Buttons & LED)

N

A/D Converter Sine Wave Synthesis

~_

Analog Section
(Drives Wand)

Figure 2.1. Snow Probe Functional Diagram.

Fig. 2.1 shows how the separate sections of the Snow Probe function together. The
"brains" of the unit is the microcontroller, an 8-bit processor running with a 7MHz
clock. It has access to 128K non-volatile memory (remains when power is off) for
programming and data recording, a standard RS232 port for communicating with a PC,
the interface section for user control and feedback, as well as the components that
modulate and demodulate the signal on the wand.

2.1. Internal Components

The Snow Probe electronics contains four interconnected circuit boards that divide the
tasks performed by the instrument. They are the microcontroller board, the power
conversion board, the user interface board, and the sensor driver board. Each performs
a specific set of tasks, described below.




User Interface Board MicroController Board
_(LED's, Buttons) (MicroController, RAM, etc.)

| —

Sensor Driver Board Power Conversion Board

%
gl 10— ]

Connector to Probe l l

Battery Holders
Figure 2.2 SnowProbe Electronics/Physical Layout (cutaway, side view).

2.1.1. MicroController Board

The microcontroller board contains a 68HC11 microcontroller operating at 7MHz, along
with supporting non-volatile RAM, a clock/calendar chip, R5232 communications
chips, and supporting digital circuitry. The board also contains an optional DAC (digital
to analog converter) circuitry that can be used to synthesize analog voltage levels. This
functionality is provided primarily for backward compatibility with analog input data
recording equipment (data loggers) already in use.

2.1.2. Power Conversion Board

The power conversion board receives the battery power input, or the auxiliary power
input, and converts it to levels for use in the supporting circuits of the Snow Probe. The
microcontroller and interface circuitry use 5V at low current, while the sensor driver
circuits use 5V and -5V, as well as 12V and -12V, both at moderate current levels. The
spotlights (optional) run on 5V at high current levels.

2.1.3. The User Interface Board

The user interface board holds the three colored push buttons, the 7-segment LED
display, the status indicator LEDs, and the spotlights. It accepts user input via the push
buttons, and gives user feedback through the LEDs. For clarification of the letters used
to spell words on the LED display . The individual components of the user interface
board are described in detail below (see Section 2.2.).

2.1.4. Sensor Driver Board

The sensor driver board includes the circuitry that synthesizes and drives a fixed
frequency, fixed amplitude sine wave across the sensor. The amplitude modulation of
this signal is interpreted as change in permittivity size by the microcontroller. The
board also contains the sampling circuitry which is conveyed to the microcontroller.
Finally, the sensor driver board holds the proprietary pre-amplifier that directly
connects to the sensor.

2.2. User Interface Components

The user interface components are those that provide feedback to you, as well as those
that allow you to interact with the Snow Probe mesurement program. These include
LEDs, speakers, and push buttons.




2.2.1. Push Buttons

Three buttons are used to control the actions of the Snow Probe program, including
marking modifications to the existing program. In general, the center button is the
"action" button. It is the one that initiates an action that the display indicates the unit is
prepared for. For example, if the display indicates PASS, pressing the center button will
proceed to allow you to enter a password. Pressing either of the arrow buttons will skip
over an option or go back to the previous option (when possible). Note that PASS is not
one of the options you can skip over! The keys are arranged as shown in Fig. 2.3.

= |1
—
L
Decrease value Choose Increase value
Go to next menu or Go to previous
menu or option menu or
option option

Figure 2.3. Push buttons configuration.

The green button §, on the left, is typically used to proceed down through the menus,
to decrease a unit displayed on the LEDs, or to toggle between various setting options. It
is also used in reviewing the permittivity/phase reading results.

The yellow button t, on the right, is typically used to proceed up through the menus,
to increase a unit displayed on the LEDs, or to toggle between various setting options. It
is also used to exit or escape from a mode or menu.

The red button =, in the center, is the Capacitec, Inc. trademark symbol. It is typically
used to select a menu item to change or review, and then to verify the change as set
with the arrow buttons. This is also the button used to begin and end gap readings.

For example, if you are setting the read time, the display shows RTIM. Pressing the =
button shows the current value, for example "4," pressing the up arrow will change the
display to "5," while the down arrow changes it to "3." Pressing the & button accepts
the change and returns you to the RTIM screen.

During normal operation, depressing the center button will take the reading, while the
! button will skip back to the previous reading, and the t button will skip over this
reading to go to the next one.

2.2.2. LED Display

The 7-segment red LEDs provide a text interface display. This includes displaying menu
items, current values, and the results of readings. The brightness can be adjusted for
your convenience (see Section 3.4.3.). Lower intensity settings provide slightly longer
battery life. The orientation of the display can be reversed in case the normal use is
inverted.

2.2.3. Status Lights

There are three status lights above the LED display that provide additional feedback.
Although their purpose varies with the different operations, the main menus are
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identified with all of the status lights lit, and sub menu have only the two outside
lights lit. If the screen is displaying a item that has a status of ON or OFF, the center
light reflects the current value.

2.3.Snow Probe Kit Components

Each Snow Probe is shipped in a kit format and includes all of the components required
to function in most measurement applications.

2.3.1. Case

The Snow Probe electronics and accessories are shipped in a watertight, shock-resistant
Pelican™ case. An air-purge valve under the handle makes the unit airtight, and
possibly difficult to open. If you have difficulty opening the case, make sure this valve
is open. '

Note: The easiest way to open the case is one latch at a time,
with one hand pressing down on the case, the other
releasing the latch.

2.3.2. Snow Probe and Lance

A 2 meter extended snow “lance” is provided with a custom four screw connection to
the snow probe. A coaxial extension cable and ground cord attachment extends from
the end of this lance.

Rulered markings every 5Smm are available to note depth.

2.3.3. Data/Power Connections and Cables

Three connectors on the rear of the unit provide auxiliary power to the Snow Probe
electronics, RS232 interface to a personal computer, and analog voltage outputs.
(optional)

2.3.3.1. Auxiliary Power

Although designed to run from four AA batteries, the electronics can also run from an
external DC power supply or optional long life battery pack. The inputs must be 4.5V to
6V, capable of driving 600mA. The inputs are shown in Fig. 2.4.

+5V input supply ground
reference
\ A
cl T l'nnﬂ_ a

Analog AuxPower <RS232>
Outputs Input

\, A

Figure 2.4. Auxiliary power connector.




2.3.3.2. RS232

The 8-pin RS232 interface connector allows the Snow Probe electronics to transmit data,
reports, and user feedback to any terminal program running on any PC or Macintosh. It
also allows you to control the program from the computer keyboard. This can be very
useful during training, since the computer screen provides more feedback than the 7-
segment display.

PC RTS ~_ - PC CTS
PC Data Send — — PC Data Recieve
Ground —
N NC
RS232 Outputs

Figure 2.5. RS232 connector.

Any terminal program can be used, with communications set to 9600 baud, 8 bit, 1 stop
bit and no parity checking (see your terminal software manual for further instructions
regarding settings). A free terminal program, monitor.exe, is shipped with each unit. It
can be used on any IBM compatible PC that can run DOS programs, and has been tested
under Windows95 DOS emulation. For use with Macintosh computers, any terminal
program will suffice, with communications settings as above.

2.3.3.3. Analog Output

The 6-pin analog output connector allows the electronics to set traditional analog
voltage levels between 0V and 2.5V, dependent upon the display. The typical use of the
analog output is as an "echo" of the value on the display, with some scaling factor. For
example, a range of 0 to 4096 can be made to correspond to analog voltage levels
between OV and 1V. This voltage output could then be used by traditional data
acquisition hardware that requires an analog voltage input (see Section 3.4.4. for details
on turning the DACS on).

Out1l -send
\ /
(future use) g = Vee 5V
I (10 mamps max)
\
Ground
Analog Outputs

Figure 2.6. Analog output connector.
2.3.4. Ground Cable

The ground cable consists of a flexible, coiled, single conductor cable, with mating
connectors at both ends. One connector snaps onto the side of the electronic enclosure.
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The other end of the ground cable has an alligator clip. This end of the ground cable
should be attached to the lance ground connection at the top of the snow probe.

Important! The Snow Probe will not make accurate measurements
without a proper ground connected to the Snow Probe or
Snow Press.

2.3.5. Batteries

Two sets of four AA externally rechargeable alkaline batteries are supplied with each
Snow Probe electronics. Each battery has a nominal output of 1.5V each, but the level
drops as the battery is used. These batteries can be recharged up to 25 times without
significant capacity loss. The manufacturer recommends that maximum number of
recharge cycles can be attained by completely discharging the batteries before recharging.
That is, wait until the Snow Probe electronics informs you that you need to change the
batteries before doing it, if possible. Rechargeable alkaline batteries were chosen because
they had the two features most desirable for the Snow Probe - reusability and high
capacity. In addition, rechargeable alkalines are more environmentally friendly than
most other rechargeable technologies. (Vendors for rechargeable alkalines are Rayovac
and Pure Energy.)

The Snow Probe electronics can run on any 1.2V to 1.5V AA size battery. This includes
standard and rechargeable alkalines, nickel cadmium (NiCad), or any other with this
voltage rating.

Important! The electronics cannot be used with 3.3V Lithium
batteries. Do not use these batteries in the unit.

2.3.6. Battery Charger

An AC powered battery charger is included for recharging the rechargeable alkaline
batteries. This charger should not be used with NiCad or any other rechargeable
batteries, nor should it be used with non-rechargeable batteries. A typical time for
recharging is about 4 hours. In addition to recharging, there is a receptacle area in the
back of the charger for storing spare batteries. Note that they will not recharge when
placed there.

For optimal battery life, the batteries should be discharged as far as possible before
recharging. The batteries are ready to use when the charger's green LED turns on, but
battery life can be extended by charging for longer periods of time. While a four hour
charge is sufficient to use the batteries, an eight hour charge should be performed when
possible. :

3. GENERAL OPERATIONS

Connecting the Snow Probe to the electronics is accomplished with a single 3mm
coaxial cable and ground lead. The ground lead is used to create a solid electronic
reference. Choose a suitable “snow pit” area, and remove recent light snowfall, which
may be cleared from the top of the snow pack. Otherwise, lance the snowpack until the
extended 2m lance has penetrated by about 200mm. There are markings on the vertical
“lance”, which are graduated in 0.250” (6.35mm) steps. (others available) The current
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portable electronics will prompt the operator with GP (general permittivity). Depress
the center button, and a continuous reading begins. Move to a desired depth by tapping
the top of the lance with a small mallet, or, if the snow pack is soft enough, push to the
desired depth. Again, depress the center button to capture the local reading, and log the
data. Repeat at each 0.25” (6.35mm) for a fine close group of measurement data.
Generally, the tapping method yields better results because of the ice layers at various
depths, which are difficult to “lance”. (In the test, when pushing the snow probe down,
an ice layer would resist, then suddenly break through - thereby missing several points
due to overshooting.)

Snow Probe/Lance at Academic Snow Pit

3.1.1 Recording Readings

The portable electronics also have the ability to datalog the permittivity and phase delay
at each reading point. In the data described in this paper, this feature was not ready at
test time. Therefore, the data was recorded from separate analog outputs on the portable
electronics to a portable dual trace oscilloscope.

Permittivity may be cross-correlated to density, and phaseshift to water content by
comparing calibrated results from a detailed “academic snow pit” at the same site.
Previous discussion of using a “Louge Snow Press” to calibrate the site is a most
important tool in this effort.




3.1.2 Output Data

Once all the data points have been collected to a depth of 2.5 - 3 meters, there is an
RS232 serial interface to download data to a P.C. The data is space delimited ASCII text,
so that is can be nicely input to popular spread sheet programs.




