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FOREWORD

The use of remote sensing in snowpack studies has initially focussed on
the applications of visible and infrared data for determining snow covered
area. The techniques for interpreting snow cover from satellite data and
using this information in snowmelt runoff prediction were developed and
tested in a NASA Applications Systems Verification and Transfer (ASVT) pro-
ject. Definite improvements in runoff prediction were realized using the
satellite snow cover data, and the results were documented in NASA Conference
Publication CP-2116. The results of this ASVT indicate the strong need for
some additional remote sensing capabilities in surveying snowpack properties,
Although visible and infrared data can be used very effectively for measuring
snow cover extent in clear weather, an all-weather remote sensing capability
should be developed to provide reliable snow cover data through clouds.
Secondly, a remote sensing capability should be developed for the basin-wide
measurement of snow water equivalent. The combination of snow area and
water equivalent yields the snow water volume stored on the watershed.

Such additional capabilities will most likely require an expanded
development of remote sensing techniques in the microwave region of the
electromagnetic spectrum. Early studies with microwave data have indicated
the strong potential for improving snowpack characterization in all-weather
situations. Much microwave snow research has been performed, but an organized
exchange of research results, technical discussions, and interactions between
conventional snow hydrologists and microwave scientists has been lacking.

As a result NASA organized a Workshop on the Microwave Remote Sensing of
Snowpack Properties, May 20-22, 1980 in Fort Collins, Colorado to bring to-~
gether the major microwave and snow investigators for a presentation of
research results and a series of informal discussions. Fourteen scientific
papers were presented at this Workshop over a three day period interspersed
with numerous discussion sessions. Informal demonstrations of related remote
sensing and conventional capabilities were also presented. The final dis-
cussion at the Workshop on May 22 focussed on the initial development of a
microwave snow research plan to assist NASA in formulating their continuing
research program. The 14 scientific papers and the transcription of the
final discussion session are published in this document.

Session chairmen for the Workshop were M. Martinelli, Jr., Rocky
Mountain Forest and Range Experiment Station, Fort Collins, Colorado; A,
Wankiewicz, National Hydrology Research Institute, Ottawa, Canada; D. J.
Angelakos, University of California, Berkeley, California; and W. 0. Willis,
USDA/SEA/AR, Fort Collins, Colorado. E. B. Jones, Resource Consultants,
Inc., Fort Collins, Colorado was the Program Coordinator for the Workshop.

In addition, Resource Consultants, Inc. provided technical support for the
Workshop., Valuable assistance in the preparation of this document for publi-
cation and in editorial review was provided by E. B. Jones and J. Sjogren,
Resource Consultants, Inc., R. Peterson, General Electric Company, Beltsville,
Maryland, and B. Hartline, Goddard Space Flight Center
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The fourteen papers and one discussion session in these proceedings are
in the same order as presented at the Workshop., 1In order to expedite the
publication of the proceedings, papers were prepared in camera ready format.
Each author assumes full responsibility for the content of their paper.

- Albert Rango
Workshop Director
NASA/Goddard Space Flight Center
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EVOLUTION OF SNOW SENSORS AND THE POTENTIAL OF
MICROWAVE DEVICES IN OPERATIONAL TELEMETRY NETWORKS

Bernard A. Shafer, Snow Supervisor
U.S.D.A. Soil Conservation Service
Denver, Colorado -

ABSTRACT

Devices to measure snow depth and water content have advanced a long way
since the efforts of Dr. Church in the early 1900's. Today both manually
collected snow-course data and telemetered information from SNOTEL:sites
throughout the western United States are being used to make forecasts of
streamflow. Although these conventional methods have proven highly reliable
over the years, they still exhibit some shortcomings. Active and passive
microwave remote sensing systems recently developed and tested present the
potential to eliminate some negative aspects associated with other types of
sensors currently in use. Because of their ability to "see" through the
snowpack they offer a unique opportunity to improve snowpack measurement:
techniques. As yet neither the active nor passive system has been developed
sufficiently to supplant existing methods in operational telemetry networks.
Active microwave sensors are the most promising for the near future and are
being used in research and development programs to study snow pillow
performance in the SNOTEL system.

INTRODUCTION

The USDA Soil Conservation Service (SCS) coordinates the cooperative

snow survey and-water supply forecasting program in the western United States,
with the exception of California, where the program is conducted by the State
Department of Water Resources. The snow survey program serves the. needs of a
wide variety of water users who receive 65-80 percent of their water .supply
~ from mountain snows. Manual measurements from over 1,700 snow courses

throughout the west have historically prowided 1nformation on snow depth and
water content once a month from January through June. These measurements
serve as indices of watershed snowpack and are incorporated into various
forecasting methods to predict snowmelt runoff.

An automated snow telemetry data collection system (SNOTEL) has been
pioneered by the SCS to collect hydrometeorological data from over 500 rémote
sites throughout the mountains of the West. SNOTEL retrieves information. =
- twice daily on snowpack water equivalent, total precipitation and ambient air
temperature. It uses a relatively new communication system which relies upon
meteorite trails for transmission of data. Overall system specifications and
design criteria are well documented by Barton and Burke (Ref. 1).

A primary objective of the SNOTEL operating system is to accurately
measure precipitation —-- both rain and snow -— which falls on the watershed.
To accomplish this, each remote site has stainless steel snow pillows and a
30.5 em (12 inch) diameter storage precipitation gage. These sensors are the



result of an evolutionary process of remote snow sensor development which
began with the concept of a rubber pressure pillow to weigh the snowpack
reported by Beaumont and Freeman in the early 1960's (Ref. 2). A great deal
of designing, testing and evaluating has brought us to the present level of
operation. However, the present sensors do not always provide accurate data
under all conditions. SC3 is constantly striving to improve current sensor
designs and looking into other instruments to monitor mountain snowpack more
accurately and efficiently. A brief review of the sequence of ma jor
technological advancements will help us bring into perspective the state of
the art of snow measurement.

SNOW SENSOR DEVELOPMENT

Beginning with Dr. J. E. Church's design of the Mt. Rose snow sampler in
the early 1900's the practice of snow measurement changed little until 1960,
except for minor modifications. Early in the 1960's a demand for more fre-
quent aund timely data became apparent to improve management of limited water
resources. As a result, the SCS undertook a program to develop operational
snow sensors which could provide continuous measurements of the snowpack
water content during both accumulation and depletion. The snow pressure
pillow was an outgrowth of that program. Many other methods of measuring
snowpack have been investigated since that time.

PRECIPITATION GAGES

Precipitation gages in a variety of forms have been used to measure
snowfall. The basic method by which this is accomplished is by using an
antifreeze solution to melt the snow when it falls into the gage. The gage
then weighs the liquid content. The gages have significdnt disadvantages: A
tendency to catch less than the actual amount of precipitation which falls in
the form of snow; where gages have orifices smaller than 30.5 cm (12. in) in
diameter there is greater chance for capping in intense snowfall events; and
they are unable to provide information on the rate of snowpack melt -— an
important factor in predicting runoff hydrographs during the spring. These
inadequacies make the exclusive use of precipitation gages as snow sensors
undesirable. Securing accurate precipitation data is hindered by winds in
excess of 1 m/sec and cannot completely be compensated for by wind shields
(Ref. 3).

Recently I conducted a study of SNOTEL data sites in Colorado and New
Mexico. Monthly precipitation gage catch and snow pillow catch were compared
at 51 SNOTEL sites for January-March during 1976-1980. The study showed that
at 45 percent of the sites the pillow recorded a greater catch than regis-
tered by the precipitation gage. Significant differences were observed in
locations of heavy snowfalls.

SNOW TUBE SAMPLES

Although coring snow samplers similar to the federal sampler have been
used as the standard for over 50 years, they do not measure snowpack water
content accurately in all conditions. Work and Brown (Ref. 4 and 5) have
shown the federal sampler overweighs actual water equivalent in an increasing
amount—-ranging from 2 to 12 percent—-with increased density of the snow.



Recent work by Farnes et al, (Ref. 6) suggests the overmeasurement of the
federal sampler may be related to the amount of snow water equivalent, cutter
diameter as well as density. However, because the federal sampler produces
consistent results in highly diversified snowpack environments, it remains
the mainstay of the manual measurement program. High personnel and travel
costs associated with large numbers of measurements and the destruction of
the sampling site when repetitive measurements are taken at the same location
are major disadvantages of this type device.

NUCLEAR TECHNIQUES

Nuclear techniques which rely on the attenuation of radiation by the
snowpack to determine water equivalent provide reliable measurements of snow
water content under most conditions. Snow sensors which fall into this
category can be divided into single point devices such as the Radioactive
Snow Gage (RSG) developed by Idaho Industrial Instruments (Ref. 7) and large
areal integrating techniques instituted by the National Weather Service (Ref.
8). The single point method is attractive because it allows an investigator
to discern information about the density of specific layers within the pack
as well as the overall pack depth and water content. One disadvantage of the
RSG system is the tendency for under measurement in late spring when melt
holes develop around the support poles. The gamma ray survey technique used
by the National Weather Service is based upon differences in the background
radiation level between when the ground is snow covered and when it is snow
free. Measurements are taken from an aircraft along pre-defined transects.
Corrections must be made for both soil moisture variations and .atmospheric
radon concentrations. This technique appears to produce reliable mean areal
snow water content estimates for the shallow snowpacks found in the rela-
tively flat topography of the Upper Midwest. It does not appear to have
general application in the mountains at the present time.

MICROWAVE-ACTIVE AND PASSIVE

Remote sensing techniques employing microwave devices for determining
properties of snowpack including water content fall into two systems-—active
and passive. Passive systems relate snow depth and water content to relative
microwave brightness temperatures. This is generally accomplished from scan-
ning radiometers aboard aircraft or satellites. Hall (Ref. 9) demonstrated
that decreasing microwave brightness temperatures at wave lengths from 0.8 cm
to 21.0 cm were generally positively correlated with increasing snow depths
in two study sites in Colorado. However, soil moisture conditions and free
water in the pack exerted strong influence and markedly affected this rela-
tionship. To a lesser degree changes in crystalline structure of the pack
also affect the accuracy of this method. The multifrequency approach advo-
cated by Hall helps some in resolving problems associated with free water in
the pack, but the technology is not sufficiently developed to consider this a.
viable snow sensor for operational purposes at the present time. Successful
development would provide a much needed tool for estimating total volumetric
snowpack accumulation on a basin-wide basis. It also has potential for mea-
surement of near surface soil moisture conditions which would help predict
runoff rates from melting snow.



- Active microwave radar sensors such as the FM-CW system described by
Boyne and Ellerbruch (Ref. 10) not only provide snowpack water equivalent
measurements to +5 percent accuracy but also give information on snowpack -
'stratigraphy; this device relates amplitude response of microwave signals to -
snow depth and water’ equivalent. The devices used in ‘studies by Boyne show’
promise as remote snow sensors, but additional development and testing are
needed to overcome the present instrument's inability to provide an accurate
measure of snowpack water content once the snowpack becomes isothermal with
free water and when prominent stratigraphy vanishes. A potential solution to
this dilemma may be to lower the sweep frequencies from the 8-12 gigahertz
range to the 2-12 gigahertz range in the FM-CW system. It is not known how
this will affect the sensor's ability to penetrate deep packs. The low power
requirements give this type system definite potential as a remote snow-sensor
o once it is proven operational throughout the entire snow season and more
specifically during the melt phase. It is not affected by bridging (which
plagues snow pillow systems) and lag of precipitation registration. Its
performance in a. remote mode with data being transmitted via telemetry has
not yet been established.

SNOW PILLOWS

Snow- pillows are the most common continuous snow $énsor in the field
today. . Theilr ability to accurately sense snowpack water content has been
demonstrated thoroughly in studies by Brown and Bartee (Ref. 6 and 11). Snow
pillows fall into two categories: steel tanks and hypalon type bladders.
These are filled with antifreeze solution and they sense the water content of
the snow by acting as a hydraulic weighing platform for the colum of snow
‘that accumulates.on it. The weight of the snowpack is converted to a measure
of water content by one of two methods. One method ‘is to record the change
in hydraulic head on the pillow by means of a stilling well and float system
attached to a continuous recorder; the other method is to convert the hydrau-
lic pressure to an analog signal via a pressure transducer which is either
recorded onsite or transformed to a digital value for transmission where it
is converted to a water equivalent value. Over 2,000 pillow years of record
‘have shown that the snow pillow when properly installed and maintained is a
highly reliable sensing system in most conditions. ‘However, certain operat-
ing characteristics of snow pillows detract from any claim that they are the
ultimate snow sensor.

One would like to have a snow sensor which responds instantaneously to
snowfall (loading) or melt (unloading). Cumulative experience with snow
pillows has revealed that such is not always what occurs. In some cases,
bridging caused by ice layering in the pack prohibits transmittal of full
snowpack weight to the pillow, resulting in under measurement. This
tendency appears to be less prevalent early in the season and increases up to
the time of isothermal conditions. Ice layers can produce a registration lag
in snowfall events, recording the full effect of a storm over a several day
period after storm activity has ceased.. Highly variable temperature regimes
inside shelters housing recording instruments often lead to fluctuations in
sensor readlngs which make it hard to interpret water equivalent values.

This condition is encountered more frequently at lower latitudes and during
high sun angles of spring. ‘Rain on snow events are sometimes difficult to-
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evaluate when some or all of the rainfall migrates through the pack. This
phenomenon occurs most often in ripe snowpacks or in packs which are rela-
tively warm. . ,

Pillows provide very little information on the internal structure of the
pack or the rate of metamorphism which constantly occurs. In addition a
steadily accumulating amount of evidence developed from pillow dig—-outs in
California, Idaho, and Colorado show pillows overweigh as much as 20 percent
in some circumstances. Reasons for the error are not understood.

SNOTEL SYSTEM STATUS

Since the start of SNOTEL in 1975, a tremendous amount of knowledge has
been gained in installation and operation of a ‘huge state of the art remote
data collection network. Some problems have been solved, but many remain.
With virtually all 511 sites installed and over 250 of these presently
reporting on telemetry, a critical evaluation of the system's performance is
underway. The meteor burst communication system has met most expectations
and the remote sensors have performed well for the most part. However, ques—
tions remain unanswered: whether snow pillows are fulfilling all the needs
of users who require accurate measurements of snowpack water equivalent
in highly diverse snow accumulation environments; under what conditions they
function well and under what conditions readings are unacceptable? A five
year cooperative research effort by SCS and Colorado State University
has been initiated to help answer these and other questions.

This research is aimed at answering questions on the absolute-accuracy
of snow pillow measurements as well as the relative accuracy compared to such
devices as the federal sampler, glacial sampler, snow pit profiling, and
FM-CW microwave radar system. Procedures involve extensive laboratory and
fleld tests in Colorado and other western states to assure that a wide range
of snowpack conditions is sampled. Investigations with an. FM—-CW microwave
radar system will be an integral part of this program. Results will be
evaluated and recommendations made for improvements to the existing system.
Recommendations may involve development and deployment of new sensing systems
to complement the present SNOTEL data array. However, new devices must be
superior to snow pillows or be able to offer an element of knowledge about
the snowpack not currently provided by snow pillows. Demonstrating superior-
ity to pillow systems may be difficult, as evidenced by the figures 1-4 which
show the performance of the Upper San Juan SNOTEL site in southwestern '
Colorado for the past 4 years. -

Figure 1 shows the relationship between visual manometer readings and
the average of four control samples taken with a stahdard federal sampler
near the pillow. It also reflects an increasing over measurement by the
pillow in relation to the control samples. However, when the pillow mano-—
meter readings are corrected for a fluid specific gravity of 0.92, the
relationship improves markedly, as shown in figure 2. The simple correlation
coefficient between the control samples and the pillow readings is 0,996 with
an average error of 2.96 cm over a range of 140 cm. The regression line in
figure 2 is close to a perfect l:1 relationship, a desired result for direct
comparability with historical snow-course records. Figure 3 shows the rela-



tionship between telemetered snow water equivalent and manually recorded
pillow manometer readings adjusted for specific gravity. The relationship is
extremely consistent exhibiting a simple correlation coefficient of 0.999 and
an average error of only 0.71 cm. About a 3 percent over measurement error
is indicated by the telemetered values compared to manometer readings. This
may be attributed to either a systematic bias in the pressure transducer or
in the transceiver or both. Since the control samples were taken with a
federal sampler and overweighing is characteristic of this method, it is
instructive to compare the adjusted pillow manometer readings to the control
samples corrected for over measurement, according to the work of Brown (Ref.
5)c When this is done for the Upper San Juan data (shown in Figure 4) the
pillow, in relation to the federal sampler, has a tendency to overweigh at
increasing depths and densities.

Analysis of these data from this single site leads to the following
conclusions: 1) snow pillow data for an 2.44m x 3.05m (8 ft. x 10 ft.) array
of metal pillows compares closely with federal sampler control measurements,
2) the 2.44m x 3.05m (8 ft. x 10 ft.) pillow array overweighs in relatively
the same proportion as the federal sampler over measures, 3) historical snow
course records at the site obtained with a federal sampler can be compared
directly with telemetered SNOTEL data, 4) pillow measurements of water
equivalent are accurately traunsmitted by the SNOTEL system at this site, and
5) the observation that pillows catch more than precipitation gages in heavy
snowfall areas may be partially related to pillow over measurement character-
istics.

Because of their long—term consistency the federal sampler and snow
pillow will remain the standard for judging other sensors. Until a clearly
superior device becomes available they will be used in most operational
programs and serve as ground truth for future research and development
programs. '

SUMMARY

Demand for high quality snowpack and precipitation data in the mountains
of the West continues to accelerate. The SNOTEL system has proven its abil-
ity to provide continuous daily measurements of snowpack water equivalent and
total precipitation over a wide range of snowpack environment and operating
conditions. Snow pillows, the standard snow sensors in the SNOTEL system,
have produced over 2,000 pillow years of data. These data establish the
pillow system seuses water equivalent values, which are generally quite close
to manual measurements taken by a federal sampler and are thus directly com-
parable to long term historical records available from snow courses. Pillow
systems are relatively simple to operate and maintain and have produced a
large volume of usable data.

Snow pillows do not work in all snowpack conditions all of the time;
they are prone to measurement error induced by ice lenses, melt crusts, and
wind crusts within the pack. Registration lag sometimes results in pillows
showing snowpack accumulations days after a storm has ceased.



Remote sensing devices which measure both snow depth and water content
of the snowpack possess the potential to provide information which could
resolve some problems inherent in snow pillows. Active microwave systems
appear to hold the most promise for the immediate future. Such systems have
demonstrated an ability in certain circumstances to accurately sense snow
depth and water equivalent in a research mode. If these systems can be
developed into operational tools which will function throughout all of the
snowpack conditions during accumulation and melt they will have passed the
first major hurdle toward deployment in data acquisition networks.

Because of their unique ability to "see” through the snowpack,active
microwave radar devices such as the FM—-CW system offer a tool to research
reasons for specific pillow system erratic behavior. It will also be useful
in documenting performance of field tests of various snow pillow configura-
tions. Substantial development and testing are anticipated before the FM-CW
system will stand alone as a snow sensor in an automated telemetry network
such as SNOTEL.

Until several problems are resolved, passive microwave systems which
relate snow depth and water content to equivalent brightness temperatures
appear to have only limited application as an operational snow hydrology tool
in the mountains for the forseeable future. Sensitivity to free water in the
snowpack and to changes in snowpack crystalline structure through temperature
metamorphosis and the effects of soil moisture are all concerns. When these
are resolved passive microwave inventories of basin snowpack water equivalent
may be extremely valuable as supplementary data to existing sources.

Due to the need for accurate and timely data on snowpack water content,
the SCS looks forward to new developments in technology in the field of re-
mote sensing to augment the SNOTEL system. SCS has a commitment to research
in this area and will provide assistance wherever possible to efforts aimed
at improving measurement techniques.
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CALIFORNIA'S TRANSITION FROM CONVENTIONAL SNOWPACK
MEASUREMENTS TO A DEVELOPING REMOTE SENSING
CAPABILITY FOR WATER SUPPLY FORECASTING

A. J. Brown and Ned Peterson
Department of Water Resources
Sacramento, CA

ABSTRACT

California's traditional Snow Survey Program and water supply forecasting
procedures are described, and a review is made of current activities and pro-—
gram direction on such matters as the growing statewide network of automatic
snow sensors; restrictions on the gathering hydrometeorological data in areas
designated as wilderness; the use of satellite communications, which both
provides a flexible network without mountaintop repeaters and satisfies the
need for unobtrusiveness in wilderness areas; and the increasing operational
use of snow-covered area {(SCA) obtained from satellite imagery, which, combin-
ed with water equivalent from snow sensors, provides a high correlation to the
volumes and rates of snowmelt runoff. Also examined are the advantages of
remote sensing; the anticipated effects of a new input of basin-wide index of
water equivalent, such as that obtained through microwave techniques, on
future forecasting opportunities; and the future direction and goals of the
California Snow Surveys Program.

INTRODUCTION

The snow survey and water supply forecasting program in California dif-
fers in several ways from similar programs elsewhere. First, it is coordinated
by the State, with field data collection and associated research almost compl-
etely supported by cooperating federal, state, and local water management
agencies. Second, the program's need for remote sensing capabilities to moni-
tor the snow zone is more urgent than in other states because of the large and
contiguous designated and proposed wilderness areas, which encompass almost
three—quarters of the central and southern Sierra snow zone. See Figure 1,
"Existing and Proposed Wilderness Areas in High Yield Snow Zone of Central and
Southern Sierra." (Ground access for placement of data collection instrumenta-
tion is administratively restricted by the Wilderness Act, Public Law 88~577.)

Because state coordination of the snow survey program in California was
set up over 50 years ago through the efforts of cooperating agencies, we have
been particularly aware of our charge to coordinate, standardize, and advance
the technologies necessary to continually improve water supply forecasting
capabilities. And because the advent of automatic snow measurement instrumen-
tation coincided with passage of the Wilderness Act, there is this additional
reason to seek new ways to collect field data without the need for a tight
network of field data sites, which so far has been unacceptable to the U.S.
Forest Service within wilderness areas.
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Consequently, support of ongoing research has become an integral part of
our program, as illustrated by such recent endeavors as: attempting to incor-
porate long-range weather forecasts into runoff forecasting procedures (ref. 1
and 2); the use of satellite derived snowcovered area measurements in fore-
casting snowmelt (ref. 3 and 4); and the installation of an Earth Receive
Station to directly monitor a growing network of snow Data Collection Plat~-
forms (DCP's) through an assigned channel on the Geostationary Operational
Environmental Satellite (GOES).

An understanding of the operational needs of the snow survey and water
supply forecasting programs, particularly our needs to perfect remote data
collection techniques, may be helpful in influencing research directions
toward the practical applications required by water management agencies.

THE CALIFORNIA COOPERATIVE SNOW SURVEYS PROGRAM

Traditionally, snow surveying, as devised by Dr. James E. Church in the
“early 1900's, has been the major data collection input “ipto snowmelt runoff
forecasting efforts. In California, more than 40 cooperating agencies collect
over 1,100 monthly snow water equivalent samples on 317 snow courses each
winter season. More than 150 aerial snow depth marker photographs are secured
each winter by overflights to provide supplemental data“from remote areas.

Other input collected by Department of Water Resources (DWR) includes a
variety of data on water import, export, diversion, evaporation, consumptive
use, etc., needed to compute the natural (unimpaired) runoff to date of the 25
major snowmelt rivers and 20 tributaries for which unimpaired runoff is
forecast. Storage data from 143 reservoirs is collected at the end of each
month to complete the necessary input to the runoff calculations and to
monitor the status of California's water supply reserves.

In essence, the runoff forecasting procedure consists of computing the
existing hydrologic balance in each river basin and then extending it into
future months on the basis of snowmelt runoff potentials and median weather
conditions. The primary input is a basinwide index of snow water equivalent
as derived from the snow course measurements. The multi-regression equation
method of forecasting April through July snowmelt volumes 'has been in use for
almost half a century. The accuracy of these forecasts has been increased
through the addition of factors that better define basin priming, i.e.,
antecedent precipitation, previous year's runoff, soil moisture, etc.

More recently, increased attention has been given to construction and
manipulation of basin hydrologic medels that can be updated rapidly as
conditions on the watershed change. At present, forecast services to program
cooperators consist of the basic April through July volumetric forecasts for
the 25 snowmelt basins, computed on the first of February, March, April, and
May -- plus weekly updates of these forecasts for eight of California's major
rivers (based on daily snow water changes obtained through telemetered
automatic snow sensors). An additional service involves use of hydrologic
models on the Kings and San Joaquin Rivers, which simulate future flow based
on various temperature regime. inputs.
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STATUS OF DATA COLLECTION ACTIVITIES

RADIOACTIVE SNOW GAGES

Snow data collection methods began to change in the 1950's with the first
attempt to develop automatic snow sensors. Single-point radioactive gages
using Cobalt 60 attenuating to an overhead rate meter were tried.- Neutron
soil moisture gages were adapted to snow density measurements in a 1962 U. S.
Forest Service study supported by DWR. These studies led to the ultimate in
radioactive gages, the Gamma Transmission Profiling Snow Density Gage, devel-
oped by the U. 8. Forest:Service, Southwest Forest and Range Experiment
Station, and co-sponsored by DWR and the former U.S. Atomic Energy Commission.
Volumetric comparison tests conducted by our staff, both at the Central Sierra
Snow Lab and at our Alpha Instrument Evaluation Site, show this profiling gage
measures to within 2 to 3 percent of true snow water equivalent. )

A general statewide distribution of these gages for operational snow data
collection is not being considered, however, because of high initial costs,
maintenance costs, level of technical expertise required, and land use permit
restrictions on use of unattended radioactive sources (in this case Cesium
137). :

Another type of radioactive gage takes incremental measurements of total
snowpack water equivalent by use of collimated Cobalt 60 sources arranged to
"zig-zag" the gamma emissions from sources in one mast to radiation detectors
in a parallel mast.. The original prototype of this gage, using Cesium 137
sources, was tested at our Alpha site. Although its accuracy is acceptable,
the same operational restrictions exist as with the U. S. Forest Service
profiling type gage.

PRESSURE TYPE SNOW SENSORS

The Alpha Instrument Evaluation Site was established in 1965 following
successful development of the pressure sensitive snow pillow by the U. S. Soil
Conservation Service (SCS) at Mt. Hood. The Alpha site was established to
provide DWR and cooperating agencies with the means to test and evaluate
automatic snow sensing and related instrumentation under the same weather and
snow conditions that would be encountered during actual operation. Parallel
objectives were to encourage uniformity of operations, reduce false starts or
duplication of effort among cooperating agencies engaged in snow data measure-
ments, and assist cooperators in establishing reliable snow sensor networks.
Results of 10 years of research at Alpha were published in 1976 (ref. 5).

Recent studies have further advanced the snow survey program to its
present level of data collection and use and have begun to set the stage for
eventual transition to completely automated data acquisition. As of May,
1980, 61 automatic snow sensors are operating in California.

The present snow sensor consists of either a 3.66 metre (12 foot)
diameter rubber pressure pillow, or four 1.22-by-1.52 metre (4~by-5 foot)
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stainless steel pressure tanks. These sensors are installed according to
standards developed at the Alpha Site. Either float operated recorders or
pressure transducers are used to interface with the telemetry.

To convince the U. S. Forest Service and the National Park Service that
we could install automatic snow sensors unobtrusively in wilderness areas, we
have designed and tested Data Collection Platform (DCP) configurations
specifically for that purpose. See Figure 2, "Standard Automatic Snow Sensor 1
Installations," The National Park Service has approved the installation of a |
skeletal network of wilderness type snow sensors in Yosemite, Sequoia, and
Kings Canyon National Parks. We are still working with the U. S. Forest
Service to gain approval for installations in wilderness areas.

SATELLITE COMMUNICATION

The use of satellite communication of data is considered a major advance
for our program, particularly for collecting data from remote areas, where
ground radio paths are difficult to establish. In 1978-79 we successfully
tested a DCP in cooperation with NOAA/NESS, the operators of the GOES
satellite. Subsequently, DWR started a capital outlay program to place 30
DCP's into our snow sensor network in cooperation with the agencies who fund
the field installation and maintenance. In addition, the State was assigned a
data channel on the GOES satellite and, with the Department of Forestry, we
obtained direct access capability by installing a disk antenna and receive
terminal on our headquarters building in Sacramento. This system is now in
operation with the first three DCP's installed and transmitting. It 1is
expected that program cooperators and other agencies will install DCP's and
use the State's satellite link.

Progress is also being made in exchanging snow data and other information
by computer to computer links or through auxiliary terminals. As an example,
we now access the SCS Sno-Tel system computer in Portland for all California
data transmitted by meteor burst relay to the SCS data bank. This presently
involves 14 snow sensors located in east side Sierra watersheds that are
partially tributary to Nevada.

SNOWCOVER AREA BY SATELLITE

An operational study was conducted for four years (1975-1979) under a
NASA contract to evaluate the application of snowcovered area (SCA) obtained
from satellite imagery as an additional parameter in California's water supply
forecasting procedures. Photographs of the snowcovered areas were supplied by
NASA (Landsat) and by NOAA (GOES). Translation of SCA from photographs was
accomplished by direct overlay, or by use of a zoom transfer scope that
optically matched the satellite image to the base map on which the SCA was
traced. The percent of SCA in a basin was computed and an "effective
snowline" determined.

Because the use of SCA was found to have a significant relationship to
snowmelt runoff from April through July, as the snowpack melts and changes its
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boundaries, California is continuing to adapt its forecast procedures to
include the use of SCA. There are benefits to be gained by the combination of
SCA from satellite imagery and water content of the snowpack from snow
sensors, coupled with sophisticated telemetry and computer capability. These
improvements, and others yet to come, will lead to entirely new and faster
means of surveying the snowpack, and to more frequent and timely forecasts of
water supply.

ADVANTAGES OF REMOTE SENSING TO OPERATIONAL USERS

SOLAR ALBEDO

Measurement of solar reflectivity of snow may prove correlative with snow
density. Measurement of albedo for purposes of accurately quantifying snow
density would be a valuable addition to snow measurement technology, espe-
ciallyif such measurements could be accomplished by remote sensing. 1In
California, with its marine climate and periodic warming of the snowpack, den-
sity estimates would be particularly useful throughout the snow season, pro-
vided it could be coupled with other data to derive total water equivalent of
the snowpack.

SATELLITE DERIVED QUANTITATIVE PRECIPITATION ESTIMATES

Quantitive precipitation estimates from satellites using infra-red
imagery, together with high resolution visible imagery, have been applied to
predict flood intensities. Such information is also considered potentially
useful in predicting increments of snow water accumulation or melt when
surface tempervatures below freezing can be delineated. We recommend this
capability be enhanced with both more responsive satellite sensors and
increased data analysis, and, if needed, ground truth correlative studies.

BACKGROUND RADIATION FOR SNOW SURVEYS

The measurement of changes in natural gamma radiation due to accumulation
of snow over the land appears to offer much promise as a rapid method for snow -
surveying. Although the procedure is primarily being used on large level
areas, as on Russian and Canadian plains, continued experience with the method
may lead to its refinement and subsequent application to smaller areas, such
as nearly flat mountain meadows, as well as to deeper snowpacks than those
presently being measured with the technique.

MICROWAVE MONITORING OF SNOW

A considerable amount of work has been put into investigations of
electromagnetic measurement of snow. The results have been encouraging, and
subsequent research efforts will expand our understanding of these techniques.
Present limitations associated with defining snow properties by microwave sig-



natures may eventually be overcome by higher resolution instruments. However,
basic techniques based on the use of current data sources have already
provided a broad understanding of how microwave emissions can be used to
measure snow wetness, density, and depth. '

California's snow survey and water supply forecasting program would be
particularly benefited by the successful development of microwave sensing of
snow water equivalent. For mountainous watersheds, the perfection of either
active or passive microwave systems to monitor snowwater at selected locations
would resolve the difficulties now encountered with field installations of
instrumentation, including the problem of restrictions in wilderness areas.

FUTURE OF THE CALIFORNIA SNOW SURVEYS PROGRAM

Research in snow data collection and analysis by various methods will
lead to new and more useful procedures in water supply forecasting. Such ad-
vancement will result in increased operational efficiency at all levels with a
resulting positive economic impact on every aspect of water conservation and
use.

From our observations of some of the current research projects measure-
ment of snow characteristics, the most elusive element is the. ability to ac-—
curately sample deep pack (or total pack) parameters, especially in mountains.
An associated element is higher resolution of data from small areas in the
mountainous terrain rather than the present practice of averaging data from
scans of large areas. These elements are essential to our particular
activities in water supply forecasting.

There is an opportunity through snow research to "mix'" data types in new
combinations in order to characterize the snowpack, its melt regimens, and its
water producing potential. One combination could consist of radar observed
depths combined with: (1) satellite derived snowcovered area, or (2) snow
density or water equivalent as determined by albedo or microwave radiometer
determinations, or (3) radiation measurements.

The role of satellites in measuring snow properties may be expanded to
yield the basic parameters necessary for our work: snow depth, density, and
water equivalent. The direction of our California Cooperative Snow Surveys
Program is seen as one that will be kept sufficiently flexible to quickly ab-
sorb new concepts as they prove to be beneficial. This results in our operat-—
ing more than one program at a time -- as we are doing now. Manual snow sur-
veys, taken once per month, are still the backbone of our data input to volu-
metric snowmelt runoff forecasts. But we also make use of daily automatic
snow sensor data and satellite imagery in some of our forecasting update pro-
cedures. New levels of forecasting would be opened up if such things as mi-
crowave techniques could be more completely understood and eventually applied
to snow surveying. The result could be the elimination of many of the expen-
sive on-ground devices, increased access to remote areas, increased timeliness
of data (regardless of weather), and improved water supply forecasting capabil-
ities and services. To the extent possible, we will be supportive of future
research projects and the analysis and application of new forms of data.
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LIQUID DISTRIBUTION AND THE DIELECTRIC
CONSTANT OF WET SNOW

S.C. Colbeck
U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, NH 03755

ABSTRACT

The mixing theory of Polder and Van Santen is revised for application
to three cases of wet snow. The dielectric constant is calculated for a
range of liquid contents and porosities. These calculated values compare
favorably with experimental data for the two cases in which data are avail-
able. The application to a snow cover with a heterogeneous distribution of
liquid is discussed. The possibility of "applying this theory to calculate
the imaginary part of the dielectric constant must be explored further.

INTRODUCTION

The dielectric properties of wet snow are important because of the
information which can be obtained from measurements in both the megahertz
and gigahertz frequency range. Ambach and Denoth (ref. 1) developed a
small instrument for measuring the liquid water content of snow at a fre-
quency of 20 MHz. Measuring with a precision of about + 0.5%, their device
allows in situ measurements of the amount of liquid present, a parameter
which affects the snow's strength, albedo, rate of metamorphism, and rate
of liquid movement.

Snow is generally heterogeneous (i.e., more than one statistical
distribution is required to describe properties such as grain size and
density) hence large scale measurements are needed to average over the
local conditions. This averaging is necessary on the macro-scale in the
same sense that averaging is made over many individual snow grains when
local measurements are made with a hand held instrument. Information on
the larger scale can be obtained with active microwave sensing systems
which in principle can provide much valuable information about the snow
cover. However, proper imterpretation of microwave signals depends upon
our understanding of the dielectric properties of wet snow and much remains

to be learned about the response of the different types of snow to excitation

at microwave frequencies.

In this paper the theory of Polder and Van Santen (ref. 2) is simpli-
fied for ellipsoidal particles and is then used to calculate the dielectric
constant for wet snow. This approach is based on the observed structure of
wet snow. Three distinct types of wet snow are identified and the theory
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is applied to each type. This allows the calculation of the dielectric
constant for a wide range of conditions, for example, freely draining low
density snow and high density slush layers. '

THEORY FOR ELLIPSOIDAL PARTICLES

Polder and Van Santen (ref. 2) developed a general theory for cal-
culating the effective dielectric constant of mixtures in which the indi-
vidual particles or holes are assumed to be ellipsoidal. Denoth and
Schittelkopf (ref. 3) showed the applicability of this theory to one type
of wet snow without explaining the effect of the shape of the particles or
fluid inclusions. This earlier work is continued here with the restriction
that two of the principal axes of the ellipsoid are equal. Where the
principal axes are a, b and c, a equals b but c may take various values.
Thus we are assuming that all inclusions take the shape of spheroids in a
continuum and that the continuum may be air, liquid or ice (these cases I,
IT and III are developed later).

Polder and Van Santen derive depolarization factors (Ai)’ which for
our case (a=b) are

® du "
A, = (1)
12 £ (a%r) (cHu)? (120

where i represents a, b or c. It is useful to note that for a equal to be,
20 + A =1 (2)
a c

The effective dielectric constant of the mixture (e') is given by the
implicit equation

1z
t -
€ ee [l 3

where ¢ _ is the dielectric constant of the continuum, V; is the volume
fillingefactor of the jth component (air, water and iceg, and the second
summation is over the three principal axes (a, b and c). Effectively the
dielectric constant of the continuum is modified by i inclusions whose
volume and dielectric constant is described in the first summation and
whose shape is described in the second summation. For snow, the volume
filling factors are described by porosity (¢), liquid water content (9),
and air content (8,), where

% 1 |
Vj(aj"ee) i E' ¥ (Ej . 5')Ai g] (3)

22



6+86 =4 (4)

Snow density (pg) and water density (py;) are related to the density of ice
(p4) and porosity by

= (1 - ¢)pi + 8o (5)

The application of this theory is simplified by use of figures 1 and 2
which show the depolarization factors (Ai) and their ratio (m) as functions
of the ratio of the principal axes of thé spheroidal inclusions (n), or

=}
il

c/a = ¢/b (6)

and

8
I

A /Ay = Aclh, @
These formulae are now applied to three cases of wet snow.

CASE I: HIGH ¢ AND LOW ©

For the seasonal snow cover the most important case to consider is
that of low density, freely draining snow where the liquid content is
typically 3 to 7% by volume and the dry density is below that of randomly
packed spheres (3 550 kg/m3). This is the "pendular regime" of liquid
saturation (ref. 4) where air is the continuum since it occurs throughout
the medium in a continuous path. With the ice and liquid inclusions, the
effective dielectric constant is given by the implicit equation

- Lo - 1
€a T F l 3 a ¢)(Ei 8a) Z e'+(e.- ')A,
J 1 JsS

(8)

1 N 1
- = 6(e,—e_ ) & y ;

3 1 "a i e +(el—e )Aj,l
where e, is the dielectric constant of air, e; is the dielectric constant
of ice, € is the dielectric constant of liquid water, A, is the depolari-
zation factor for the solid inclusions, and AJ 1 is the &epolarlzatlon
factor for the liquid inclusions, and the summations are over the pr1nc1pal
axes (a,b and c¢). Together with equation (7) this implicit equation in €'
can be solved for any particular porosity, liquid water content, and
inclusion geometry.
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- The ice grains in wet snow at a low liquid content typically form
clusters (ref. 5) whose unit cell is shown on figure 3. One grain from the
cluster can be approximated by a spheroid as shown on figure 4 with axes
(0.706, 0.706, 0.5). We adopt this solid figure of revolution as the solid
inclusion in wet snow for Case I. Using the appropriate depolarization
factors (0.289, 0.289, 0.422), the dielectric constant for the special case -
of dry snow (6=0) is shown on figure 5 versus snow density and porosity.

The curve calculated from equation (8) and the data points from Cumming
(ref. 6) and Sweeny and Colbeck (ref. 7) are in very good agreement. It
must be noted here that the agreement would be nearly identical if we had
assumed spherical particles since the effect of the geometry of the solid
inclusions is slight as long as the principal axes of the solid inclusions
are randomly oriented. Thus a tetrahedral packing of four grains or even
an ellipsoidal cluster of many grains could be taken as the solid inclusion
for Case I. Although the dielectric constant is insensitive to the shape

of the solid inclusions, as shown next, the dielectric constant is sensitive
to the geometry of the liquid inclusions. '

The geometry of the liquid veins and fillets in three clusters are
shown in figure 6. All assume a triangular type of cross-section, the vein
with a small aspect ratio and the fillet with a large aspect ratio. Never-
‘theless, we represent these with the geometry described earlier, comparing
our calculated values of dielectric constant with measured values to
determine the most suitable aspect ratio. It is assumed here that the
aspect ratio is more important than the cross-sectional shape of the inclu-
sion. To test the effect of the shape of the inclg§ions on the dielectric
constant we plot the dielectric constant versus liduid water content for
various values of the aspect ratio (n) on figure 7. The largest value of n
represents a needle shaped spheroid, the smallest value represents a disc
shaped spheroid, and the value of one represents a spherical water inclusion.
As shown in figure 6, the liquid water inclusions in low density grain
clusters are long, thin liquid fillets and shorter liquid veins. Therefore
we expect the aspect ratio to fall somewhere between one and ten, the
values for spherical and needle shaped inclusions.

 Ambach and Denoth (ref. 8) measured the dielectric constant of wet
snow ‘as a function of water content. Their data points are shown on figure
8 along ‘with our calculated curve for the case where n equals 3.5. (Note
that ey is the dielectric constant at zero liquid content). The result
suggests that the aspect ratio of 3.5 describes the average liquid inclusion
for this case. The liquid fillets could be described better with a larger
aspect ratio while the liquid veins could be described better by a smaller
ratio. ‘Since about two-thirds of the liquid is contained in the veins, the
average aspect ratio is weighted in favor of the short veins.

Given the excellent correlation between theory and experiment shown
on figures 5 and 8, it seems reasonable to use this theory with an aspect
‘ratio of 3.5 for any case of high porosity (¢> 0.4) and low liquid water
content (6< 0.10). There is some uncertainty about the upper limit of the,
liquid content at which Case I transforms into Case IIL. Case I represents
the pendular regime of liquid content where the air phase is continuous
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throughout the pore space. Case II represents the funicular regime where
the liquid is continuous throughout the pore space. As the liquid content
changes, granular porous media typically flip-flop from one state to the
other as the transition saturation is reached. That is, there is a sudden
and abrupt transition from the pendular to the funicular regime as the
liquid content increases. For granular materials this transition typically
occurs at about 7% liquid content but, since low density snow.forms into
grain clusters with large air-filled pores, we expect the transition to
occur at a slightly higher liquid content. Thus we suggest that the liquid
path becomes continuous and the air exists in isolated bubbles at a liquid
content of about 10%.

CASE II: HIGH ¢ AND HIGH 6

Above the transition liquid content the grain clusters shown in figure
3 break down and the grains round off. The air exists in isolated bubbles
trapped in the pores and the liquid water exists in continuous paths
throughout the pore space. Thus we describe this case with the liquid
being the continuum and the ice particles and air bubbles being spherical
inclusions. Equation (3) then assumes a relatively simple form,

e, = ¢e' + 3¢’ (1—¢)(el—ei)/(26'+ei)

1 (9)

' _ '
+ 36ae (el sa)/(Ze +ea)

The calculated values of dielectric constant are shown on figure 9 for
various porosities. While there is a strong effect of liquid content,
there is relatively little effect due to porosity. Unfortunately there is
no data against which to test this case.

CASE IIT: LOW ¢

At low porosities (high ice content) we take ice as the continuum. At
liquid contents in the funicular regime (above a transition liquid content
of about 7 to 10%) the air occurs in isolated bubbles and the liquid occurs
in the large pores at four grain contacts and in liquid-filled veins at
three grain contacts. At low liquid contents and low porosities, the air
can still be described as spherical inclusions while the liquid occurs in
veins and fillets as described in Case I. Thus this case covers the entire
range of liquid contents for porosities less than 0.4.

Equation (3) can now be expresséd as

' (m2+7mF10) + (2m>+5m+2) e
28'2(m+1) + e'el(m2+m+2)+eim

I
e' - e, =3 B¢ (el ei) (10)

1

+ 36,e' (eg-e4)/ (2e'+ey)
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where m is determined from the aspect ratio of the liquid inclusions as
shown on figure 2., °‘As in Case I, we take n as 3.5 to represent an average
aspect ratio for the liquid veins and fillets. The calculated dielectric
‘constant (minus the value for dry snow) is shown against liquid water
content on figure 8. The data points of Sweeney and Colbeck (ref. 7) for
low porosity (0.27<¢$<0.39) snow were corrected for a porosity of 0.32 and
are shown along with Ambach and Denoth's data. The theories for high and
low porosity (Cases I and III) describe the experimental data rather well
(although there is considerable scatter in the data of Sweeny and Colbeck
because no calorimeter measurements were made to check the liquid content).

APPLICATION TO A SNOW_COVER

As liquid water passes the surface of a snow cover, liquid water moves
downward as a wave which has been described (ref. 9) and observed’ (ref. 10)
in many natural snow covers. During the early stages of melt; snow covers
are usually composéd of a sequence of layers with varying characteristics
(ref. 11). .One of the most important of these characteristics is the low
porosity "ice layer" which tends to impound the infiltrating water and
divert some flow down distinct flow paths (refs. 12 and 13). Both the ice
layer and overlying soaked layer have distinctly different dielectric
constants than the surrounding snow. Likewise, a layer of liquid soaked
snow covers the ground surface when the moving water exceeds'the infiltra-
tion capacity of the underlying soil. These soaked layers are an important
feature of the snow cover since the dielectric constant of both low and
high porosity snow are highly dependent on the liquid content (see figs. 8
and 9). For low porosity seasonal snow covers, the effect is particularly
important since the dielectric constant of high porosity "slush layers' may
be twenty times larger than that for dry snow of the same porosity.

The nature of an infiltrating wave of meltwater suggests two layers
(ref. 14) which can be explained with well known principles of unsaturated
infiltration (ref. 9). The simplest characterization of these two layers
would attach a dielectric constant to each depending on its liquid water
. ‘content. As the "wetting front" moves downward, the upper layer expands

..and the lower layer shrinks. If the size of the layers could be determined
 remotely then the rate of movement of the wetting front could be determined
“from successive measurements. This would allow a prediction of the time
. when the water would reach the ground and be available for runoff and/or
-~ infiltrating into the soil. B

DISCUSSION AND CONCLUSION

The real part of the dielectric constant at high frequencies can be
calculated for a variety of types of WefgsnOW using the Polder and
Van Santen model as modified here. The calculated and measured dielectric
constants varied with porosity and liquid content in consistent manners for
the dry snow and two types of wet snow for which experimental results were
available. Since twice as much information could be obtained if the
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imaginary part of the dielectric constant could be determined as well, it
is important to examine this theory to see if it can be extended. Glen ‘and
Paren (ref. 15) suggest that formulae originally derived for the real part
may also be valid for the imaginary part of the complex dielectric con--
stant. If both could be determined, both ice and liquid volume fractions .
could be determined directly without resorting to another measurement (such
as a separate density measurement). This would allow the maximum amount of
information to be determined by measurements of the dlelectrlc propertles
of wet snow.
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Depolorization factors (Ai) are shown against the ratio of the
¢ to a axes (n).

Ratio of Ay to Ay (m) is shown against the ratio of the ¢ to a
axes (n).

The unit cell of a grain cluster showing a liquid vein at the
three grain junction and three liquid fillets at grain boundaries
(from ref. 5).

One grain from the cluster shown on figure 3. The grain is
approximated by a spheroid with axes (0.706, 0.706, 0.5).

Dielectric constant for dry snow shown against snow density and
porosity. The line was calculated using equation (8) and the
data points are from refs. 6 and 7. ¢, is 1, ¢4 is 3.15, and
p{ 1s 0.917 g/cc.

The plan view of the liquid vein and fillets of the three grain
cluster shown in figure 3.

An artist view of the liquid vein and fillets.

Calculated values of the dielectric constant shown against
liquid water content for various values of the aspect ratio n.
(For Case I with a porosity of 0.651).

Measured values of dielectric constant (minus the dielectric
constant for dry snow) are shown against liquid water content.
The lines represent the values calculated from Case I (for the
air continuum) and Case III (for the ice continuum). The values
of Sweeny and Colbeck are corrected for a porosity of 0.32,

Calculated values of dielectric constant shown against liquid
water content for various values of porosity (from equation 9).
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MEASUREMENT OF LIQUID WATER CONTENT IN A MELTING SNOWPACK
USING COLD CALORIMETER TECHNIQUES*

E. Bruce Jones, Resource Consultants, Inc.
Albert Rango, Goddard Space Flight Center
Steven Howell, Resource Consultants, Inc.

ABSTRACT

Liquid water in a snowpack has been recognized for some time as a quanti-
fiable parameter of hydrological significance. It is also important in the
interpretation of snowpack remote sensing data using microwave techniques.

One acceptable approach to measuring liquid water content of a snowpack (by
weight) 1s the cold calorimeter. This technique will be presented from

theory through application. “Silicon oil has been used successfully as the
freezing agent. Consistent results can be obtained even when using new
operators with a minimum of training. Data can be obtained approximately every
15 minutes by using two calorimeters and three operators. Accuracy within one
to two percent can be achieved under reasonable field conditions.

INTRODUCTION

Liquid water in a snowpack has been recognized for some time as a quanti-
fiable parameter of hydrological significance. However, this is not a regu-
larly reported snowpack characteristic due to the difficulties of measuring
liquid water in the field. The amount of liquid water is a parameter that is
important in forecasting runoff, predicting the timing of wet avalanche release,
and in the interpretation of snowpack remote sensing data using microwave
techniques.

The liquid water content of a snowpack, sometimes called free water, snow
water content, or liquid phase water, includes three categories of water:
gravitational water moving downward through the snowpack, capillary water held
by surface tension between the individual snow crystals, and hygroscopic or
adsorbed water held in thin films on the individual snow crystals.

Various techniques have been used or proposed to measure the liquid water
content of a snowpack. Most of these techniques can be broadly categorized as
centrifugal, dielectric, and calorimetric and range from laboratory techniques
to remote-sensing concepts. Some investigators have tested additonal methods
including Shoda (ref. 1) who used a measurement of volume expansion upon freez-
ing, and Bader (ref. 2) who used the:concept of dilution of a solution by the
liquid water in the snowpack.

Centrifugal separation of the liquid water from a snow sample was described
by Kuroda and Furukawa (ref. 3) and Carroll (ref. 4). Langham (ref. 5, 6)
subsequently improved the method by isolating the amount of melt that occurs
during the centrifuging process. The centrifuge technique has been compared

%This work was supported in part by NASA under contract NAS 5-23815
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with the calorimetric technique by the National Bureau of Standards (ref. 7).
It was concluded that the centrifuge and freezing calorimeter method results

do not measure the same phenomena and that water may be present in the snowpack
in a form which is detectable by the freezing calorimeter. method but not by the
centrifuge method. : : :

The measurement and comparison of the dielectric constant of wet and dry
snow has provided a method of determining the liquid water content of the snow-
pack (ref. 8). Linlor et al. (ref. 9), Linlor & Smith (ref. 10), and Linlor
et al. (ref. 11) have used several methods for measuring the liquid water based
on the dielectrié ccnstant, as well as experimenting with the attenuation of
microwave beam transmission through a snowpack.

Several calorimetric methods have been proposed. The melting of a given
quantity of snow with a measured amount of hot water and recording of the
resulting temperature has been used (ref. 12, 13, 14). - This method is diffi-
cult to use in the field, however. A related procedure employing the melting
of a snow sample by a measured amount of electrical energy was described by
de Quervain (ref; 15) and Hansen and Jellinek (ref. 16). A third class of
calorimetric techniques wherein the "negative heat" required to freeze a snow
sample is measured was described by Radok et al. (ref. 17) and has been effec-
tively used in the field by Leaf (ref. 18).

Howell et al. (ref. 19) and Bergman (ref. 20) have shown utilization of the
freezing calorimetric. technique with toluene as the freezing agent. Although
toluene is a very satisfactory freezing agent, its toxic properties and rela-
tively high flash point make its use less than desirable. This paper reports
on several improvements to the freezing calorimeter technique in connection
with investigations of snowpack properties using remote-~sensing techniques.
‘Alternative methods for calculating either snowpack-thermal quality or snow
quality, both indicators of liquid water content, are presented for consider-
ation of the user employing the freezing calorimeter approach.

CALORIMETRIC ANALYSIS

The freezing or cold calorimeter technique was used in the course of these
liquid water determinations. This method was selected primarily because it is
relatively inexpensive, it is based on known and documented physical phenomena,
and it has been used as a method for calibrating other techniquesl. 1In addi-
tion, it appears that because a small amount of liquid water is frozen in the
cold calorimetric approach as opposed to a large amount of snow melted in the
hot water calorimetric method, the freezing calorimetric method is more sensi-
tive to variations in liquid water content. Leaf (ref. 18) and Langham (ref. 5)
estimated that the freezing calorimetric method has errors of about +1% of the
liquid water content by weight.

s

1Leaf, Charles F., 1976. Personal Communication.
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A calorimetric analysis is based on the concept that the heat gained by the
system must equal the heat lost. The cold calorimeter is ho exception. The
calorimeter and the freezing agent gain heat, the snow sample and the liquid
water lose heat. These terms can be expressed as follows: ’

snow sample .  : (W3 = W) (té - t3)Cq
liquid water ,‘» . (Weyp) (L)

calorimeter . E(ty - tl)Cf

freezing agent - (Wp - W) (ty - t1)C¢

Where Wg,, = weight of the liquid water

latent heat of fusion in cal/gm

=
It

Cs = specific heat of freezing agent at £+t in cal/gm/°C

. 2.
C; = specific heat of ice at ty 5 in cal/gm/°C
2
E = calorimeter constant in gms
Wl = tare weight of calorimeter in gms

Wy = weight of calorimeter and freezing agent in gms

W3 = weight of calorimeter, freezing agent and snow in gms
ty = initial temperature of the freezing agent in oc

ty) = final temperature of freezing ageht and snow mix in oc

1]

tg initial temperature of the snow at sample point

If one then sets the heat gained terms equal to the heat lost terms the follow-
ing equation is obtained:

(w3 - wz)(t2 - t3)Ci + W L= [(w2 - wl) + E ] (tz - tl)Cf (1)
Let P be the percentage of liquid water in the sample so that:
Wey = P(W3 = W)
Then substituting in equation (1) the following results are obtained:

P =[[<Wz W) FENE, -0 Gty m ) ] (2
L(W3 - W2) : L
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Snow quality, Qf, is equal to 1 - P and is defined by Bruce and Clark (ref. 21)
as the percent (by weight) of water in the solid state. Thus if the snowpack
was totally dry, i.e., no free water, it would have a snow quality of 100%.
Snow quality can be computed by using the following equation:

Qf = 1-P
- [UG, = W) +E] (e, = £0C _ € (ty - ) ] . 3)

Qf

During development of the method to calculate snow quality, the tj parameter
was added to the original formulations presented by Radok et al. (ref. 17) and
Leaf (ref. 18) to improve physical understanding and to empirically limit Qf
from exceeding 100%.

Another concept closely related to snow quality is thermal quality. The
thermal quality of a snowpack (Q¢) is the ratio of heat necessary to produce a
quantity of melt from an existing snowpack to the heat necessary to produce the
same quantity of melt from pure ice at 09C and is usually expressed as a per-
centage (ref. 22). The snowpacks colder than 0°C would have thermal quality
values greater than 100%, and 0°C snowpacks holding liquid water would have
thermal qualities less than 100%. The equation used to compute thermal quality
of a snowpack 1s as follows:

Qt =1 ~ [(WZ - Wl) + E ] (tz - tl)Cf _ Cit2
-L(W3 - W2) L

(4)

The equation is identical to equation (3) except the t3 term is deleted, thus
making values greater than 100% possible. It should be noted that this also
occurs when t3 = 0 C in equation (3). Thus, it is possible to have snow
quality and thermal quality be numerically equal when the temperature of the
ice crystals in the snow equals 0 C.

FREEZING CALORIMETER EQUIPMENT AND PROCEDURES

FIELD EQUIPMENT

Listed below is the basic equipment required for utilizing the cold calorim-
etric technique in the field

° Calorimeter. For this experiment, the calorimeter was
constructed from a wide mouth vacuum bottle made of
stainless steel,

. Scales. The scales should be capable of weighing up to
2,000 grams and should be readable to the nearest tenth
of a gram.
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® Temperature Probes. Various types are available and can be
used, but they should be easily read and of a design that
allows for field use. In this experiment, 12-inch stainless
steel thermocouple probes were used. A multi-channel digital
readout was employed so that air and snowpack temperatures
could be simultaneously read.

In addition to these basic requirements, several other items of equipment are
necessary:

® cold chest for storing the freezing agent;

° thermal containers for obtaining the snow samples;

® timing devices;

® miscellaneous tools such as, shovels, trowels, spoons, etc.

Figure 1 shows the calorimeter with the temperature probe. Figure 2 shows
the typical equipment used for field operations in the back of a four-wheel-
drive support vehicle. Figure 3 shows the field facility in operation at the
1979 test site near Fraser, Colorado. '

FREEZING AGENTS

Cold calorimetry requires the use of a freezing agent to freeze the liquid
water in the snow sample. It is recognized that some of the hygroscopic water
will not be frozen, but the resulting error is considered to be very small.

Ideally, a freezing agent should have low viscosity (down to about -60°C) ,
high flash point, be easily obtainable, and be non-toxic. Also, it is desirable
that the freezing agent leave no residue or film in the calorimeters. The
initial freezing agent used was a chemical grade toluene and subsequently a
good industrial grade toluene was found to work equally well. Toluene,
‘although working well as a freezing agent, has two major drawbacks. First;
it is somewhat toxic, and second: it has a flash point low enough to create
a potential fire and explosion hazard. This means that considerable care has
to be exercised in its storage and use.

Because of these safety problems, a very light silicon oil was tested for
use as a freezing agent. The specific substance used was General Electric
SF—96--5.2 This product is more expensive and requires more careful cleaning
of equipment; but, because of the safety gained, it is considered superior to
the toluene.

2The use of a trade name in no way implies endorsement. The specific name
is given so that the reader may investigate its properties.
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Part of the additional expehéé of the'silicon can be offset by the fact"
that much of it is reclaimable by first letting the ice silicon mixture warm
so that all the ice is melted. The water can then be removed and the silicon

filtered. Only a small portion of the_siiicqn is lost..
CALORIMETER CONSTANT DETERMINATION

The determination of snow liquid water content through the use of the _
freezing calorimetry involves a heat-balance relationship occurring between a
freezing agent and the 1liquid water contained in a snow sample as they are
mixed together in a closed container. The type of container which is primarily
used for the mixing process is a vacuum insulated bottle with a temperature
probe and a tightly fitted rubber stopper. Experience indicates that a com-
mercial, l-quart (0.946 liter), stainless steel, wide-mouth vacuum bottle works
quite well. The temperature probe is used to monitor the changes in tempera-
ture that occur in the vacuum bottle during the mixing process. The heat-
balance equation is dependent upon accurate measurements of temperature changes
occurring inside the bottle during a typical mix. Knowing that the vacuum
insulated bottle is not a perfect system and some heat will be gained by the
bottle itself, the heat-balance equations (Equations 1 and 2) contain a calorim-
eter constant, E. Each individual calorimeter bottle will have its own
constant and must be determined independently. For convenience of use in the

- heat-balance equations, the calorimeter constant is expressed in terms of
equivalent weight of freezing agent. Various methods may be used to determine
this constant. This discussion considers.only the one developed in the course
of this study. '

References are made throughout this discussion to one typical calorimeter
constant determination shown in figure 4. This determination was actually only
one in a series of twelve used to obtain an adequate sample from which to
compute the mean value for a specifi¢ calorimeter bottle. The freezing agent
used was a silicone fluid. The calibration of the calorimeter bottle was done
in the laboratory using the same equipment that is used in actual field opera-
tions. Quantities and time frames were approximated to match those used in
field procedures. Temperatures were varied from run to run to simulate chang-
ing field conditionms. y o

Theory

The calorimeter constant is determined by a basic heat-balance equation.
When a warm fluid is mixed with a cold fluid in a calorimeter bottle, the heat
which is lost by the warm fluid must be equal to the heat gained by the cold
fluid and the bottle itself. The heat-balance equation is:

Heat lost by warm fluid ._‘ : Heat gained byicold fluid + bottle

Wtwarm][csw + CSZ][TW - TZ] : = [Wtcold + E][CSl + CSZ][ij - T1]
2 S o 2
where:
Wtoarm Weight of warm fluid. "
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Wteoiq = Weight of cold fluid.

E = C(Calorimeter constant expressed in equivalent grams of fluid.
Ty; = 1Initial temperature of warm fluid before mixing.

T3 = Initial temperature of.cold fluid before mixing.

I, = Final temperature of warm-cold fluid mix.
CsW = Specific heat of fluid at temperature of warm fluidu

Csy = Specific heat of fluid at temperature of cold fluid.

C52 = §Specific heat of fluid at final temuerature of mix.,

The fluid weights are directly obtainable and can be determined with reasonably
high accuracy. Also, the specific heats of the fluid can be obtained directly
from charts after the corresponding temperatures have been determined. Table 1
shows the specific heat values for the silicon o0il used. The determination of
the initial and final temperatures of the fluid is the most critical and time-
consuming part of the process. These determinations are also the greatest '
potential source of errors in the system. The temperature'values are determined
by standard calorimeter techniques which involve the extrapolation of tempera-
ture curves.> The cold fluid (approximately 1 pint) is poured into the calorim-
eter bottle (a l-quart (0.946 liter) size vacuum insulated bottle) at time
zero. The initial warm up of the fluid and cooling of the bottle occurs in the
first 3 minutes, and then the slope of the temperature curve becomes fairly
uniform indicating the bottle itself has cooled and is now gaining heat through
the walls from the outside at an almost constant rate. The temperature of the
fluid was monitored for 8 minutes in order to get a good def1n1t10n of the
slope of the curve. 1In the period between 8 and 9 minutes the warm- fluid
(approximately 1/2 pint), with a measured temperature Ty, is added- and mixed
thoroughly. Temperature recordings are started at the 9—m1nute mark and are
recorded until the slope of the second curve stabilizes and becomes relatively
constant (about 5 minutes). Note that the bottle should be shaken lightly
throughout this whole period to insure uniform temperatures throughout the
interior of the bottle and the fluid. The curves are plotted as shown in
figure 4 and both are extrapolated to the mid-point in time (8.5 min.) when

the transfer of heat- durlng the mix is assumed to occur. The initial (T ) and
final (T ) temperatures can be picked off the curves with reasonable accuracy.
The calorlmeter constant can then be calculated as shown at the top of figure 4.

Results

When the calibration of a ¢alorimeter bottle is performed under laboratory
conditions, the accuracy of ‘the measuring equipment and the technique and
experience of the calibrator will determine the precision and repeatability of
the results. Accurate scales and temperature measurements can eliminate errors

3corrin, Myron L., 1978, Personnel Communication.
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in the actual data taking. However, plotting and interpretation of the tem-
perature data is a source of error which is difficult to eliminate. Thus, in
practice the authors have used the average of ten to twelve calibrations to
determine the calorimeter constant. The heat-balance equation is quite sensi-
tive to the two temperature factors. Therefore, care should be given to the
plotting of the temperature curves and the extrapolation of the slopes to the
required points. Actual laboratory procedures using a beam scale accurate to
0.1 gram and an electronic digital thermometer accurate to 0.1 degree Centi-
grade have produced sets of calorimeter constants of 12 values that are within
10 percent of the mean value. This range of values is within the limits of the
system as a 10 percent change in the value of the calorimeter constant will
result in less than 0.5 percent change in the snow-quality factor equation
developed by Radok (ref. 17) and Leaf (ref. 18).

FIELD PROCEDURE

The freezing agent was stored in l-pint glass bottles in an insulated ice
box containihg dry ice. The temperature of the freezing agent was maintained
in the range of -40°C to -50°C. 1t is important to maintain this range of
temperature particularly during periods of high air temperatures and high
liquid water contents in the snowpack so that the resultant temperature, ty,
will be less than 0°C. The calorimeter was pre-cooled to the average internal
operating temperature prior to taking the first set of data. During the actual
measurements, the calorimeter will remain cooled due to the use of the freezing
agent. After the calorimeter bottle has been cooled for approximately 20
minutes (the average time per run) using 1-2 pints of freezing agent, the bottle
is emptied, wiped dry, and a tare weight (Wl) is taken. One pint of freezing
agent is then poured into the bottle and the cap is sealed on. At this point
the total weight of the bottle and freezing agent (W,;) is obtained and recorded.
From this point on, the procedure used in the current set of measurements (1979)
varies from that used in earlier experiments (1976-1978). 1Initially, the bottle
was shaken and the temperature of the freezing agent was checked until a stable
reading was obtained (t;). The use of a more precise digital thermometer in
the later measurements showed that a 'stable" temperature is actually never
achieved until the temperature of the freezing agent equals that of the air
around the bottle. Investigation of standard calorimetric techniques’ led to
obtaining an initial temperature (t;) for the freezing agent through extra-
polation of a temperature curve in the same manner as was done in the calori-
meter constant determination (see figure 4). The temperature of the freezing
agent is monitored and recorded every 30 seconds while the bottle is shaken.
After the first 3-5 minutes of shaking, the slope of the temperature curve
becomes fairly uniform. The temperature monitoring is continued for 8 minutes
in order to get a good definition of the slope of the curve. A pre-cooled
thermos bottle is used to collect and store the snow sample and return it to
the field laboratory site. The snow (approximately 200-225 grams) is then
added to the cold freezing agent in the calorimeter and the cap is again sealed

4Corrin, Myron L., 1978, Personnel Communication.
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on. The bottle is then shaken to thoroughly mix the contents. The 1976 pro-
cedure called for shaking the bottle until a "stable' temperature (t,) is
reached (in 3-6 minutes). The 1979 procedure calls for monitoring the tempera-
tures again in 30 second intervals until the temperature curve becomes well
defined (about 4-5 minutes). The total weight of the bottle, freezing agent,
and snow (W,) is measured and recorded to complete one run of the routine.

The 1979 procedure is dependent on a good record of time being kept throughout
the entire process. The initial temperature curve is obtained from observa-
tions taken every 30 seconds during the 0-8 minute interval. The snow is

added between minutes 8-10. Mixing takes place during the interval from
minutes 10-14, and a second temperature curve is obtained from every 30 second
observation made during this interval. Both temperature curves are extrapola-
ted to the 9 minute point when the transfer of heat during the mix is assumed
to occur. At this point the temperatures t, and t, are determined from the

two curves as shown in figure 4. The field procedures used in the 1976 and
1979 measurements are similar in time frames and general methods. The field
procedure has been refined in the 1979 measurements through the use of more
precise measuring equipment and basic refinement of the calorimeter technique
itself.

Operating the cold calorimeter apparatus under winter field conditions
leads to difficulties in weighing samples and measuring temperatures. Scales
and temperature systems are checked for accuracy prior to field operations to
minimize basic calibration errors. Field operations are normally conducted
with some type of simple shelter to minimize wind and precipitation problems.
Despite shelters and precautions, minimal errors are still present.

Figure 5 shows the form on which data are recorded for the liquid water
analysis using the cold calorimetric technique. The example form illustrates
typical values one might expect in working with a moderately wet snow.

Figure 6 shows the graphical determination of tjp and tj.

FIELD APPLICATIONS OF COLD CALORIMETRIC TECHNIQUE

Two sites in Colorado were used in 1979 for free water determinations
(ref. 23). They were located in the southern portion of the Fraser Valley and
just south of Steamboat Springs in the Yampa Valley. These locations were used

as part of a microwave remote sensing field experiment program. The purposes
of these calorimeter tests were to determine:

e Typical diurnal patterns of free water;
. Repeatability of results using various calorimeter operators;

° Possibilities for improvements in field operation techniques.
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FRASER VALLEY SITE

The Fraser Valley site is located in ‘an ‘open meadow just west of Berthoud -
Pass off U.S. Highway 40 between Hideaway Park and Fraser. This is the same
site that has been used by NASA and the National Bureau of Standards (NBS) for
their microwave snowpack remote-sensing experiments (ref. 24). The dates
selected for this work (March 13, 14, and 15, 1979) at the Fraser Valley site
were chosen so that they would c01ncide with the ongoing microwave experiment
conducted by NASA and NBS.

The weather at the site was excellent for the work. The morning of
March 13 was cloudy and some light snow was still falling. Hlowever, by mid-
morning it began to clear and was almost totally clear by noon. During the
- morning of the first day, a snow pit was prepared and the snow properties
characterized as shown in table 2. Data collection on the snow liquid water
using the cold calorimeter began shortly after noon. The weather held for the
remainder of the 3 days, and with the exceptlon of some overcast skies on the
second day, conditions were mostly clear. Data for the computation of the
percentage of liquid water in the snow and the results are shown in table 3,

and plotted in figure 7. Air temperatures shown in figure 7 are those taken
in a shaded condition.

~ STEAMBOAT SPRINGS SITE

Tests were conducted at the Steamboat Springs site on March 28, 29, and
30, 1979. This timing was selected so that an isothermal snowpack would be
available, but it would still have adequate depth so as to minimize the ground
effects. The location of the Steamboat Springs site was on the previously
established 5-mile Steamboat Springs fllght line used by NASA in connection
with their airborne microwave remote-sensing research.

Cons1derable overcast conditions, as well as numerous brief snow “showers,
were encountered. Due to the overcast skies, low nighttime temperatures
approached the freezing level, but it was not cold enough to completely freeze
the snowpack. Thus, the measurements were taken on a snowpack that presented
different conditions from those observed at Fraser. The first task at this

site, as at Fraser Valley, was to’ dig a snow pit and characterize the proflle,
as shown in table 4,

The results of the first 2 days of field operations are presented in
table 5. A review of these data shows considerable variation in the liquid
water on the first day, but much less variation on the second day. This was
attributed to the overcast conditions that reduced the nighttime back-
radiation and the incoming ‘daytime radiation. Since the weather for the third
day (March 30, 1979) was forecast to be a repeat of that of the previous day,
it was decided to take advantage of this relatively stable weather and run
liquid water content determinations of the various layers identified in the
snow pit. These data are shown in table 6. For each liquid water determina- .
tion the snow pit was extended horizontally so as to expose a new face for
sampling.
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DISCUSSION OF DATA

Perhaps the most striking difference between the data taken at the two -
sites is the relative flatness of the diurnal liquid water curves at Steamboat
Springs as compared to those at Fraser Valley. This is attributed to the
relatively clear skies at Fraser Valley.

The data from both sites tend to present a sawtooth pattern rather than a
smooth curve. Some of this may be attributed to changes in incoming radiation
and random errors inherent in the system, but it is hypothesized that most of -
it is representative of the manner in which the upper layers of the snowpack
melt. Water may build up on a given ice crystal or series of ice crystals due
to the melting of the crystals or other crystals. At some point in this melt
process, .the mass of water held by capillary forces becomes large enough for
the gravitational forces to overcome the tension or capillarity. When this
- occurs, the water is released downward into the snowpack. The best examples
of ‘the sawtooth curve tend to appear near the time of the greatest amount of

Ancoming solar radiation (also a time of high melt potential). This phenomena
needs further documentation, for if this hypothesis is correct, the snowpack
viewed on a micro—scale'will have considerable differences in liquid water
content over short periods of time and short distances. For remote sensing
purposes, however, on a meso- or macro-scale these variations, because of their
statistical nature of occurrence, may present a relatively smooth curve.

This study was also designed to test operators in their ability to learn
the technique and produce meaningful results. During this study, it was found
that different operators could be field-trained within a few hours. Figure 7
shows the results by operator, and no con51stent differences were found between
operators after training.

Finally, the study was to be a test of field techniques. Wind continued to -
be a problem. The scales had to be sheltered. In deeper snow, a snow pit can
serve as shelter, or in this case, where a road was nearby one can work in the
protection of a vehicle. In running the tests it was found that three people
are definitely needed to run two calorimeters. Since each calorimetric determ-
ination takes.approximately 20 to 25 minutes, a dual calorimeter system is
fairly dependable for readings every 15 minutes. Operators must be 'dedicated
to obtaining good data, since the continuous running of liquid water determina-
tions can become a rather tedious'task; :

‘All the field equipment used appeared to be well sulted to field applica~
tions. When working at one location, recording equipment would be desirable
for documentation of air and snowpack temperatures and solar radiatlon at 1-"
or 2~minute intervals.

It is difficult to precisely estimate the errors in this technique.“ How-
ever, it currently appears to be in the range of 1 to 2 percent for détermina-
tions made in the field. This figure was arrlved at by running liquid water
contents on extremely cold snow in which one would expect the liquid water
content to approach zero. :
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CONCLUSIONS

Formulations were presented. for the calculation of the liquid water content
of snow as a percent by weight as well for the determination of the associated
parameters, snow quality and thermal quality. These formulations were based
on the use of methodology associated with freezing or cold calorimetry.

The equipment and procedures currently being utilized in freezing calori-
meter determinations of snow liquid water content are relatively simple and
easy to use. The substitution of a light silicon oil for toluene as the
freezing agent has markedly improved the safety factor as well as reduced the
total amount of freezing agent required. The use of more precise digital
thermometers in the field operation has allowed more rapid and accurate deter-
minations of solution temperatures leading to a basic refinement of the calori-
meter technique.

Differences in amplitude of the diurnal liquid water curves at the two test
sites were attributed to the presence or absence of clouds. Clear skies allow~
ed significant incoming solar radiation and a sharp rise up to as much as 29.5%
liquid water content (by weight) from an initial value of 0.0%. Radiation
cooling under cloudless skies at night allowed the liquid water to go to zero
as a result of freezing. Generally, much less diurnal variation is experienced
under overcast conditions. Under both situations, a sawtooth pattern rather
than a smooth curve was apparent for the diurnal 1liquid water variation. This
was attributed to both variations in incoming radiation and to an apparent
periodic release of meltwater accumulated in the upper layers of the snowpack.

Training of new operators is accomplished easily, and no consistent differ-
ences in liquid water determinations were found between operators. Each
calorimetric determination takes about 25 minutes so that with continuous
operation of two calorimeters, liquid water readings can be obtained about
every 15 minutes. To accomplish this, three operators should be employed.

This frequency of measurement is appropriate for coordinated remote sensing
observations during the snowmelt season.

The errors associated with this cold calorimeter technique when used in the

field appear to be on the order of plus or minus one to two percent (employing
the equipment described).
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TABLE 1.~SPECIFIC HEAT OF SILICONE FLUID i
(General Electric SF - 96 —5) 

v:t

t Cs t Cs : Cs
°C Cal/g/°C °C Cal/g/°C . °C Cal/g/°C
25 4440 -1 4392 -27 4343
24 4439 -2 .4390 -28 L4341
23 4437 -3 .4388 =29 4339
22 4435 -4 4386 -30 .4337
21 4433 -5 .4384 -31 .4335
20 4431 -6 .4382 -32 .4333
19 4429 -7 .4380 ~33 L4331
18 4427 -8 .4378 -34 4329
17 4425 -9 .4377 -35 .4328
16 4424 -10 .4375 -36 4326
15 L4422 -11 4373 -37 L4324
14 4420 12 .4371 ~38 4322
13 L4418 -13 4369 -39 4320
12 4416 -14 L4367 ~40 .4318
11 4414 -15 .4365 -41 .4316
10 4412 -16 4363 -42 4314

9 4410 ~-17 4361 -43 .4313

8 4409 -18 .4360 44 L4311

7 L4407 ~19 .4358 -45 4309

6 4405 20 .4356 ~46 .4307

5 .4403 =21 4354 -47 .4305

4 4401 22 .4352 48 .4303

3 .4399 -23 .4350 ~49 .4301

2 4397 -24 .4348 50 .4299

1 .4395 =25 4346

0 .4393 -26 L4345
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TABLE 2.-SNOWPACK PROFILE CHARACTERTZATION AT THE FRASER VALLEY SITE, MARCH 13-15, 1979

—— — e S

[

e 1 : Fraser Valley Site : 3/13 +0.7°C
PIT N2 _L____. LOCATION 3/14 +6.49C
DATE:_ 31319 . TIME:________ TOTAL DEPTH:_92.cn . AIR TEMPERATURE :3/15 =3.2°CTABLE N® .
DEPTH 70" LAYER
THICKNESS - SNOW GRAIN DENSITY .
SorToM . |oF Laver | cuassiFicarion| size | [S¥5 | lho/m3) REMARKS
/1313/714) 3/15 3714
1% cm 1% cm melt-freeze
crust ’ }1.210.0 0.6
3% cm 2 cm soft-new snow <1 mm ave.}0.1 180 irregular, shafp crystals
4% cm 1l cm frozen layer

(not ice lens)

14% cm 10 cm melt-freeze loose, granular crystals
metamorphosed 1 mm ave.$1.1}-0.5{ 4.8 200 rounded
15 cm % cm ice lens
19 cm - 4 cm melt-freeze
metamorphosed 1 mm ave.[3.8{0.0 }-4.4 280
19% cm ¥ em ice lens
23% cm 4 cm melt-freeze .
metamorphosed 1 mm ave.}3.7|-4.4 -3.5
1t-freeze
66% cm 43 cm ne 1 mot
netamorphosed ave.  F3.0{-3.1 -2.4 320 flat platelets
92 cm 25k% cm depth hoar 2 mm ave.}1.3}-2.3 -0.6 250 bottom 4 cm well
. developed

Grd +0.4]0.0 | +0.4
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TABLE 3.-COLD CALORIMETER DATA FOR LIQUID WATER CONTENT DETERMINATIONS ON
MARCH 13-15, 1979 AT THE FRASER VALLEY SITE

Air Liquid -
Date Time temp. E Hi Wy W3 Ty T2 T3 Qs  water Oper. Remarks
L4 — — — — —— — —
o @ @ @ & o O o (x7100)
3/13/719 1337 2.2 92,2 1260.0 1615.3 1775.4 -21.8 -14.6 0 0.9798 .0202 SH

0.9736  .0264 SO

1348 78.7 1254.6 1625.1 1809.5 -25.8 -16.3 0
1403 92.2 1261.2 1628.1 1769.3 -23.7 -16.5 0 0.9733  .0267 sB
1421 78.7 1249.0 1601.0 1786.0 -=35.3 -22.6 0 0.9761  .0239 S0
1436 92.2 1260.8 1610.0 1749.2 -21.6 -15.9 0 0.9987 .0013 SH
1446 78.7 1258.4 1630.7 1779.2 -42.2 -29.2 0 0.9607 .0393 SO
1458 2.7 92.2 1260.9 1644.2 1755.7 -34.6 -26.5 0 0.9717  .0283 SH
1512 2.7 78.7 1258.1 1619.6 1759.6 -46.1 -32.3 0 0.9573  .0427 S0
1524 2.4 92.2 1260.7 1629.0 1761.2 -31.2 -22.0 0 0.9590 .0410 SH.
3/14/79 0821 -10.0 92.2 1260.0 1631.4 1753.3 =-31.2 -27.4 -12.5 1.0088 SH
0845 -8.8 92.2 1260.3 1644.4 1768.4 -36.1 -30.6 -8.8 1.0133 SH
0915 ~6.9 92.2 1260.6 1657.0 1795.5 -36.7 ~-29.9 5.3 1.0134 SH
0939 92.2 1260.3 1667.8 1793.2 -37.8 -30.4 -2.8 1.0039 SH
1007 78.7 1254.4 1600.4 1751.8 ~39.0 -29.2 -3.0 1.0067 80
1016 92.2 1260.2 1602.9 1764.1 -34.7 -25.3 -2.9 0.9964  .0036 SH
1030 78.7 1259.3 1670.8 1858.6 -51.0 -37.2 -2.8 1.0071 SO
1042 92.2 1260.1 1659.6 1820.0 -43.4 -31.6 0 0.9923 .0077 SH
1053 78.7 1257.1 1652.5 1844.0 -55.4 -38.0 0 0.9912 .0088 SO
1105 92.2 1260.9 1645.7 1813.8 ~44.4 -31.7 0 0.9936  .0064 SH
1126 78.7 1257.1 1660.0 1776.1 ~57.3 -43.9 0 0.9562  .0438 SO
1133 92. 1261.0 1657.5 1804.2 -44.6 -32.0 0 0.9632  .0368 SH
1206 78.7 1256.1 1659.9 1818.5 -56.5 -38.5 0 0.9312  .0688 SO
1215 92.2 1260.8 M 1823.0 ~42.8 ~28.4 M SH Data rejected
1240 78.7 1255.0 1608.2 1760.7 -49.3 -31.3 0 0.9109 .0891 SO
1245 92.2 1260.4 1624.2 1773.2 -34.8 -22.0 0 0.9205 .0795 SH
1305 78.7 1256.7 1623.1 1832.7 ~53.0 -23.7 0 0.8068 .1932 SO
1313 92.2 1260.7 1637.7 1799.8 ~35.4 -20.3 0 0.8859 .1141 SH
1330 78.7 1255.3 1639.9 1807.0 -46.4 -27.6 0 0.8835 .1165 SO
1339 92.2 1260.4 1638.8 1798.9 -35.2 -17.5 0 0.8242 .1758 SH
1354 78. 1256.1 1641.2 1816.3 -49.8 -30.9 0 0.9136 .0864 SO
1405 92.2 1260.5 1621.3 1791.0 -36.0 -21.1 0 0.9138 .0862 SH
1420 78.7 1255.3 1646.7 1820.7 -52.4 -31.0 0 0.8725 .1275 SO
1429 92,2 1260.2 1673.4 1866.4 -42.5 -21.1 0 0.8242 .1758 SH
1452 78.7 1254.7 1623.6 1856.9 -49.6 -20.9 0 0.8288 .1712 S0
1523 92.2 1260.0 1639.7 1793.9 -37.7 -21.6 0 0.8635 .1365 SH
1545 92.2 1260.2 1643.2 1803.8 -41.5 -25.9 0 0.9056  .0944 SH
1615 92.2 1260.1 1635.5 1774.9 -~39.9 -27.9 0 0.9490 .0510 SH
1640 92.2 1260.5 1658.6 1832.3 -43.1 -29.4 0 0.9663 .0337 SH
1706 $2.2 1260.3 1652.9 1822.3 -~44.0 -31.1 0 0.9854  .0146 SH
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TABLE 3. (cont'd)-COLD CALORIMETER DATA FOR LIQUID WATER CONTENT DETERMINATIONS ON

Alxr
Date Time temp E
(8)
3/15/79 0905 92.2
0926 92.2
1005 . 92.2
1017 78.7
1027 92.2
1044 78.7
1053 92.2
1107 78.7
1116 92.2
1135 78.7
1158 92,2
1208 78.7
1221 92.2
1246 78.7
1254 92.2
1317 78.7
1337 92,2
1349 92,2
1401 78.7
1420 92.2
1447 78.7
1508 92.2
1608 78.7
1640 92.2
1650 78.7
leperators -

SH = Steven Howell
SO = Stephen 0Olt
HU = Hub Ulrich

MARCH 13-15, 1979 AT THE FRASER VALLEY SITE

¥

()
1261.1
1261.1
1261.3
1255.7
1260.9
1256.2
1261.1
1255.7

1261.9

1256.3

- 1261.4

1255.6
1261.5
1255.2
1261.6
1255.1
1261.9
1261.7
1254.7
1263.0
1255.5
1262.0
1255.0
1261.1
1255.2

¥

(8)
1655.1
1646.7
1651.3
1658.8
1632.7
1634.4
1677.0
1642.1
1642.1
1646.1
1651.0
1629.7
1651.5
1654.8
1660.4
1655.1
1676.2
1688.2
1657.5
1644.0
1668.1
1637.6
1670.0
1651.3
1620.4

(g)
1776.8
1818.4
1780.5
1804.0
1789.2

1873.5
1768.7
1794.6
1794.0
1821.3
1775.2
1826.3
1859.7
1849.9
1838.8
1887.8
1867.3
1821.0
1856.1
1832.2
1792.6
1867.7
1837.4
1780.7

-42.8
-53.1
~42.9

[
W W W
w G’hah*‘5|
e e

NWw W™

-23.6
-34.2
-28.4
-41.2
~28.1
-33.7
-22.8
-32.3
-24.8
-18.2
-20.6
-26.0
-15.0
-18.4
-18.9
-12.6
~23.2
-14.6
-20.3
-17.4
-29.1

1

~

S SRV
* e o
& O On

3
w

el

[~E=R=A-R-g-R=-Nol-NoNol-NoNoNoNeNcy-N-X-NeX-]

Qe

0.9977
1.0016
1.0021
0.9596
0.9766

M
0.9572
0.9421
0.9318
0.8631
0.8313
0.8427
0.8789
0.7732
0.7993
0.7748
0.7387
0.7727
0.7033
0.7456
0.7062
0.7549
0.7770
0.8191

0.8478

Liquid
water

(%7100)
.0023

. 0404
.0234

.0428
.0579
.0682
.1369
.1687
.1573
.1211
.2268
.2007
.2252
.2613
.2273
.2967
. 2544
.2938
.2451
.2230
.1809
.1522

Oger.lf

SH
SH
SH
HU
SH
HU
SsH
HU
SH
HU
SH
HU
SH
HU
SH .
HU
SH
SH
HU
SH
HU
SH
HU
SH
HU

Remarks



TABLE 4.-SNOWPACK PROFILE CHARACTERIZATIONS AT THE STEAMBOAT SPRINGS SITE, MARCH 28, 1979

66

PIT N2 3 _____ LOCATION: Steamboat Valley - 50'N. of 3-Mile Road on Flight Line
DATE: _3(28(19 = T/ME:_1010 __ TOTAL DEPTH: ILc® __  AIR TEMPERATURE: _ 345 TABLE N® .
DEPTH TO LAYER
THICKNESS SNOW GRAIN RENSITY
S TN, |oFLaver | cLassiFcarion) size | JEME | (kg/m3) REMARKS
8 cm 8 cm hew snow Y% to % mm 0 _ 150
24 cm 16 cw Eelt-freeze
etamorphosed % to 1 mm 0 460
25 cm lcem ice lens __
elt freeze
55 cm 30 cm jmetamorphosed % to 1 mm 0 420
firmification
71 cm 16 cm depth hoar % to 1 mm 0 380
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Dste Time

3/28/79 1030
1038

1055
1117
1139
1145
1205
1215
1236
1255
1316
1357
1425
1448

3/29/79 1125
1137
1151
1208
1219
1242
1254
1315
1328

1355
1414

1425
1443

1446

3

]

o
t]
©

t

!

R
e R IROL?
NN@EOOAH®OO

.
Lok ol -

’AU\NMMNNOUUU\JU“
WUV WOVSEEEUNWN
Wl PR ODOWVBSNV

MNWN WA WS Gn
HOWMSNOOO NN

NPVOBOENND
o VUL WWWODR

[l g
~ o
wo

o s
Wl
N W
i

-
.

w
N
w

E

(8)
78.7
92.2
78.7
78.7
92,2
78.7
92.2
78.7
92,2
78.7
92.2
78.7
92.2
78.7

78.7
92.2
78.7
92.2
18.7
92.2
78.7
92.2
78.7

78.7
92.2

TABLE 5.-COLD CALORIMETER DATA FOR LIQUID WATER CONTENT DETERMINATIONS ON

MARCH 28-29, 1979 AT THE STEAMBOAT SPRINGS SITE.

%

(8)
1251.1
1257.8
1253.0
1252.8
1259.0
1252.6
1258.6
1252.3
1258.2
1252.3
1258.8
1252.0
1258.3
1252.1

1320.7
1265.1
1321.1
1264.3
1320.9
1264.4
1320.6
1263.8
1320.7

1320.5
1264.8

1320.8
1264.3

1321.2

¥

()
1659.9
1661.1
1638.2
1635.8
1645.3
1634.8
1630.6
1659.1
1643.0
1648.1
1645.0
1666.7
1670.2
1648.7

1726.7
1662.0
1706.9
1640.2
1710.7
1650.6
1689.0
1673.7
1689.9

1692.3
1632.4

1729.1
1683.7

1693.0

e}

(&)
1801.2
1803.6
1767.5
1805.9
1850.4
1842.7
1825.1
1850.0
1806.0
1837.6
1847.5
1863.6
1859.3
1855.2

1901.8
1830.0
1904.7
1794.6
1858.5
1783.0
1848.8
1775.3
1795.7

1883.2
1746.1

1847.3
17%0.0

1808.4

I

o)
~47.2
~34.5
~53.6
~52.0
-37.2
~50.6
-36.3
~50.1
-37.1
-50.2
-39.5
-44.5
-41.8
-44.7

~44.1
-35.8
~52.9
~41.4
-53.7
-41.3
-53.1
-40.1
-52.1

-56.4
~36.7

~48.4
-40.4

-55.2

T,

(§0]
~28.5
-18.5
-31.2
-26.2
-13.7
~22.5
-08.8
-19.3
-12.5
~22.7
-12.5
~14.5

*-15.6

-13.4

-25.8
-18.5
-28.3
-23.0
=34.2
-27.4
-32.3
-30.5
~38.6

~29.6
-24.6

-34.0
-29.9

~40.2

ted
1

gl

~
~

[-X-N-N-N-N-N-¥-N-N-N-N.-N-N-]

1~ (-X-J [~N-] CO0O0O0O00O0

e

.8217
.8105
.7522
.7391
.7863
.7992
.6975
.6935
.6858
.7648
.7206
.6813
.7166
.6916

.8809
.8392
.8574
.8367
.8691
.8923
.8479
+9249
.9186

.8356
.8828

.8810
.9048

.9200

Liquide
Water

(X7100)

.1783
.1895
«2478
.2609
.2137
:2008
.3025
<3065
.3142
.2352
«2794
.3187
.2834
.3084

.1191
.1608
L1426
-1633
-1309
.1077
.1521
.0751
.0818

- .1644

1172

.1190
.0852

.0800

Oper.

SH
S0
SH
SH
SO
SH
S0
SH

173
o

gguge

# Bk BB BEBEBEYEY

Remarks

Overcast sky

Overcast, light saov shower

Overcast, snow stopping

‘Sun shining through

Thin, overcast (T, could be -13.0)

Partial overcast ( jeould be -21.7) (.2151)
Partial overcast

Solid overcast

Solid overcast, light smow starting. (T, could)
Snowing heavily (.2945) (¥e -13.4)
Snowing moderately

Snow stopped, breaks in overcast

Partial overcast

Partial overcast, bright sun at times

Partial overcast, N-NW winds 5-7 mph

Solid overcast, W-NW winds 7-10 mph

Solid overcast, W-NW winds 10-15 sph

Solid overcast, W-NW winds 10-15 mph, drifting sw

Solid overcast, W-NW winds 15 mph, blowng suow

Partial overcast, N-NW winds 15 mph, blowng saw

Partial overcast, N-NW winds 15 aph, blowng saw

Partial overcast, N winds 15-20 mph

Partial overcast, N winds 5-10 mph, Snw surfce

very irregular due to new snow blown around

Partial overcast, X winds 5-10 aph

Partial overcast, N winds 5-10 wph, crust frmng
oun surface

Solid overcast, N-NE winds 5-10 mph

Solid overcast, N-NE winds 5-10 mph, light snow

starting
Solid overcast, N-NE winds 5-10 mph, light soow
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TABLE 6.-COLD CALORIMETER DATA FOR LIQUID WATER CONTENT DETERMINATIONS AT
VARIOUS LAYERS IN THE SNOWPACK ON MARCH 30, 1979 AT THE
STEAMBOAT SPRINGS SITE.

Alr ’ Liquid
Depth Time temp °C E w W W T T T qQ water Oper, , Remarks
shd sun () L 2 > 1 2 3 £ (Z7100)

® (&) &) o o o

O-6cm 0846 1.8 0.4 92.2 1351.1 1754.2 1812.6 -43.6 -38.1 0 .9719 .0281 HU Partial overcast, winds calm
0848 2.0 2.8 78.7 1320.0 1722.3 1787.1 ~54.5 ~46.7 0 .9586 0414 SH Sunny, calm
0913 0.8 6.1 92,2 1351.9 1736.2 1812.0 ~44.,7 -36.5 0 .9367 .0633 HU Sunny, calm
0917 0.8 6.1 78.7 1320.4 1709.6 1800.3 ~-60.B -48.6 0 .9421 .0579 SH Sunny, calm
6-12cm 0943 0.7 9.1 92.2 1352.2 1762.1 1924.2 -45.4 -31.4 0 .9524 .0476 HO Partly cloudy, calm
0946 0.8 5.3 78,7 1321.0 1697.8 1895.5 -60.1 -37.4 0 .9386 .0614 SH Partly cloudy, cala
12-23cm 1010 1.6 5.3 92,2 1351.7 1760.5 2017.2 -40.2 -18.4 0 .8812 .1188 HU Overcast, calm
1015 2.9 4.4 78.7 1321.0 1712.4 2000.0 ~-59.2 -29.5 0 .9144 .0856 SH Overcast, calm
24-60cm 1037 5.8 5.1 92.2 1351.8 1735.4 1876.2 -40.2 -24.4 0 .8577 -1423 HU Overcast, calm
1044 2.9 7.2 78.7 1320.0 1682.0 1851.8 -52.7 -29.8 0 .8570 .1430 SH Partial overcast, calm
60-70cm 1108 5.6 92,2 1351.9 1760.0 1920.8 -37.7 -23.1 0 .8932 .1068 HU Partly cloudy, sunny, calm
1113 5.8 78.7 1321.6 1717.8 1914.7 -52.6 -30.9 0 .9015 .0985 SH Partly cloudy, sunny, calm
0-6em 1134 4.6 4.4 92.2 1351.5 1722.4 1838.0 -36.7 ~-19.9 0 «1557 2443 HU Partly cloudy, sunny, calm
1139 4.3 6.4 78.7 1320.7 1698.1 1821.6 -53.3 -~31.1 0 .7428 .2572 SH Partly cl-oudy, sunny, calm
-0-6cm 1158 3.0 8.5 92,2 1352.5 1711.6 1877.6 -36.7 -14.7 0 .7652 +2348 HU Sunny, calm
1200 3.0 8.5 78.7 1321.4 1700.1 1B44.7 ~-53.5 =-26.7 0 .7025 .2975 SH Sunny, calm
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Figure 1. Calorimeter Bottle with Temperature Probe
and Rubber Stopper.
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Figure 2. Cold calorimeter equipment set including calorimeter
bottle, digital readout for temperature probes, thermos
bottle for collection of samples, scales, trowel and spoon,
temperature probes, clock, stopwatch, and container of
freezing agent.

Figure 3. Calorimeter field facility in operation near
Frazer, Colorado. '
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TARE WT. OF BOTTLE = /040.0¢g

TARE WT. + COLD SILICONE = 1371.7¢g : Wl.cotd = 331.7¢g
TARE WT. + COLO + WARM SILICONE = "I478. 4 ¢ Wl .warm* 106.7¢

Tw*+76°C
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10.5 -29.5
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12 -29.1 va |2 .
125 -29.0 °
13 -288 45
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— .46 i I |
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Fiéure 4, Typical calorimeter constant calculation.
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MEASUREMENT OF SNOW QUALITY
(Freezing Calorimetric Technique)

Station__Fraser Valley Observer SH
Date 3/15/79 Hour 1221

Location and description of sampling point

Top 4 cm of snow at Fraser Valley Snow Pit

Data

Sample thermos No. 105 Air Temperature _ +4.0 °C
Height of sample from ground surface 34.5 inches.

(1) Tare weight of calorimeter 1261.5 BT. (W)

(2) Weight of calorimeter and silicone f;hid 1651.5 2T . (wz)

(3) Weight of calorimeter + silicone fluid + snow__ 1826.3 gr. (Wy)

(4) Calorimeter constant (E) 92.2 gr.

(5) F =-42.9° b, = -24.8° tym 0°

6) (2) - (A1) = _ _390.0 gr.
) ) - (2) = 174.8 gr.

Snow Quality
=10.879

Ls L
% free water = 100 (1-- Q1) ={12.1%
where
Wi = wz - W, +E, gr. Ci = gpecific heat of ice at
C. = specific heat of freezing ‘average temp.
£ (¢, + t,)
agent at average temp. 2 3
(r, +tp) 2
2 S = W3 - Wy, gr.

t, = initial temp. °C ' L = latent heat of melting

t, = f£inal temp. °C
ty = snow temp. °C

RCI form # 751-A
1-79

Figure 5. Data form for calculation of snow quality

and liquid water content with data taken
at the Frazer Valley site at 1221 hours
on March 15, 1979.
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TEMPERATURE (°C)
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-54

-55

-56
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7/. =-41.’.9°({_L
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/
,/
4
o
¥
L4
/
y
/
L‘
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¢
[ J .
. DATE:3/ 15y 79
TIME: 122/
LOCATION:FRASER
VALLE Y
*
p
L ]
L J
/2 4 5 6 7 & 9 10 u 12 I3 14 IS
TIME (Minutes ) :
Figure 6. Graphical determination of tq and t, at

the Frazer Valley site at 1221 hours on
March 15, 1979.
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THE DIELECTRIC BEHAVIOUR OF SNOW: A STUDY
VERSUS LIQUID WATER CONTENT

W. Ambach and A. Denoth
University of Innsbruck

ABSTRACT

Snow is treated as a heterogeneous dielectric material
consisting of ice, air and water. The great difference in the
high frequency relative permittivity of dry snow and water
allows to determine the liquid water content by measurements of
the relative permittivity of snow. A plate condenser with a
volume of about 1000 cm3 was used to measure the average liquid
water content in a snow volume. Calibration was carried out
using a freezing calorimeter.

An important aspect in the investigation of the snow surface
by remote sensing techniques using VHF or UHF is the augmented
liquid water content near the snow surface. In order to measure
the liquid water content in thin snow layers, a comb-shaped
condenser was developed, which is the two-dimensional analogon
of the plate condenser. With this moisture meter the liquid
water content was measured in layers of a few millimeters in
thickness, whereby the effective depth of measurement is given
by the penetration depth of electric field lines which is. con-
trolled by the spacing of the strip lines. Results of field
measurements with both moisture meters, the plate condenser and
the comb-shaped condenser, are given.

In order to find the proper measuring frequency for the
moisture meters, the frequency dependence of the relative per-~
mittivity of wet snow was measured in the range of up to 100 MHz.
The influence of both the stage of metamorphosis and the distri-
bution of liquid water in snow is discussed in detail. The
formula of Polder and van Santen is applied for calculating the
relative permittivity of snow from the components ice, air and
water. This model is a basis for the physical conception of snow
moisture meters. From this analysis it results that the cali-
bration of the dielectric moisture meters may be replaced by
model calculations according to the formula of Polder and van
Santen.

INTRODUCTION

The liquid water content of a snow cover determines many of
its physical characteristics, so that attention must be attribu-
ted to its precise and efficient measuring. In connection with
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remote sensing techniques it is of interest how the liquid water
content of the snow pack influences the velocity and attenuation
of electromagnetic waves (refs. 1, 2, 3), the albedo (ref. 4)
and the brightness temperature in the microwave range.

METHODS OF MEASURING THE LIQUID WATER CONTENT

A comparison of various methods of determining the liquid
water content of snow shows that dielectric methods are out-
standingly suited for field measurements (refs. 6, 7).

The dielectric methods come under the indirect measuring
methods of liquid water content, as they register characteristics
of the material to be measured that depends on the liquid water
content. Therefore a relationship between the dielectric constant
and the liquid water content must be found by calibration.
However, the dielectric method offers the advantage of quick
readings (ref. 8).

In contrast to this advantage, the direct measuring methods
of the liquid water content are in general time-consuming and
only partly suited for field measurements (ref. 6). Among these
methods the following have been described in detail in relevant
literature: calorimetric ones with a freezing calorimeter
(ref. 9) or with a hot water calorimeter (ref. 10) and centri-
fugal ones (ref. 11).

DIELECTRIC METHODS OF MEASURING THE LIQUID WATER CONTENT

The complex dielectric constant of a material is given by
the two components &' and g", whereas &' means the relative
permittivity and &£" the loss factor. Dielectric measuring methods
of the liquid water content make use of the substantial dif-
ference between the relative permittivities of dry snow and of
water. As previous investigations have shown, the complex
dielectric constants of ice and snow have a distinct frequency
dependence in the range of v <100 kHz (refs. 12, 13, 14). In
this connection it is essential to analyse over a wide frequency
range how the liquid water content and the stage of metamor-
phosis influence the relative permittivity. These analyses
supply the physical bases of choosing a suited measuring fre-
quency for the measuring of the liquid water content of snow
by means of the dielectric method.
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SNOW AS A HETEROGENEOUS DIELECTRIC MATERIAL

Snow is considered as a heterogeneous dielectric material
consisting of ice, air and water. The relative permittivity and
the loss factor of this system are determined by the relative
permittivities and the loss factors of the individual components.
Furthermore, the volume filling factors, the distribution and
the shape of the individual components control the relative
permittivity of snow. However, this complex system can be seen
in a simplified version as a two-component system consisting of
dry snow and of water inclusions.

RELATIVE PERMITTIVITY OF SNOW VERSUS FREQUENCY

An essential requirement of a dielectric moisture meter is
that its reading does not depend on the size and shape of the
snow grains varying in the course of the metamorphosis. Measure-
ments of the frequency dependence of the relative permittivity
of wet snow in the range of between 80 Hz and 100 MHz have
shown that in the case of measuring frequencies exceeding 10 MHz
the relative permittivity only depends on the liquid water
content and on the porosity, but not on the stage of metamor-
phosis. In: the range of between 80 Hz and 20 MHz the measurements
were carried out by means of a Wien-Robinson bridge and a twin-T
bridge; the measurements in the range of between 500 kHz and
100 MHz were made by means of two-port measurements with the
voltage method using a vector-analyzer. In fig. 1, for comparison
purposes, the frequency dependence of both the permittivity and
the loss tangent of two types of snow with approximately the
same ligquid water content but different stage of metamorphosis
is illustrated. Fig. 1a shows the frequency dependence in a
log-scale of a fine grained sample (D<0,5 mm), fig. 1b of a
coarse grained one (D>0,5 mm). In both snow samples a wide
relaxation regime in the range of v« 100 kHz occurs, whereas
the relaxation frequency of the snow samples is substantially
higher than in the case of pure ice (ref. 15).

The fine grained sample (fig. 1a) shows in comparison with
the coarse grained sample (fig. 1b) a wide relaxation regime and
the loss tangent decreases monotonously, without passing through
a marked maximum. With the coarse grained sample (fig. 1b),
however, a marked maximum of the loss tangent in the range of
about 30 kHz occurs. Both samples show a constant value of the
relative permittivity in the frequency range exceeding 10 MHz,
the fine grained sample reaching a constant value at approximate-
ly 6 MHz, the coarse grained sample at 1 MHz already.

In a previous paper the frequency dependence of the relative

permittivity and the loss tangent of snow samples have been
analyzed by means of the Debye and the Cole-Cole models (ref. 14).
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The result of these analyses is that in general for coarse
grained samples the simple Debye model with just one relaxation
frequency can be applied. In the case of fine grained samples
the Cole-Cole model can be applied, which is based on a spectrum
of relaxation frequencies.

For frequencies exceeding 10 MHz, regardless of the grain
size and hence of the stage of metamorphosis, a value of the
permittivity is reached that does not depend on the frequency.
This constant value means the high frequency relative permit-
tivity £2. Fig. 2, for example, illustrates how the density-re-
duced relative permittivity e = E'-1-2,2¢ depends on the liquid
water content of coarse and fine grained snow samples, using a
measuring frequency of 13,6 MHz. Results for measuring fre-
quencies of 1,0 MHz, 5,0 MHz, 9,3 MHz and 18,6 MHz are given in
ref. 16. Instead of the relative permittivity £' here the den-
sity-reduced permittivity e was introduced in order to allow for
the dependence of the permittivity on the density of snow. With-
in the standard deviation *g no significant difference between
coarse grained samples (D> 0,5 mm) and fine grained samples
(D< 0,5 mm) can be observed. It results, that the density-re-
duced permittivity e thus only depends on the liquid water con-
tent and not on the stage of metamorphosis.

HIGH FREQUENCY RELATIVE PERMITTIVITY, WET SNOW DENSITY AND
LIQUID WATER CONTENT

Dry snow samples

Fig. 3 illustrates the influence of porosity on the high
frequency relative permittivity £&,3 of dry snow. As a good
approximation a linear relationship between the relative per-
mittivity £x,3 and the porosity is obtained:

Ed,g =1+ 2,02(1-0) (1)

The dry snow samples, shown in fig. 3, were divided into
three groups as to their grain size, i.e. D< 0,4 mm, 0,4< D< 1 mm
and D>1 mm. No systematic influence of the grain size and con-
sequently of the stage of metamorphosis can be observed.

Wet snow samples

Fig. 4 illustrates the dependence of the density-reduced
high frequency relative permittivity ew = &€& -1 - 2,2 on the
liquid water content in the case of wet snow samples. The wet
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snow samples were divided into two groups according to their
grain size, i.e. D<£ 0,5 mm and D>0,5 mm, the liquid water
content being determined by means of a freezing calorimeter.
From fig. 4 a linear relationship results between the density-
-reduced high frequency relative permittivity e, and the liquid
water content W, whereas no systematic influence of the grain
size having been observed: »

e, = 0,213 W (2)

THE MODEL OF POLDER AND VAN SANTEN APPLIED TO WET SNOW

Of the many models quoted in relevant literature (refs. 17,
18) that lead to the calculation of the permittivity of a hetero-
geneous material, the model of Polder and van Santen is especial-
ly suited for wet snow (refs. 19, 20). As compared to others it
has the outstanding advantage of offering a possibility of ex-
pressing the orientation and the shape of the components of a
heterogeneous system by means of shape factors. The mixing
formula of Polder and van Santen adapted to the heterogeneous
system of wet snow (ref. 20) reads as follows:

. 1 T
“[5W wd]foo‘ v Gy Eng; Geat? B
T

The high frequency relative permittivity &! of the heterogeneous
system can be calculated from the relative permittivity of water,
the porosity of snow and the depolarizing factors g by means

of equation (3).

Fig. 5 shows a comparison between the calculated relative
permittivity &£! (model) obtained from equation (3) and the
measured value £ (measurement), the depolarizing factor g, having
been optimated under the assumption of water inclusions in the
form of oblate spheroids. In this particular case the components
J,r .93 are given by 9, = 9, and g, = 1 - 2g1 An influence of the
grain~size, and thus &f the stage”of metamorphosis, cannot be
observed. The slope of the regression line in fig. 5 shows that
the model of Polder and van Santen is suited to the application
to wet snow. In order to calculate the relative permittivity of
wet snow, snow density and liquid water content have to be known.
The agreement between measured and calculated values of the high
frequency relative permittivity of wet snow allows the conclu-
sion that the liquid water content of wet snow samples can be
calculated from equation (3). This analysis may be suitable to
replace the calorimetric calibration.
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Whereas in fig. 5 the regression line was obtained by
applying an averaged depolarizing factor, in fig. 6 the de-
polarizing factor gq was calculated for each individual sample
(refs. 21, 22). From this analysis a dependence of the de-
polarizing factor g4 on the liquid water content is obtained
(fig. 6). At low values of the liquid water content the de-
polarizing factor g, increases monotonously, whereas in the
range of between 5% to 7% per volume a significant change of
it is marked (ref. 23). This change may be attributed to the
transition from the pendular to the funicular regime.

THE MODEL OF WIENER

The formzahl u in Wiener's mixing formula (ref. 24) is
also suited to describe wet snow as a heterogeneous system,
although with certain restrictions (ref. 20). Applying the
model of Wiener, the formzahl u depends on both the liquid
water content and the stage of metamorphosis (refs. 25, 26).
In fig. 7 the course of the formzahl u versus liquid water
content is shown for fine grained (D< 0,5 mm) and coarse grained
(D>0,5 mm) snow samples. For values of the liquid water content
exceeding 4% per volume both groups of samples (figs. 7a, 7b)
show the identical course of the formzahl u, whereas for values
lower than 4% per volume an additional influence of the stage
of metamorphosis, i.e. grain size, is clearly to be observed.
However, the transition of the distribution of liquid water
from the pendular to the funicular regime, which may occur in
the range of 5% to 7% per volume is not reflected by a change
of the formzahl u.

A comparison of the models of Wiener and the one of Polder
and van Santen shows that the model of Polder and van Santen is
preferably used to describe wet snow as heterogeneous dielectric
material: The model of Polder and van Santen is a more com-
prehensive one, containing the model of Wiener as a special
case (ref. 17).

MEASURING THE BULK WATER CONTENT

MEASURING METHOD

For measurements of the complex dielectric constant in the
frequency range of up to approximately 100 MHz bridge-methods
have proved their efficiency. In the frequency range exceeding
10 MHz, which is of particular interest in connection with
measuring the liquid water content, twin-T bridges and a
bridged-T bridge are preferable for measurements of the complex
dielectric constant. On the basis of the -experimental results
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discussed here, two types of instruments with set frequencies
in the range of approximately 20 MHz have been developed to
determine the liquid water content of snow.

THE TWIN-T BRIDGE

The twin-T bridge (refs. 27, 28) was built to a set fre-
quency of 18 MHz; a plate condenser with a measuring volume of
1000 cm3 consisting of 5 plates with a plate spacing of 3 cm
was connected thereto by means of a coaxial cable. After com-
pleted tuning both the relative permittivity £' and the loss
factor £" can be determined separately.

The twin-T bridge has been mentioned on purpose, as in
contrast to other bridges, it allows a common earthing of the
sample to be measured, of the generator and the reading instru-
ment. Absolute calibration of the instrument was carried out in
the laboratory by means of a freezing calorimeter. During field
measurements an absolute accuracy of * 0,5% per volume is
reached when determining the liquid water content. It is assured
by the accuracy of the adopted calibration method.

BRIDGED-T BRIDGE

In order to simplify the rather time-consuming tuning
operation for both, the component &' and the component &", a
bridged-T bridge was developed. Comparative measurements, using
a twin-T bridge and a bridged-T bridge show that the tuning
operation for the loss factor can be avoided, if proper compo~
nents of the network of the bridged-T bridge are chosen: in this
way a one-knob-moisture meter is obtained (ref. 29).

By means of the moisture meters developed in this way, the
twin-T bridge with two-knob-tuning and the bridged-T bridge with
one-knob-tuning, the average liquid water content of a snow
volume of approximately 1000 cm3 can be measured. A substantial
reduction of the measuring volume, which would be desirable for
many purposes, is possible only to a certain extent. When the
spacing of the plates is too small, the mechanical obstruction
of the sample is very relevant; if the plates are too short the
electric stray field of the plate condenser cannot be neglected
any longer. '

For measurements of the liquid water content in small

volumes or in thin layers a special sensor has been developed,
which is described in the following section.
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MEASURING THE LIQUID WATER CONTENT IN THIN LAYERS

The increased liquid water content and the big gradient of
the liquid water content near the surface are important quan-
tities when analyzing the snow surface by means of VHF and UHF
remote sensing techniques. For this special case of measuring
the liquid water content in thin layers a comb-shaped condenser
was developed (ref. 29), which is the 2-dimensional analogon of
the plate condenser. Fig. 8 illustrates ‘the geometrical shape
of the condenser in use. As a good approximation the capacity
per square unit of such a comb-shaped condenser can be expressed
as follows

< = 2. arcosh[%+1 1 (4)

and the effective depth of penetration of the electric field as
a figure of the measured snow volume is approximately given by
(refs. 29, 30)

__1,1 1 |
b = 5(2+S) (5)

This effective measuring depth b is illustrated in fig. 9
for various strip-line spacings s depending on the ratioc 1l/s,
width to spacing of the strip lines. The effective measu-
ring depth b can be varied over a wide range by choosing suitable
spacings and widths of the strip lines.

Using a moisture meter with a comb-shaped sensor for
measuring the liquid water content in thin layers, the change
in the capacitance of the sensor is indicated by a change in the
frequency of an oscillator. An analog reading of the liquid water
content is obtained by a frequency to voltage converter. The
comb-shaped sensor in this moisture meter was designed for an
effective depth of measurement of 3,5 mm, the total surface of
. the sensor being 4x4 cm2. Calibration was carried out with
homogeneous samples by means of a freezing calorimeter.

CONCLUSIONS

The dielectric measuring method for the determination of
the liquid water content of snow is particularly suited for
field work. The reasons are that these dielectric moisture
meters are simple to handle and allow fast measurements. Accuracy
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is assured due to the calibration procedure reaching I 0,5% per

volume, a freezing calorimeter being the best calibration in-
strument. Two embodiments of a moisture meter have been tested:
one instrument with a plate condenser for measuring the average
ligquid water content in a snow volume, and a second one with a
comb-shaped condenser for measuring the liquid water content in
thin snow layers near the surface of a snowpack.

Systematic studies of the frequency dependence of the
complex dielectric constant of snow samples of various stages
of metamorphosis and liquid water contents were made, which
offered the physical basis for the development of the instru-
ments. Both dielectric moisture meters, the one with the plate
condenser and the other with the comb-shaped condenser, work
with a set frequency. The frequency must be higher than 10 MHz,
whereby a set frequency of 20 MHz was proved to be most suitable.
Using this frequency the relative permittivity of snow only
depends on both the liguid water content and the porosity, but
is independent of the grain size and consequently of the stage
of metamorphosis.
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SYMBOLS

surface of the comb-shaped condenser

penetration depth of the electric field of the comb-shaped
condenser

capacity of the comb-shaped condenser
density-reduced dielectric constant
density-reduced high frequency dielectric constant

depolarizing factor in the mixing formula of Polder and
van Santen

width of the strip lines of the comb-shaped condenser
number of strip lines of the comb-shaped condenser
spacing of the strip lines of the comb-shaped condenser
formzahl in the mixing formula of Wiener

water content; water volume/total volume

length of the strip lines of the comb-shaped condenser
relative permittivity

high frequency relative permittivity of wet snow

high frequency relative permittivity of dry snow

" relative permittivity of water at 0°c

permittivity of free space
loss factor

frequency

density of dry‘snow
standard deviation

porosity; pore volume/total volume
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LEGEND TO FIGURES

Fig.

Fig.

Fig.

Fig.

Fig.

1:

2:

3:

4:

5:

Frequency dependence of the relative permittivity and
the loss tangent of a fine grained snow sample {(a) and

a coarse grained samble (b). Fine grained snow samples
are samples with an average grain size D< 0,5 mm, coarse
grained with D> 0,5 mm.

Dependence of the density-reduced relative permittivity
e = £'-1-2,2¢ on the liquid water content of coarse
grained and fine grained samples at a measuring fre-
guency of 13,6 MHz. The bottom diagram shows that the
course of fine grained and of coarse grained samples
coincide within the standard deviation * o . Fine grained
snow samples are samples with an average grain size

D< 0,5 mm, coarse grained with D>0,5 mm. Diagram of
other set frequencies cf ref. 16.

Dependence of high frequency relative permittivity¢§! a
on the porosity ¢>of dry snow samples. The samples '
were divided into 3 groups according to their grain
size D.

Empirical relationship between the density-reduced high
frequency relative permittivity €w = Eo=1-2,2 and the
liquid water content obtained by a calorimetric method
(% per volume) for coarse grained and fine grained
samples. No systematic difference between both kinds

of samples can be observed. Fine grained snow samples
are samples with an average grain size D< 0,5 mm, coarse
grained with D>0,5 mm.

A comparison of measured values of the high frequency
relative permittivity £& (measurement) with the calcu-
lated values && (model) using the mixing formula of
Polder and van Santen for coarse grained and fine
grained samples. Dry snow samples are marked by empty
symbols, wet snow samples by full ones. The inserted
regression line shows that on an average the calculated
values coincide satisfactorily with the measured ones.
Fine grained snow samples are samples with an average
grain size D< 0,5 mm, coarse grained with D>0,5 mm.
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Fig.

Fig.

Fig.

Fig.

6

7:

8:

9:

Dependence of the depolarizing factor gq on the liquid
water content of snow samples, the liquid water content
being measured by means of the calorimetric method.
Coarse grained and fine grained snow samples have dif-
ferent symbols. In the range of the transition from

the pendular regime into the funicular one the depola-
rizing factor g; undergoes a change. Fine grained snow
samples are samples with an average grain size D<« 0,5 mm,
coarse grained with D>0,5 mm.

Plot of the formzahl u according to Wiener versus the
liquid water content obtained by means of a freezing
calorimeter for coarse grained and fine grained snow
samples. Fine grained snow samples are samples with an
average grain size D< 0,5 mm, coarse grained with
D>0,5 mm. '

Geometrical shape of the comb-shaped condenser

Effective measuring depth of a comb-shaped condenser

depending on the shape of the comb-shaped condenser,

1 meaning the width, s the spacing of the strip lines
(cf f£ig. 8).
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SNOW ELECTROMAGNETIC MEASUREMENTS*

William I. Linlor
Ames Research Center

James L. Smith
U.S. Forest Service, USDA, Berkeley, California 94700 (Deceased)

Fred D. Clapp and Diogenes J. Angelakos
University of California, Berkeley, California 94700

ABSTRACT

An electromagnetic system is described for measuring the dielectric
constant and attenuation of snow samples in the frequency range of 4 to 12 GHz.
System components consist of a swept-frequency source, microwave horns, net-
work analyzer, and XY plotter. Procedure in calibrating the effect of wetness
on the snow properties is described. Equations are given that express the
experimentally determined relation between attenuation per unit length and
volume percent wetness at any frequency between 4 and 12 GHz. Permittivity
can be calculated from the snow density, attenuation per unit length, and fre-
quency. Some applications of the techniques are described such as runoff
forecasting from mountain snowpacks.

INTRODUCTION

The measurement of mountain snowpacks is one part of the NASA programs
for remote sensing of earth resources, employing active and passive electro-
magnetic systems. To plan experiments and to interpret results, one must have
values for the permittivity and attenuation of snow for the range of wetness
encountered under natural conditionis. The frequencies of interest start at a
few gigahertz (GHz).

Published information regarding the attenuation of wet snow in the GHz
region is extremely limited. Cumming (ref. 1) gives curves relating the loss
tangent of snow to liquid-phase water for two densities at the frequency of
9.375 GHz. Sweeny and Colbeck (ref. 2) measured the dielectric constant and
loss factor at 6.0 GHz for wet snow, their values of wetness ranging from 0 to
24% by volume. They also performed tests using glass beads as the host medium
in place of snow. Linlor (ref. 3) measured the permittivity and attenuation
of wet snow between 4 and 12 GHz.

The present paper addresses topics of interest to snow specialists, in
the context of the Linlor paper (ref. 3), such as calibration procedures for

*This work was supported in part by NASA-University Consortium Agreement
NCA2~0R050-704.
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obtaining snow samples having known amounts of liquid-phase water. Previous

publications (refs. 4-14) are listed as references without discussion because
this is not intended to be a "review paper.”" However, the data of references
1 and 2 are compared with our results.

SNOW _SAMPLES HAVING KNOWN WETNESS

The preparation of samples of snow having known amounts of liquid~-phase
water is a difficult problem. Sweeny and Colbeck (ref. 2) employed a "capil-
lary pressure system" in which the snow sample was first saturated with ice
water, then drained, using a porous plate under a negative pressure gradient.
The water content was calculated by taking the difference between the water
added and that removed.

Jones, Rango, and Howell (ref. 15) measured the water content in natu-
rally occurring snow rather than preparing samples. They employed a "cold
calorimeter" to measure the heat absorbed in freezing the liquid~-phase water.
Such a measurement does not provide information as to the effect on the dielec-
tric constant and attenuation produced by liquid-phase water when present in
-SNOW.

Our approach is based on adding known amounts of water to initially dry

snow, mixing thoroughly, and measuring the sample to obtain the permittivity
and attenuation in the frequency range of 4 to 12 GHz.

-SNOW SAMPLE SIZE

Large samples were chosen so that crystal orientation effects would be
averaged, and so that any inhomogeneities (if present after mixing) would also
be averaged. A Plexiglas cell was used, having inside dimensions of 39.1 cm
% 39.1 cm x 14.5 cm thick. The walls were 0.635 cm (0.25 in.) thick. Snow
density was obtained from cell weights, full minus empty.

WATER ADDITION

Tests were made to determine how ice water should be added to dry snow to
obtain a reasonably uniform final state. If feasible, the water should be
added as "in nature," with downward diffusion producing the uniformly wet sam-
ple. For our purposes the rate of adding the ice water had to be sufficiently
rapid to achieve at least several samples per day.

An exploratory test was made on a large cube of new, dry, homogeneous
snow, approximately 1 m on each side, all of which had been deposited in a
single storm. This block was isolated from a snowbank by digging vertical
clearance channels, and a metal plate was inserted at the bottom. Ink-colored
water was sprayed gently and uniformly on the top, at the rate of approxi-
mately 600 cm3/min on the area of 1 m2, The spray-water application was
stopped when water was observed at the metal plate, and the snow block was
examined. Upon removal of the sides of the block, it was found that the water
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had formed "veins" vertically down through the block, although it had been
sprayed quite uniformly. The final distribution of water was distinctly non-
uniform throughout the volume,

To check whether this type of vertical channeling occurs naturally or was
produced because of the rate of addition of water, snowpacks were examined by
carefully removing snow. Vertical "fingers" were found, originating at layers
within the snowpack, having dimensions approximately 0.3 to 0.6 cm in diameter
and vertical lengths of 5 to 10 ecm. It was not known whether these fingers
were produced solely by heat melting (sun and air) or if some unobserved
(i.e., unreported) rain had occurred. This phenomenon is identified as a
problem for further investigation because the presence of such fingers would
obviously affect measurements via either active or passive microwave systems.

On the basis of the above information it was concluded that mechanical

mixing of wetted snow samples is necessary to achieve uniformity in the final
sample. ‘

EFFECTS OF MIXING

Tests were made to determine whether the mechanical mixing of wetted snow
would produce undesirable effects such as melting and major grain structure
modification.

Dry snow samples were placed in a mixing chamber and vigorously stirred
using manually operated wooden paddles. The force exerted on the snow aver-
aged about 10 1b, acting through a distance of about 3 ft in 1 sec, as the
maximum work rate. During 15 min of mixing, the average power was about half
the maximum. The effect of mixing was measured by noting the increase in snow
temperature, starting at, for example, -15° C, with a room temperature of
-5° €. We found that the snow reached room temperature within 10 min or less,
and remained at the room temperature despite mixing for an additional 15 min.
The conclusion was that the mechanical mixing produced a rise in snow tempera-
ture of not more than 1° C.

The preceding conclusion is confirmed by calculation of the heat produced
by mechanical work. The dry snow sample had a mass of 20,000 gm. The manual
work rate (average) of 15 ft-1b/sec is equivalent to 20 W. For the time of
15 min, the energy is 18,310 J, or 4,380 calories. Since the specific heat of
snow is about 0.5 calorie/gm/°C, the 20,000 gm of snow would be raised in tem-
perature by 0.44° C.

If the dry snow were at 0° C, the energy of 4,380 calories would produce
melting of 55 gm of snow (heat of fusion being 80 calories/gm), or about 0.37%
wetness by weight. For snow of density 0.5 gm/cm3, this represents a volume
wetness of 0.147%.

In some cases the snow was mixed using motor-driven paddles. It is dif-
ficult to estimate how much of the motor power was transferred to.-the snow,
but experimentally it was found that temperature of dry snow behaved similarly
to the case of the manually stirred snow.
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Examination of snow crystals at 8x magnification before and after the
mixing did not show any significant change in structure.

Tests were also made to determine the effect of room temperature on the
snow during the mixing time. The conclusion was reached that for 1 cm3 of
snow in the laboratory (no sunlight and no appreciable air motion) having tem-
perature of +1° C, approximately 1% volume wetness is produced in 15 min.
Obviously, to minimize this type of melting, samples having a large volume
to surface ratio should be employed. Our samples (see above) had volumes of
the order of 40,000 cm3.

We estimate that the combined effect of mechanical work and ambient room

temperature melting during snow mixing produced an uncertainty of less than
0.5% in the volume wetness.

CALIBRATION PROCEDURE

For calibration tests, snow samples were employed which had a known his-~
tory and which had never experienced melting. For example, newly fallen snow
at the temperature of -10° C was collected and placed in thermally insulated
containers. Other collections of snow were placed in freezer chests for about

6 months at -15° C.

In preparation for calibration tests, the snow was brought to essentially
- 0° C by placing it in a waterproof container and surrounding it with moist
snow (i.e., 0° C environment). When the snow was less than 1° away from zero,
it was briefly stirred, placed in the test cell, and measured to confirm that
it was dry. This test (without measurable attenuation) was performed on all
calibration samples before water was added. '

Next, a known amount of snow was selected, typically 20,000 gm. Water
was chilled to 0° C, and 200 gm added and mixed; this produced 17 wetness by
weight. After mixing for about 15 min, some of the snow was placed in the
Plexiglas test cell and compacted to ensure uniform density. The snow-filled
test cell was examined under a bright light to determine if it looked uni-
formly gray (transmitted light). The sample was then placed in a thermally
insulated foam box and the EM measurements made (see below).

After being tested, the snow in the cell was returned to the table and
the full (20,200 gm) supply received additional ice water, so as to encompass
the desired wetness range. In some cases, 20% of the dry snow weight was
added in the form of ice water to determine whether a single large step was
equivalent to the sum of perhaps 10 small steps. Although the total mixing
and exposure to ambient temperatures were different, we found that both pro-
cedures gave essentially the same results, providing that the ambient tempera-
ture was less than 1° away from 0° C.

Each sample was weighed after the EM measurements to provide the average

density of the wet snow. The snow crystals were examined under low-power (8x)
magnification before and after the EM measurements to determine average grain

96



diameters. If the mechanical mixing produced any effects, they were not dis-
cernible at the low-power magnification, in comparison to natural snow.

INSTRUMENTAT ION

Phase shift and transmission loss were measured, using two identical _
Plexiglas containers, one as the reference unit (empty) and the other with the-
snow sample. The containers had inside dimensions of 39.1 cm by 39.1 cm in
the plane perpendicular to the microwave beam, and a depth of 14.5 cm in the
direction of the beam. The walls were 0.635 cm (0.25 in.) thick.

Three pairs of conventional microwave horns were used, each horn having
nominal gain of 20 dB at its midfrequency point, operating, respectively, in
the ranges 4.0 to 6.0, 6.0 to 8.2, 8.2 to 12.0 GHz. Low-loss cables were used.
A network analyzer measured the phase shift and transmission for the reference
unit and the snow sample, the output being plotted versus frequency on an X-Y
plotter that had separate pens for the phase and transmission channels. Thus,
a simple subtraction of one curve from its counterpart (i.e., test minus blank)
yielded the data for the snow. A conventional sweep generator was used for
‘the microwave source. To verify that the initial supply of snow was ade-
quately dry, a portion was placed in the test cell and measured. No signifi-
cant attenuation was obtained. This procedure was followed for each snow
supply to verify the initial dry state. Also, the absence of appreciable
attenuation at any frequency up to 12 GHz shows that "beam scattering” is neg-
ligible in the test cell distance of 14.5 cm. '

Impedance mismatch effects at the cell interfaces are negligible. For
normal incidence on a medium having dielectric constant k from a medium
having dielectric constant kj, the well-known equations are

VG- 5\’
Ve

(V& + i7)°

The Plexiglas walls have a dielectric constant of about 2.2. Dry snow of
density 0.4 gm/cm3 has a dielectric constant of 1.8 in the GHz region up to
12. GHz. Wet snow of 67 volume wetness and density of 0.5 gm/cm3 has a dielec-
tric constant of about 2.8 at 8 GHz. For these values, the greatest loss in
transmission would occur if a single step in dielectric constant is assumed, -
namely, from 1 to 2.8. TFor such a step, the power transmission is 0.937,
representing a loss of 0.28 dB. For interfaces having dielectric constants

of 2.2 and 2.8, respectively, the power transmission is 0.996, representing a
loss of 0.02 dB. The aggregate effect of the interfaces for the wvarious

= Reflection power

Transmission power
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combinations is less than 1 dB loss; in comparison, the attenuation for wet
snow of 6% volume wetness at 8 GHz is 21 dB in 14.5 cm.

Multiple reflections within the test cell under low loss conditions can
be identified by the response to swept frequency. When the transmission loss
through the 14.5 cm distance exceeds about 5 dB, the effect of multiple reflec-
tions becomes small. For most of our measurements, the attenuation in one
passage of the test cell exceeded 10 dB at the 8 to 12 GHz range, so multiple
reflections represented unimportant perturbations.

MEASUREMENTS

Many exploratory runs were necessary to determine appropriate operating
procedure. Our final calibration curves are shown in figures 1-3. The
original information was obtained as continuous X-Y curves. A dual-trace
(X-YY) plotter gave the frequency as the X axis, the transmitted signal and
the phase as two independent ordinates. Successive tracings of the curves
were coincident to within the width of the tracing pen. Smooth curves were
fitted to the tracings to ellmlnate obvious (and small) irregularities caused
by interfaces. Data "points" were selected at each integral frequency value
and are depicted in the figures as X marks.

Figure 1 shows the permittivity for dry snow in the frequency range of
8.2 to 12.0 GHz. The attenuation for the sample, which was 14.5 cm thick in
the direction of the beam, was less than 1 dB; it is not plotted.

In figure 2, the permittivity and decibels per centimeter are plotted
versus frequency in the range of 8.2 to 12.0 GHz for a snow sample having 2.51
volume percent wetness and density of 0.442 gm/cm3. Also plotted are the loss
factor ¢&" and tan §, which are obtainable from the permittivity and attenua-
tion per centimeter.

In figure 3, for the frequency range of 4.0 to 12.0 GHz, the permittivity, .

decibels per centimeter, loss factor, and tan § are shown for a snow sample
having 6.24 volume percent and density of 0.558 gm/cm3.

SNOW WETNESS EQUATIONS

From the measured phase shift (in deg), the permittivity can be calcu-
lated (see "symbols"):

= [1 + ¢/120v]? (1)

The loss factor is obtained from the attenuation and permittivity as
follows:

E" = ¢' tan § : . (2)
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2 2 '
tan2 §+ 1= ( —dB/em + 1 (3)
1.286v/E"

If tan § << 1,

1.0994 dB

cm
wvE!

tan 6§ =

(4)

Equations (1) through (4) are well known in electromagnetic theory,
Curves for various snow samples show the dependence of &' and £"  on fre-
quency. For convenience, curves are also included for decibels per centimeter
and tan 8§, although these evidently are related to &' and £" by the pre-
ceding equations. -

The following three equations are essentially empirical relations.
Theoretical considerations served as a guide, but the equations are justified
mainly on the basis that they are in agreement with measured values. Analysis
of the calibration curves, test runs, and checks for internal consistency
resulted in the following relations:

dB _ _
o = W, (0.045[v ~ 4] + 0.066[1 + a]) (5)
! =14 20 + bw3/2 - (6)
calc v
and
b = 5.87x1072 ~ 3.10x10 Y (v - 4)2 (7)

DISCUSSION OF SNOW WETNESS EQUATIONS

Because of its importance, the reliability of equations (5), (6), and (7)
is discussed first.

For any snow sample (wetness known by calibration or unknown), the atten-
uation and phase shift were measured simultaneously by the instrumentation.
From the phase shift, the permittivity can be obtained using equation (1).
This is the measured value and involves no assumptions.

A calculated value of the permittivity is obtained from equation (6).
The data required are the density, wetness, and the value of the parameter b
defined in equation (7) as a function of frequency. The wetness can be
obtained from calibration data or alternatively from equation (5) with mea-
sured attenuation.
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Thus,. for any snow sample, the measured and calculated values of permit-
tivity can be compared by plotting one value along the X axis and the other
along the Y axis. The distribution of such points relative to the 45° line
shows how well the two sets of values agree. This is done in figure 4, for 17
samples; some samples were dry, the rest had wetnesses that were obtained from
calibration data or from measured attenuation. Various snow densities and
grain sizes were included in the samples and various frequencies, in the 4 to
12 GHz range, were used. The excellent agreement of the measured and calcu~
lated values of the permittivity provides assurance that equations (5), (6),
and (7) are trustworthy.

Equation (5), which gives a semiempirical relation, is now considered..
In the frequency range of 4 to 12 GHz, the attenuation per unit length is pro-.
portional to the volume-percent wetness and is a linear function of frequency.
For convenient reference, equation (5) is plotted in figure 5 for selected
frequencies and in figure 6 for selected values of wetness. The value of the
constant a 1is taken to be zero, unless stated otherwise. Equation (5) is
based on the data shown in figures 1-3 and is additionally checked by the
permittivity comparisons discussed above.

Equation (6), as pointed out earlier, permits a calculation of the per-
mittivity from measurements of the density, attenuation, and frequency. For
dry snow, the first two terms in equation (6) yield a value for permittivity
that is in close agreement (within a few percent) with the measured permit-
tivity from equation (1), obtained from phase shift in the GHz region. The
upper limit to density to be used in equation (1) is 0.6 gm/ecm3. Because the
-sample dimensions used in these measurements are so large, any crystal orien-
tation effects are presumed to be insignificant because of the randomization
produced in the sampling processes. Approximately 50 samples were measured.
‘Our permittivity measurements are about 6% higher than those of Cumming
(ref. 1) for snow densities of about 0.2 gm/cm3, and are in excellent agree-
ment with his densities near 0.5 gm/cm3. ‘

The third term in equation (6) must be included for the case of wet snow.
The factor b is obtained from equation (7) since the frequency is known.
The volume-percent wetness for equation (6) can be obtained from calibration -
‘data or from equation (5), using measured attenuation per centimeter.

An interesting check on the validity of equations (4) through (7) is
obtained by comparing predictions derived from them with the measurements of
Cumming (ref. 1). His stated values of wetness, density, and frequency were
substituted into the equations of this paper; the results and Cumming's curves
are plotted in figure 7. Good agreement is obtained for the density of
0.38 gm/cm3. For the density of 0.76 gm/cm3, agreement is evident for the
lower portions of the curves, but further investigation is necessary to iden-
tify the disparity at the upper portions of the curves.

A comparison of the data of Sweeny and Colbeck (ref. 2) and the equations
of this paper is shown in figure 8 for the dielectric constant (or permit~-
tivity) and in figure 9 for the loss factor. Because the data of reference 2
include the effect of snow density, three curves are shown in figure 8 for the
snow densities, respectively, of 0.5, 0.6, and 0.7 gm/cm3. Some of the data
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points of Sweeny and Colbeck agree with the curve for 0.7 gm/cm3, but most are
higher than this curve. According to the equations in this paper, the snow .
density plays a minor role in regard to the loss factor, and so only the curve
for demsity 0.6 gm/cm3 is shown in figure 9. The curves for 0.5 and 0.7 gm/cm3
would essentially coincide with the curve shown. The loss factors of Sweeny :
and Colbeck are larger than values obtained from our equationms.

SNOW DRAINAGE CHARACTERISTICS

The instrumentation measures the wetness of the snow sample without dis-
turbing it in any way because the intensity of the beam is too low to produce
measurable melting. The volume-percent wetness versus drain time for three
samples is shown in figure 10. Sample A consisted of small grains (0.1 to
0.3 mm diam) and had an initial wetness of about 9.6 volume percent. The
wetness was remeasured after drain times totaling 2, 6, and 20 hr. The sample
was kept in a 0° C environment at all times. Sample C had large grains (1 mm
diam) and an initial wetness of about 9.4 volume percent. Its wetness
decreased more rapidly than that of sample A.

Sample B had large grains (1 mm diam) and was treated as follows:
(1) the snow was completely immersed in 0° C water for about 10 min then
removed and allowed to drain; (2) after 3 hr, it was placed in the test cell
and measured; and (3) a second measurement was made at the 18-hr drain time.

Similar data are presented in figure 11. The curves A and C are the same
as those shown in figure 10; they are repeated in figure 11 for reference.
Curve D shows the drainage characteristic for a sample that initially had a
wetness of 6.2 volume percent. Curve E shows that a snow sample having only
4.0 volume-percent wetness did not drain at all, within the measurement
capability of the instrumentation, up to a time of 9 hr.

The water speed in "ripe snow'" (i.e., grain size approximately 1 mm diam)
was measured with sample C. After the drain time of 20 hr, a 3-cm-deep region
was present at the bottom of the snow cell (where it did not produce beam
attenuation); the region had a wetness of about 33 volume percent and the
appearance of "slush.'" The snow cell was inverted to bring the slush layer
above the beam axis; this caused the accumulated water to drain down through
a distance of about 21 cm to the beam region. Based on the time for maximum
beam attenuation to occur, the measured speed of travel of the pulse of water
for the stated conditions was about 20 cm/min. Further measurements of water
passage under a variety of conditions are planned.

APPLICATIONS OF TECHNIQUE

The techniques discussed here may have many applications. We plan to
measure the permittivity and attenuation of a variety of snow samples that
differ in density, grain size, wetness, age, etc. Those measurements will be
made to confirm and to extend the data base. After an adequate number of sam-
ples is available, the technique can be used for "snow truth;" that is, from
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the electrical measurements of samples one can determine the physical charac-
teristics of the snowpack.

The equations presented here permit the rapid determination of snow wet-
ness in the field by measurement of the attenuation of samples. Since phase
measurements are not required, the instrumentation can be quite simple and
inexpensive, such as a system having microwave horns, an oscillator that can
be swept in frequency, and a .detector. Details will be published in a later
paper.

An important application is the prediction of the time and rate of snow
melt for reservoir management in the western United States. Sets of microwave
horns located at snow courses can provide data on a daily basis to assess the
wetness of the snowpack. . Several pairs of horns located at different heights
above Earth and immersed in the snow can indicate the liquid-phase content.
The instrumentation may be capable of predicting when the snowpack will reach.
its maximum water-holding state and thus be primed for runoff. Another poten-
tial application, although somewhat speculative at present, is the measurement
of snowpack wetness for avalanche warning.

The techniques can be employed to measure water speed in snow, earth, and
similar materials by observing the changes in attenuation caused by wetness.
A version of the technique may permit the in situ measurement of soil moisture
on a repetitive basis, to provide index-station data.

SUMMARY OF RESULTS AND CONCLUSIONS

Samples of natural snow have been calibrated by the addition of known
amounts of water, thoroughly mixed, and measured in large-volume cells. The
phase shift and the attenuation were measured in the frequency range of 4 to
12 GHz. Density was obtained for each snow sample.

Empirical equations were developed from the data, giving the relation
between attenuation per unit length and volume-percent wetness. Additional
equations were developed for the calculation of permittivity from snow density,
attenuation per unit length, and frequency. A comparison showed excellent
agreement between the permittivity obtained from phase-shift measurement and
that calculated from the equations.

The water passage in snow having a typical grain diameter of 1 mm was
measured and found to be about 20 cm/min. Curves are given to show the
dependence of snow wetness on drain time for a variety of samples.

It is concluded that "ripe snow'" (grain diameter of about 1 mm) can hold
about 0.04 g of liquid-phase water per cubic centimeter of snow, equivalent to
about 8 weight percent for snow whose density is 0.5 gm/cm . This represents
the 24~hr drain time state, based on homogeneous samples. The presence of
layers, ice lenses, and similar impediments to the flow of water may produce
increased snow wetness.
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SYMBOLS

v frequency, GHz, equal to 109 Hz

g' permittivity, real part of dielectric constant relative to vacuum

g" loss factor, imaginary part éf dielectric éonstant relative to
vacuum

tan § ratio of imaginary/real pérts of dielectric constant

¢ phase shift, deg

o) density, gm/cm3

D thickness of sample, cm

a average snow grain diameter (in mm) for the range of 0.1 to 1.0 mm

b proportioﬁality constant

Wy wetness in volume percent, grams of water per cubic centimeter

multiplied by 100

Wyy wetness in weight percent, grams of water per gram of snow multi-
plied by 100
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FIGURE CAPTIONS

FIG. 1. Calibration curve for dry snow.

FIG. 2. Calibration curves for wet snow (2.51 volume percent).

FIG. 3. Calibration curves for wet snow (6.24 volume percent).

FIG. 4. Comparison of measured and calculated permittivities.

FIG. 5. Variation of attenuation with snow wetness at selected.

frequencies.

FIG. 6. Variation of attenuation with frequency at selected snow

wetnesses.

FIG. 7. Comparison of

Cumming's results (tan 8 vs snow wetness) with

'corresponding results of present paper.

FIG. 8. Comparison of
wetness, with corresponding

FIG. 9. Comparison of
wetness, with corresponding

FIG. 10. Variation of
saturated snow.

FIG. 11. Variation of
degrees of initial wetness.

Sweeny and Colbeck's results, permittivity vs
results of present paper.

Sweeny and Colbeck's results, loss factor vs
results of present paper.

snow wetness with drain time for initially

snow wetness with drain time for different
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ACTIVE MICROWAVE WATER EQUIVALENCE
MEASUREMENTS*

H. S. Boyne
Colorado State University
Fort Collins, CO

D. A. Ellerbruch
National Bureau of Standards
Boulder, CO

ABSTRACT

Measurements of water equivalence using an active FM-CW microwave system
have been conducted over the past three years at various sites in Colorado,
Wyoming and California. The measurement method will be described. Measure-
ments of water equivalence and stratigraphy will be compared with ground
truth. A comparison of microwave, federal sampler and snow pillow measure-
ments at three sites in Colorado will be described.

INTRODUCTION

Snowpack in mountain watersheds in the western United States accounts
for 65% to 80% of the total available water supply. Prediction of annual
water storage in snowpack is, therefore, important in estimating total annual
runoff. The U.S.D.A. Soil Conservation Service (ref. 1) and the California
State Department of Water Resources (ref. 2) have been coordinating a coop-
erative snow survey and water supply forecasting program for more than 50
years to serve the needs of a variety of water users. Traditionally, manual
measurements of some 2000 snowcourses situated in watersheds throughout the
western United States have provided information on snow depth and water con-
tent once a month from January to June. These measurements serve as input
data to snowmelt runoff forecasting models.

More recently, the SCS has installed over 500 sites to collect hydro-
meteorological data from remote sites throughout the mountains of the West.
Snowpack water equivalence, total precipitation and ambient air temperature
are collected twice daily and transmitted to a data collection and processing
center via a meteor burst communication system known as SNOTEL (ref. 3).

Each remote site has a snow pillow to measure snowpack water equivalence
and a total precipitation gauge. In most cases, the site is situated close

to an existing snow course so that the SNOTEL data can be intercompared with

*Research supported in part by the U.S.D.A. Soil Conservation Service.
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manual measurements made with a federal'sampler, to determine any systematic
difference which could affect the snow runoff model. A monthly manual meas-
urement is made around the periphery of the snow pillow as an additional
performance check on the SNOTEL system.

Recently, an electromagnetic technique has been developed which is
capable of probing the snowpack to determine stratigraphic layering and snow-
pack water equivalence (ref. 4). The technique involves the transmission of
electromagnetic radiation through the pack and observing the reflected coher-
‘ent backscatter from the snow surface, the stratigraphic layers within the
-~ snow and the ground surface. The amplitude of the reflected signal is dis-
played on a spectrum analyzer as a function of frequency. The frequency is,
in turn, proportional to the snowpack depth. The detailed analysis of the
system, known as an FM-CW radar, is given in reference 5.

This paper describes the intercomparlson of the federal sampler, the
snow pillow and the radar measurements of snowpack water equivalence at three
different SNOTEL sites in the Colorado Rocky Mountains having a range of snow
depth from 140 cm to 385 cm.

MEASUREMENT PROCEDURE

Comparison between the radar system and the snow pillow was made by
suspending the radar antennas over the pillow (Figure 1) and taking measure-
ments at three selected points above the pillow system. The average water

. equivalence given by these measurements was compared with the pillow mano-
meter pressure. Finally, the federal sampler was calibrated by comparing its
measurements with a glacier sampler measurement taken in a pit which was dug
at the site. This last comparison is necessary because the federal sampler
is known to over—estimate the actual water content by 6% to 12% depending on
the average snow density (ref. 6). Five federal sampler measurements were
averaged in this comparison.

Measurements were made at three SNOTEL sites in northern Colorado--
Willow Creek, Columbine,and Tower. The water equivalence at these sites was
39 cm, 65 cm, and 130 cm, respectively. The Columbine site is being used as
an experimental site where various types of pillow and pillow configurations
are being examined. Three différent pillows at this site, all with approx-
imately the same area, were used for this experiment. At the Tower site, a.
direct comparison of the glacier sampler, the federal sampler and the FM-CW
radar system was made in addition to the pillow comparison described above.
Figure 2 shows the stratigraphy, type of snow and temperature profile at all
three sites. The snowpack classification used is described in reference 7.
Figures 3, 4, and 5 show examples of the radar response of the snowpack at
Willow Creek, Columbine, and Tower respectively.

COMPARISON OF RESULTS

The measurement results are given in Table 1. Columns 1, 3, 5 and 6 are
the water equivalence measurements using the glacier sampler, federal sampler
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(corrected), snow pillow, and radar system, respectively. The accuracy asso-
ciated with a single measurement of the radar system has been determined to
be + 5% (ref. 4). Since 3 measurements over each pillow were averaged, the
accuracy of the FM-CW measurement is + 2.8%. The accuracy of a single fed-
eral sampler measurement is more complex since it is a combination of random
and systematic errors. Assuming that the systematic error is accounted for
in the comparison with the glacier sampler, the random error for a single
measurement is + 5%. The average of eight measurements around the pillow
reduces this error to + 1.8%. Snow pillow manometer errors are assumed to be
+ 5Z%.. '

Columns 7, 8, and 9 show the percent deviations for the federal samplerx
vs FM-CW, and pillow vs FM-CW measurement respectively. The comparisons
between the pillow and federal sampler and the pillow and FM-CW radar show a
definite trend in which the pillow tends to overestimate the water content by
an average of 8.5%. The deviations between the corrected federal sampler and
the FM-CW radar, however, are statistically insignificant.

CONCLUSIONS

The measurement comparison supports previous measurements of water
equivalence with the FM-CW radar (ref. 4) and demonstrates the potential of
the system as an operational measurement device. However, additional work is
needed in both instrumentation and signal analysis to bring the system to
operational capability.

The measurements also support previous reports that the uncorrected

federal sampler and pillow measurements tend to overestimate the snowpack
water equivalence by about the same amount (ref. 1).
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