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ABSTRACT

The use of natural gamma radiation from the soil as a basis for
snow water equivalent measurements at remote sites has been under
investigation by the National Weather Service since 1970. Results to
date indicate that measurements with about five percent error in the
five to forty centimeter water equivalent range can be obtained in
periods uncomplicated by precipitation or considerable change in soil
moisture. Periods of active melt can be subject to serious errors.

A new natural radicactivity method is also proposed. The use
of highly penetrating cosmic radiation appears to have excellent
potential for point snow water equivalent measurement in extremely
deep snow.

INTRODUCTION

The accurate measurement of snow water equivalent at remote
locations is in many parts of the country the most critical element
in the formulation of water supply forecasts and continuous river
stage forecasts during the spring melt season. Within the last two
decades a great deal of work has been done developing automated snow
measurement systems to supplement manned snow surveys. A fairly re-
cent nuclear counting method involves the use of naturally occurring
radiocactive isotopes in the soil as the sole radiation source
(Zotimov, 1968; Kogan, et al., 1971; Peck, et al., 1971). The feasi-
bility of the technique for automated measurement at fixed remote
locations has been tested since 1970 by the National Weather Service
at the NOAA-ARS cooperative snow study site near Danville, Vermont.
Test results during the 1970-71 snow accumulation period have been
given by Bissell and Peck (1973). This paper provides an update on
publication of test results as well as suggesting yet another nuclear
counting method which appears to have excellent potential for
measuring the water equivalent of deep snow.

EXPERIMENT AND RESULTS

In the autumn of 1970 a gamma radiation detector with a small
(2.54 cm diameter by 3.81 cm length) Nal scintillation crystal was
suspended about two meters above the ground and count rates during
the snow season were monitored for several hours on the days the
station was attended. Data were not obtained during the 1971-72 snow
season until just prior to spring runoff. At that time an hourly
recorder was hooked up to the detector. For the 1972-73 snow season
a second (identical) detector was placed just above the first with a
2.5 cm thick lead slab between the two. This dual detector system
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was placed with the hope of differentiating between atmospheric- or
cosmic-derived radiation and radiation coming from the ground.
Separate hourly counting and recording systems (different from that
used in spring 1972) monitored the count rates from the two detectors.
An initial analysis of the dual detector system showed that its dis-
criminating ability in improving water equivalent measurements is
secondary to other error sources encountered. No further detailed
analysis has yet been done. The water equivalent of the snow cover
at the site during all three seasons was measured by snow tube on
days the station was attended (most weekdays) at three snow courses,
each within twenty meters of the detector. At least two cores were
taken in each course area.

Time variation of the count rate within a given day is clearly
shown by the hourly data obtained. The hour-by-hour count traces for
three different three-day periods in 1973 are given in Figure 1. A
marked diurnal effect is strongly evident in both the no-snow period
(August 14-16) and during the period with greatest snow cover (Feb-
ruary 24-26). This effect is attributed to the dynaric nature of
radon, a radiocactiye noble gas which originates in the soil and whose
daughter products Pb and 214Bi are major sources of the gamma
radiation seen by the detector. During daytime hours the atmospheric
mixing at the surface of the earth allows a great deal of the radon
diffusing from the soil and through the snow to be transported beyond
the range of the detector. When evening comes, cooling at the earth's
surface weakens the transport mechanism and the radon concentration
in and near the surface of the earth (snow or soil, as the case may
be) increases. The dynamic nature of radon has long been known and
is further discussed in another paper in this symposium [Bissell,
paper 6.4]. Points to be made here are: (1) during daylight hours
count rate fluctuations due to radon effects are reduced, (2) surface
buildup of radon during the night is highly sensitive to slight mete-
orological effects and hence may disallow nighttime use of natural
gamma radiation for snow measurement, and (3) the snow cover under
study inhibited the diffusion of radon from the soil into the atmo-
sphere, but not completely. The count rate trace for the March 14-16
period in Figure 1 shows the diurnal effect to a lesser extent, but
contains two other points of interest as well. The first is the
deposition of radicactive aerosols on the snow surface by precipita-
tion, noted previously by Bissell and Peck (1973). The anomalously
high count rates produced during precipitation require about three or
four hours after the end of precipitation to decay back to their
nominal values, as seen in the two events of March 15. A second
point of interest is the considerable change in daytime count rate
between March 14 and March 15 during a period of constant snow cover.
More will be said of this event subsequently.

The hourly count rates obtained through the 1970-71 and 1972-73
snow seasons are shown plotted against water equivalent in Figure 2
and Figure 3, respectively. The earlier report by Bissell and Peck
(1973) was based on points in Figure 2 which are indicated as obser-
vations during the snow accumulation period. To eliminate
precipitation-induced error, only those observations which had no
precipitation during or immediately prior te the counting period are
shown in Figure 2 and Figure 3. The 1970-71 counts were generally
obtained during the afternoon, while the 1972-73 plot includes
average counts from 0900 to 1200 and from 1200 to 1600. Other hours
from the 1972-73 data were not included because of the diurnal effect
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Figure 1. Hourly count rate traces in primary detector

during February 24-26, March 14-16, and August 14-16, 1973.
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mentioned earlier. During periods of snow accumulation, the
consistency of the counts-water equivalent relationship is evident.
The root-mean-square deviations from best-fit lines through these
points are given in Table 1.

Table 1. Root-mean-square deviations (cm) from best-fit lines
during snow accumulation.

1970-71 1972-73 1972-73
Range (precipitation (precipitation (coef. of var.
(cm) events excluded) events excluded) 1less than 0.04)
5-13 0.58 0.25 0.91
13-25 1.14 0.89 1.03
25-40 1.27 no observations no observations

In an operational framework separation of precipitation-
complicated events could be difficult since it would require tele-
metering of site hourly precipitation data. Since the count rate is
generally highly variable during occurrence of significant precipita-
tion events, the coefficient of variation of the count rate is sug-
gested as a screening criterion. The coefficient of variation of
hourly counts was computed for the periods 0900 to 1200 and 1200 to
1600 during the 1972-73 snow accumulation period. The efficacy of
two levels of application of this criterion in reducing error is
given in Table 2. The effect of the coefficient of variation
screening at high Cy levels is to eliminate only the most anomalous
events. More restrictive values of the coefficient of variation
would not appear to give additional benefit.

Table 2. Effect of coefficient of variation as
screening a criterion, 1972-73 snow accumulation period

Root-Mean-Square (cm) Percent of observations

All points 1.27 100
Cy less than 0.04 1.02 80
Cy less than 0.015 1.02 50

Much of the above discussion about accuracy during snow accu-
mulation must be tempered with one very critical consideration - the
effect of soil moisture. An increase in soil moisture will produce a
decrease in count rate which is difficult to separate from snow change
effects. For a specific site and detector there will be an entire
family of count rate versus water equivalent relationships, each
characterized by a parameter relating to soil moisture. The appar-
ently consistent relationships during snow accumulation in Figure 2
and Figure 3 could well range through a wide range of soil moisture
values rather than representing a single curve in the family of rela-
tionships. If this is the case then the historical relationships
would have diminished value in providing a basis for measurement in
subsequent years unless proper allowance is made for soil moisture
during both the calibration and operational periods. Unfortunately,
use of different detector configurations and counters during each of
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the three years of this study disallows direct comparison of count
rates between any two years.

Turning to the periods of snow ablation, inspection of Figure 2
and Figure 3 reveals that the observations during melt depart signif-
icantly from the accumulation period relationships between count rate
and water equivalent. Further, the 1971 and 1973 departures are in
opposite directions. The depressed count rate in the 1971 melt
period is ascribed to some combination of the following two reasons:
(1) Smow accumulation began in the fall of 1970 over a rather dry soil
which received very little additional moisture from rain or melt
events during the remainder of the fall and early winter. An esti-
mated 0.025 cm per day melt due to ground heat at the site [Anderson,
1973] would have added roughly four centimeters of water to the soil
by the time twenty centimeters water equivalent had accumulated in
mid-February. It is important to note that much of this ground melt
water may have been held in the upper soil layers by the temperature
gradient in the soil [Peck, 1973]. Water percolating into the soil
after active melt began in mid-April would then give only a small
additional contribution to the top five or ten centimeters of soil
from which the great bulk of terrestrial gamma radiation comes. (2)
Water percolating through a rapidly melting snowpack and into the
s0il will carry with it some radon gas. This 'washing out'" of radon
from the snow and upper soil levels would reduce the radiation source
strength and hence further depress the count rate. This phenomenon
is further discussed elsewhere in this symposium [Bissell, paper 6.4].

The 1973 melt period count trace in Figure 3 is somewhat of a
mystery. A sharp departure from the accumulation relation occurred
between March 14, 1973 and March 15, 1973. After this time count
rates continued considerably higher during ablation than during snow
accumulation days with similar water equivalents. The hourly count
rate trace during March 14 and March 15 is shown in Figure 1 as men-
tioned earlier, and is well corroborated by the independent hourly
trace (not shown) of the secondary detector. Due to a very wet fall
it would be expected that the ablation observations would be reason-
ably aligned with the accumulation period observations. The two
following considerations are put forward as possible reasons for the
differences: (1) A common influence may have caused similar changes
in both the primary detector and the secondary detector. The most
suspect in this category would be the possibility of an earlier
heater failure in the box housing both detectors. No indication of
heater repair, however, was found in the station log. Further, pre-
vious calibration tests in a cold room with the primary detector
yielded only a two percent reduction in count rate over the tempera-
ture range a heater failure would have produced. (2) The freezing
rain which occurred the morning of March 15 may have produced a thin
ice seal on the snow surface, producing a buildup of radon concentra-
tion in the snowpack and thus increasing the radiation source
strength. A heavy rain (3.20 cm) March 17 followed by snow showers
and five consecutive days during which air temperature never got
above freezing produced an ice layer which was covered by about six cm
of new snow. This ice layer was noted in the station log on March 22
and March 23, and could have provided a stronger and more enduring
seal than the small precipitation event of the 15th. There are in-
consistencies with the radon 'capping' possibility however. First
warm air temperatures on March 16 would have quickly removed a
light crust which may have been formed on the 15th. This would have
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allowed the radon buildup in the snowpack to deplete and count rates
during the afternoon of the 16th should have been back down to pre-
vious levels rather than remaining high as they did. Second, with
the onset of heavy melt about March 26 it is questionable that the
sealing would have been sustained through March 30 as Figure 3 would
indicate.

A final observation regarding Figure 3 is that the post-melt
count rate over bare ground on April 1 would be more in line with the
accumulation relation. The lower no-snow count rates on November 19
and November 25 could be due to soil moisture. Although the soil was
quite wet both in the fall and immediately following melt, the soil
freezing in the fall could account for additional moisture in the top
layers.

It is hoped that continuation of the study may provide some
additional insights into the March 15-March 16, 1973 event since
such a sustained anomaly would be especially difficult to detect in a
remote measurement setup.

Now let's look at the 1972 spring melt. Six-hourly water
equivalent values inferred from the radiation count rate are shown in
Figure 4. These are "hindsight" measurement values since snow tube
water equivalent measurements taken during the period were used to
generate a count vs. water relationship which in turn was used to go
back and produce the continuous water equivalent trace. Precipitation-
complicated measurements are distinguished in the figure by asterisks.
The point to be made here though is found in Figure 5, which provides
better detail of the April 28-May 1, 1972 heavy melt period. Under
ideal conditions of heavy melt and low radon interference, the gamma
method appears to have good potential for measuring hourly decreases
in snowpack water equivalent, especially as noted on April 29 and
May 1, 1972. Snowpack runoff appears to have begun around noon both
days. The heavy melt during the afternoon of both days appears to
end in the evening around 1900 hours. Anomalies in the water equiva-
lent trace during the late morning and early afternoon of April 30
magnify the obvious fact that hourly count traces would require care-
ful screening and review before application to compute hourly runoff.

USE OF COSMIC RADIATION TO MEASURE DEEP SNOW

At this point we would like to depart somewhat from the main
thrust of this paper to document a proposal for a natural radiation
method of point snow measurement which may find application in ex-
tremely deep snow. In the preceding discussion, cosmic radiation was
regarded as a noise component in the count rate. A slight realign-
ment of viewpoint, however, allows cosmic radiation to be viewed as
signal rather than noise. Cosmic radiation is extremely penetrating
as demonstrated by the fact that ionization intensity from cosmic
radiation decreases by only a factor of ten between the surface of a
water body and at 50 meters depth (Wilson, 1952). Cosmic radiation,
however, has several components and the actual attenuation of detector
response by water depends on the detector's efficiency of response to
the various components. To get some idea of what a Nal scintillation
crystal response might be to cosmic radiation under various depths of
water we have considered the count rates between three and six MeV at
various altitudes over Lake Meade reported by Burson and Fritzsche
(1972). Essentially all counts above 3 MeV are due to cosmic
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radiation and hence would be free of terrestrial radiation interference.
The data show that a single 10 cm diameter by 10 cm length NaI crystal
at 1800 meters above mean sea level would produce roughly 6500 counts
per hour between three and six MeV energy. A single discriminator
counting all detector pulses above three MeV would produce about twice
this number (Burson, 1973, personal communication), or 13000 counts

per hour. A cursory analysis of the data shows that if the attenuating
effect of a unit mass thickness of water can be roughly equated to the
effect of a unit mass thickness of air (similar atomic weights make
this reasonable) a 100 cm thick layer of water overlying the detector
would reduce the 13000 counts per hour to around 6500 counts per hour.
If two detectors were placed one at ground level and one above the snow
surface, daily measurement of a 100 cm water equivalent by the ratio of
counts in the two detectors would have a standard deviation of roughly
0.5 centimeter due to random statistical fluctuations of count rate
alone. The feasibility of such a method would depend on cost, availa-
bility of reguired technology (e.g., automatic gain stabilization on
detectors), and most of all on what the attenuation of cosmic count rate
in a NaI scintillation detector due to snow water equivalent really
looks like.

SUMMARY AND CONCLUSIONS

The natural terrestrial radiation method has both advantages and
disadvantages in comparison with other unmanned snow measurement
methods. Among the advantages are: (1) Since the radiation source
is spread out in the soil over the surface of the earth, the measure-
ment is representative of a larger area than other methods with remote
capability; (2) Since the output of a nuclear counter is digital in
form, the analog-to-digital conversion and attendant calibration re-
quired for weighing devices is bypassed; (3) In contrast to the arti-
ficial radiation method, there is no hazard from radiation source
transport and placement, nor is continuous exercise of safety pre-
cautions necessary; (4) The source strength may be increased by
mixing into the top soil mantle some material with a higher
radioisotope concentration.

Among the method's disadvantages are: (1) Measurement accuracy
decreases as water equivalent increases since the signal-to-noise
ratio is diminished. Forty centimeters is probably a reasonable
upper limit of measurable water equivalent; (2) Measurement accuracy
is strongly affected by soil moisture changes. Some estimation of
soil moisture in an operational framework will be required; (3) Due
to the transport of radon gas, the radiation source is a dynamic one
subject to both meteorological and hydrologic processes; (4) The
strength of the natural background radiation and the way it is atten-
uated by snow differ from site to site. Supplemental control
measurements taken at periods of different snow cover would be re-
quired initially to formulate a relationship between count rate and
water equivalent at each site; (5) Precipitation events sharply
perturb gamma radiation levels near the ground. The frequent precip-
itation in most areas where remote snow measurement is needed
presents a problem because there could be long periods during which
no measurements free of this effect could be obtained.

Overall, the use of terrestrial gamma radiation for low and mid-
range snow water equivalent measurements appears quite promising,
especially during periods of snow accumulation. For maximum accuracy
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counting periods should be limited to daylight hours to allow
stabilization of radon effects, and simulated soil moisture values
should be used to account for the attenuating effect of soil water.
Due to the magnitude of other effects, initial analysis of the dual
detector for atmospheric radiation delineation was inconclusive.
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