SNOWMELT LYSIMETERS: DESIGN AND USE 751--84 .

By Richard C. Kattelmannll

Snowmelt lysimeters collect and measure the liquid water outflow from the bottom of
the snowpack or at some level within it. They have been used to develop and evaluate

procedures for estimating snowmelt veolume and timing, evaporation, water transmission and

storage, and the mass balance of snowpacks. Snowmelt lysimeters have been employed in
studies of rain-on-snow, snow surface modification, forest harvesting, and snowpack
chemistry. They have potential for use in operational streamflow and flood forecasting.

Generally, a snowmelt lysimeter consists of a collector, a flow-measuring device, and
a conduit linking the two. The collector is surrounded by either a raised rim (unenclosed
lysimeter) or by a barrier that completely isolates a column of snow (enclosed
lysimeter). In addition, the collector may be at atmospheric pressure (zero-tension
lysimeter) or exert a negative pressure on the overlying show (tension lysimeter).

Liquid water percolating through a heterogeneous, layered snowpack takes a variety of
intricate pathways enroute from the snow surface to the soil (Wankiewicz, 1979). The
collector intercepts this spatially variable flow and averages it over some area. The
surface areas of most snowmelt lysimeters are of very limited extent ard thus they collect
only a sample of the highly variable flow within a natural snowpack. Several
configurations have been developed to improve the representativeness of the sample.

Most snowmelt lysimeters have been of the unenclosed type (Figure 1a). Water within
the area of the lysimeter percolating below the top of the rim will be capiured and
measured. Above the top of the rim, water is free to flow into or out of the column of
snow directly above the lysimeter. Enclosed snowmelt lysimeters (Figure 1b) trap all of
the water percolating through the snow directly above the collection container. Such
devices may provide accurate long term volume data for mass balance studies, but may alter
the timing of melt and water delivery. Enclosed lysimeters may have an adjustable barriep
height to accomodate the natural development of the snowpack or may be of fixed height and
artificially filled with =now.

This paper describes the various types of snowmelt lysimeters and the factors that
affect their design, construction, and installation.

HISTORY

The earliest known attempt to intercept and measure water percolating through snow
was made by Hughes and Seligman (1932) in the Alps. That pioneer of snow surveying and
forest influences, James Church, was involved with the first known use of ground-based
meltwater collectors at the Soda Springs Snow Station, California (Church, 1948). Sharp
(1951) obtained some important observations of meltwater flow in the St. Elias Mountains
with a series of small funnel collectors., The term ¥showmelt lysimeter®™ was originally
used by the Cooperative Snow Investigations of the U.S. Army Corps of Engineers and the
Weather Bureau to describe two large meltwater collection systems installed at the Central
Sierra Snow Laboratory, Soda Springs, California, in 1949 and 1952,

A sudden resurgence of interest in snowmelt lysimetry occurred in the 1960%'s with
development of several new designs: small cylindrical collectors refilled daily with new
snow to measure effects of snow surface modification (Megahan, et al., 1967): a large
enclosed lysimeter to monitor meltwater production as a basis for comparing predictive
models (Pysklywee, et al., 1968); a snowmelt and rain collector also capable of weighing
the snowpack (Cox and Hamon, 1968); and, a series of small enclosed lysimeters %o
determine the effects of forest cover on water delivery (Haupt, 1969). Since 1970, a
profusion of snowmelt lysimeters have been deployed for various purposes, and at least
three dozen different designs have been cited in the literature.

Presented at the Western Snow Conference, April 17-19, 1984, Sun Valley, Idaho.

1/ Pacific Southwest Forest and Range Experiment Station, Forest Service, U.S&.
Department of Agriculture, Berkeley, California, stationed at Soda Springs,
California.
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HYDRAULIC CHARACTERISTICS

The placement of an artificial barrier in the path of percolating water has a variety
of significant effects on the flow and its measurement. Since 1970, our understanding of
water movement in snow has advanced greatly (Colbeck, 1978; Wankiewicz, 1979; and Jordan,
1983). Simply put, water flows through snow primarily in response to the gravitational
force. The gravity theory of water percolation through snow (Colbeck, 1972} uses Darcy's
law for one~dimensional unsaturated flow:

V=K @pfde + 1)
where the downward flux V in meters per second is proportional to the sum of the capillary
pressure gradient @/4:) and the gravitational pressure gradient (1 m/m). The constant of
proportionality (X) is the unsaturated hydraulic conductivity in meters per second.
Colbeck (1978) calculated that gravity drainage predominates during steady or decreasing
flogsand that the capillary pressure gradient may be ignored, except at very low flux
(10 "m/s) or at some interfaces, such as where water accumulates in snow overhanging an
airspace. A neglible capillary pressure gradient exists throughout the snowpack as a
whole, but significant pressure gradients may occur at major pressure or textural
discontinuities (Wankiewicz, 1978b).

A snowmelt lysimeter represents a major discontinuity. The significance of an
artificially induced pressure gradient is that percolating water may avoid the area and
flow around the lysimeter. Wankiewicz (1978a and 1978b) described in detail the
hydraulics of snowmelt lysimeters and pressure gradient flow. The reader is referred to
his work for a more complete treatment of these subjecis. ‘ ‘

The presence of a layer at atmospheric pressure within the snowpack generaztes an “end
effect” (Colbeck, 1974) within the snow above the collector/snow interface (Figure 1}.
With the addition of liquid water, this end effect results in the formation of a saturated
layer some 2 cm (Colbeck, 1974) to 3 cm (Wankiewicz, 1976) thick, where water is held in
the intergrain pore spaces by capillary forces. The amount of stored liquid weter remains
relatively constant (Wankiewicz, 1976), varying diurnally in one example by zbout 0.2 mm
{(Colbeck, 1974). Wankiewiez (1978b) calculated the pressure profile above a zero-tension
surface or water table and showed that the snow water pressure becomes easentially
constant several centimeters above the water table. The area between the discontinuity
and the level where the pressure becomes constant is known as the pressure gradient zone
(Wankiewiecz, 19782 and 1278b). Within this zone, the =now water pressure decreases from
atmosphergc (0 Newtons/m"), such as at the collector/snow interface; to =500 to =1000
Newtons/m~ (5 to 10 om water) in the snow above. This end effect determines the
collection efficiency, dead storage, start-up time, and response of the snowmelt
lysineter.

Where the water pressure begins to change near the collector/snow interface, downward
water flow may be affected. Within this pressure gradient zone, water pressure is greater
than beyond the perimeter of the interface. This difference in water pressure can induce
lateral flow from the higher pressure area {(above the collector) to the lower pressure
area (outside of the collector), resulting in undermeasurement of the meltwater flux.

This lateral flow problem is easily remedied by proper lysimeter design. Because the
pressure gradient zone extends over a relatively short vertical distance, it may be
contained within a rather low rim around the collector (Figure 1). The vertical extent of
o —Snow surfoce—_
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a. Unenclosed snowmelt lysimeter b.Enclosed snowmelt lysimeter
Figure 1. Features of Snowmelt Lysimeters.
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the pressure gradient zone is inversely related to the flux. If the rim height is greater
than the height of the pressure gradient zone at the lowest flux of interest, the flux
measured by the lysimeter should be representative of the average in undisturbed snow at
the same level (Wankiewiez, 1978a). A rim height of 12 to 15 cm should contain the
pressure gradient zone at all but insignificantly low flows.

Before water can be discharged out of the lysimeter conduit, the capillary storage
above the collector/snow interface and the storage of the collection system must be
satisfied. The collector storage is best determined empirically for the particular
installation. The end effect storage of the snow 1s equal to the product of the available
space (effective porosity) and the amount of water held by capillarity per unit volume of
void space integrated over the pressure gradient zone (Wankiewlcz, 1978a). As a rule of
thumb, 2 to 3 cm of water may be stored above the collector/snow interface.

The start-up time of a snowmelt lysimeter is the time required for the storage to be
satisfied at a particular flux after installation. If the interface storage is 2 cm and
the flux is 2 mm per day, 10 days of flow at that level will be required before drainage
is recorded by the lysimeter. Similarly, if the snow asbove a collector was dry when rain
began at a rate of 1 cm per hour, the lysimeter would show no ocutflow until 2 hours after
the water holding capacity (irreducible water content and cold content) of the overlying
snowpack was satisfied. For snowmelt lysimeters located on the ground before snowfall,
geothermal melt will often fulfill the storage requirement long before surface melt

occurs.

Once the interface storage is satisfied, the snowmelt lysimeter shouvwld respord to any
input of water percolating through the snowpack. Indeed, it should show the arrival of
the wetting front before the water actually arrives at the level of the interface in
ad jacent undisturbed snow. This phenomenon also results from the end effect (Colbeck,
1974). %When the leading edge of a melfwater wave arrives at the top of the pressure
gradient zone, a roughly equivalent guantity of water is discharged at the interface,
reducing the time required for the water %o itravel the same distance in unsaturated snow
with constant water pressure. Wankiewicz (1976) calculated this ®dynamic response time®
as a range from about 1 minute for sudden increases %o high flow to 15 to 20 minutes for
sudden increases to moderate flow. The dynamic response time of zero-tension lysimeters
is considered adequate for measuring the time required for a meltwater wetting front to
travel from the snow surface to the level of the collector, provided it is at a reasonable
depth below the snow surface (Wankiewicz, 1978a).

The tension lysimeter (Wankiewiecz, 1976} overcomes many of the problems associated
with the end effect in zero~tension lysimeterz. In the tension lysimeter, the
collector/snow interface is a porous plate or membrane at negative pressure approximating
the capillary pressure of the overlying snow. The negative pressure at the interface
significantly reduces the storsge, start-up time, dynamic response time and height of the
pressure gradient zone as compared with a zero-tension lysimeter (Wankiewicz, 1978a).
Thus, the tension lysimeter is an important teool for accurately menitoring small scale
Flow effects. Tension lysimeters must be installed in a preexisting snowpack, are limited
to relatively small areal coverage, and may only be used in wet snow.

SNOWMELT LYSIMETER DESIGNS

The most common type of snownmelt lysimeter is the ground based unenclosed
configuration (Table 1). The collector is installed on the soil surface before the
development of the snowpack. The ground-based unenclosed snowmelt lysimeter, when
properly constructed, measures the flux and volume at the base of the snowpack. The low
contains the saturated drainage flow within the lysimeter. Most designs use an
impermeable collector and the basal snow_as the conducting mgdium to the drain.
Collection areas vary from less than 1 m~ to more than 100 m~. Three imstallations use a
set of small pans draining to a common recorder in order to sample percolation over a
greater ground area while minimizing the collecting area. The quantity of water received
at ground level is not necessarily the same as the amount of water input at the snow
surface., Considerable lateral inflow and outflow may occupy within the columm of anow
above the collector. Such flow is a natural process and is quite variable within and
between seasons., The location of the collector within the flow field is something of a
hit or miss proposition. The likelihood of inflow balancing outflow within the snow
column above the collector incresses with its area.
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Table 1.

Grouwrd Based Unenclosed Lysimeters

Source Description Ares Measurement. Purpose
Charch 1948 Drip pans — PR, Amount and timing
of daily snmanclt
Rockwood, et al, 1958  Triangwlar on 120 6°  Weir tark Travel and storage
U.S. brmy Corps of natural rock base Water level recorder of liquid water
Frgineers 1956 hoount. of daily melt
U.S. Ay Corps of  Triargular, 56 m°  Wedr tank Frergy balance
Ergineers 1956 elevated wood Water level recorder
Hildebrard 1957 structure
Santeford, et al. 1972 Melt pan with 1.5 m2 Water level recorder Irnergy balance
soil substrate Moisture exchange
Sulahria 1972 Square, T.Sm? Varmal observation  Water transmission
Polystyrens rates
Lemmels 1973 Square 1 m2 Water level recorder Mass balance
Arderson 1976 Circular T.3 m2 Tipping bucket Energy and
mass balance
Largham 1977 64 square furmels 0.00GMrmzea, Drop counter Flow varisbility
Price 1977 Réctangular wood e Water level recorder Energy and
wass balance
Herrmarm 1978 Square % m2 Water level recorder Melt messurement
Polyethylene sheet Isotope conbtent
Davis ard Marks 1980 6 im° and 1 Mn°  total 10 m° Tippirg bucket  Fnergy and mass
Cormected together balance of
polystyrene alpine snowoover
Helvey ard Fowler 1980 10 circular pans  total 4.8 m° Tippirg bucket  Monitor waber
‘ connected together input to spil
Beaudry ard Golding — 0.91m2 e Influvence of
1083 forest harvestirg
Beaudry and Golding Rectangular 28 m2 Tipping bucket Influence of
1983 Reinforeed plastie forest harvesting
sheet
Cooley and Robertson Rectangular 0.9 m2 VWater level recorder Mass balance of

1983

Harr and Berris 1983

Price ard Hemdrde 1983

Weighing lysimeters are a modification of the ground-based unenclosed design.

1 metal; 1 soil base

8 triangular pans total ZEF Tipping bucket

comected together

2

Rectangular Rl

Polyethylene sheet

transient snow zone

Influence of
forest harvesting

Bunof?f generation

They

may be thought of as pressure pillows that collect and measure snowpack outflow rather

than routing water off and away as do standard pressure pillows.

The four known devices

of this type were designed for specific situvations and differ considerably from one

another (Table 2).
liquid-filled coil.

been outfitted with drains.

-71~

In two of the units, the collection surface is supported by a
The other two resemble standard rubber pressure pillows that have



Teble 2. Welghing Lysimeters

Source Description bres Meamuprement | Purpose

Cox ard Hamon 1968 Concrete disc 1.9nF Water level recorder Snowpack and
Cox 1971 supported by a liguid precipitation
filled coil of butyl tubing mond toring
Mﬂnszgh Rectangular metal an . Assess usefulness
with rubber cover , in runoff forecasting
Molnau 1971 Souare rubber 13.4 m2 Water level recorder Assess usefulness
pressure pillow in runoff
with metal rim forecasting
Verirg and Jones 1980 Fiberzlsss disc  1.8m°  Tipping bucket Monitor light
supported by Mauid . snowfall, ephemeral

f11led tube snospack, rain

Another type of unenclosed snowmelt lysimeter ils installed within an existing
snowpack (Table 3). Commonly, an access pit is first excavated to the desired depth.
Then, a lateral tunnel or slot with a flat ceiling is cut for the imsertion of the
collection pan, which is forced upward into contact with the snow., The tunnel is then .
backfilled underneath the pan to support it. Some installations have left off one side of
the pan and s1id the three-sided pan into a slet cut at a slight upward angle in the pit
wall. The absence of an uphill rim has an unknown effect {(Wankiewicz, 1976) but probably
results in less water collected than in a four-sided pan. This type of lysimeter is
particularly useful in studies of meltwater movement where it is desirable to measure flux
at particular levels in the snowpack.

Table 3. Unenclosed Lysimeters

Source Descyriotion frea Measurement Purpose
Hoghes ard Seligman Rectangular N Marwal observetion  Mondtor melt water
1938 metal and wood in glacial firn
Sharp 1951 Ciroular furmel 0.023 m2 Marwal observation — Flow petterns in fim
Woo ard Slaymeker 1975 Fummels 0.004 mg Mamuel observation  lag tdwes of
0.013 8" ‘Water level recorder water precolation
Waridewicz 1976 Rectargular metal 1 m° Tipping bucket fmount, and timing
Jordan 1063 Rim on 3 sides of percolation
Wankdewicz 1976 Tengion lysimeter 0.1 m2 Marmal observation — Mondtor percolation
Interface of sand with mivdmem of
distortion
Mersh 1982 Rectargular metal 1 m° ,  Tipping bucket fmount and timing
Rim on 3 sides 0.5 m of percolation
Marsh 1982 Multictnpertaent O.Eime Marmal cbservation — Flow vardsbility

The enclosed ground-based lysimeter (Table 4§) is used where snowpack outflow volume
is the principal quantity of interest. The barrier of variable height that segregates the
measured column of snow from the surrounding snowpack eliminates lateral inflow or outflow
and assures accurate volume determination for mass balance studies. However, the barrier
disrupts naturally occurring flow processes and can accelerate snowmelt by absorption of
solar radiation and subsequent reradiation to the snow. Physical isolation of a part of
the snowpack is logistically difficult, and the isoclation barrier requires a great deal of
routine maintenance.
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Table 4. FEnclesed Lysimeters

Saurce

Pysklywee et al. 1968 Triangular

Haupt 1969

Description Area Mensurement. Rarpose
ZMnF Tipping bucket Comparison of
Polyethylene base Water level recorder snowmelt models

Styrofoam board barrier

Rectargular 0.25 m°

Water level recorder

Effect of forest

Steel pan and frame cover on snowpack
Polyethylene sheet water release
barrier

Schaltz 1971, 1973 Rectangular steel O.ZSnF Water level recorder Assess lysimeter
pan and frame usefulness for
Polyethylense sheet mord tordrg areal
barrier spownelt

Thompson et al. 1975 2 Rectargular 6 m? Tipping buckets and  Snow eveporation
Mossive aluminm water level recorder and effectiveness
barrier of retardants

Gottfried and Mr space around  0.25m®  Water level recorder Snowmelt model testirg

Ffolliott 1979 rim cut weekly
Megahan 1983 Circular O.QuF Water level recorder Effects of harvesting

and fire on melt

The most complex enclosed spowmelt lysimeter is located at the Central Sierra Snow
Laboratory. It was built by the USDI Bureau of Reclamation and University of California
at Davis -to study snow egaporation and its suppression (Thompson, et al., 197%). This
unit consists of two 6 m° rectangular melt pans surrounded by a massive aluminum shell
located in a deep excavation in bedrock. The shell could be mechanically raised to a
height of 4.4 m to isolate each pan. One pan was also vertically movable in order to
maintain the same snow surface elevation on both pans. Despite many well designed
festures and capabilities, this lysimeter has not functioned as originally intended. The
shell could not be raised after a snow storm without excessively disturbing the snowpack.
Excessive melting around the barrier of each pan resulted in unnaturally high outflow.
The operation of the system required nearly 2i-hour attention. The melt pans are
currently being used without the shell as an unenclosed lysimeter.

Another kind of enclosed snowmelt lysimeter is artifiecially filled with snow (Table
Either a solid container or an impermeable flexible sheet may be used to isolate the
snow. The monitored snow may be cut as a single unit or disaggregated and repacked to
f£i11 the container. This type of snowmelt lysimeter is used when it is desirable to
control as many of the snow properties and processes as possible.

5).
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Table 5. Artificially Filled Lysimeters

ﬁgxhe

SCTADE] ASUEnel Arpose

Megahan et al. 1967 Cylindrical 0.1 m2 Marwial cbservation Net radiation as a
Flastic filled daily predictor of snoamelt

Dedalle and Meiman 1971 Placed large volumes Variable o Energy ard mass
of snow on plastic balance of isolated

snow patches

Colbeck and Davidson  Cylindrical tubes 0.17 m2 Recording rain gage Water transmission
disageregated snow; snow
inserted in glacial firn

Fobn 1973 Cut snow blocks 0.5m° Marmal chservation  Verify energy belance
and enclosed in prediction of snowmelt
plastic sheet

Dernoth et al. 1979 Cylirdrical tubes ot Water level recorder  Water transmdssion
filled with sieved through hamogeneous
snow; inserted in snow SO

Colbeck 1981 Tension lysimester ——— Marval collection Snow chemistry
Ceramic plate interface

Berg and Woo 1983 Cylindrical tube 0.008° Marwal cbservation  Snowpack chemistry
filled with undisturbed
colum of snow

DESIGN CONSIDERATIONS

Eacﬁ snownelt lysimeter should be tailored to the specific requirements of the study
and the constraints of the site where installed.

Collector area and quantity

The lysimeter collector area must be adequate tc obtain a representative sample of
meltwater flux. Larger lysimeters provide a better areal average of the volume and timing
of snowpack outflow than do smaller lysimeters. At the present, we do not know over what
scale the flow field can be considered uniform, that 1s, the collection area needed to
consistently intercept equal volumes of water is unknown. Preliminary results from six
snowmelt lysimeters at the Central Sierra Snow Laboratory indicate that flow pathways gay
vary on the scale of several square meters. Volumes collected from Bhese adjacent 2 m
pans differ by orders of magnitude. Herrmann (1978) considered 25 m™ to be the minimum
area representative of snowpack outflow from large (basin-wide) snow covers. Unless small
scale flow effects are being studied, the largest collector area that one's site and
resources permit should be used. Enclosed lysimeters avoid the problem of lateral flow
but should have a large surface area relative to the perimeter in order to winimize the
physical disturbance of the snowpack and the influence on outflow.

At least two collection areas should be measured independently at each site. Such
duplication allows onﬁ to assess the quality and representativeness of the cutflow data.
A large area (20-50 m“~) partitioned into separately measured collectors would be ideal,
This configuration permits the determination of average outflow over a large area, spatial
variability within this area, and more detailed information on the timing of the outflow
than is possible with a single integrated measurement.
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Site selection

Although site selection is closely related to the objectives of the installation,
certain site characteristics minimize construction and operational problems. Smooth,
nearly level terrain provides the easiest working conditions. On slopes, one must contend
with snow creep and glide, surface runoff channels, and highly irregular drainage of the
inclined snowpack. However, a slight slope may be desirable for drainage of large
collection areas, sufficient gradient of the outflow pipe, and location of the measuring
equipment. Drainage around the lysimeter must be adequate. Small forest openings of a
few hectares often result in the most uniform snowpack development. Collection pans
should be located away from the drip, shading, and reradiation effects of trees, unless
these influences are being studied.

Dutflow measurement

After the outflow is collected and piped off-site, there are several means of
measuring it. The simplest way is to manually observe and record the fiiling of a
container, but this method is not particularly convenient beyond a few hourz. A&
collection tank, continuous water level recorder, and automatic drain valve or siphon are
commonly used. A calibrated weir box and stage recorder was used by the Cooperative Snow
Investigations for its large-area lysimeters (Hildebrand, 1957). Tipping bucket
recorders, either from precipitation gages or custom built, have been used successfully
with many lysimeters. Two installations used multiple measuring systems to help ensure
data continuity in the event of equipment failure. For example, a tipping bucket
mechanism may be mounted ahead of a tank and water level recorder. The enclosed lysimeter:
at the Central Sierra Snow Laboratory (Thompson, et al., 1975) used two independent
measures of meltwater and five separate recording mechanisms.

At times of high flow, some water may not be recorded while the measuring equipment
is in mideyele. Water is undermeasured when it pours into a full tipping bucket that has
begun to tip and before the empty one is in position. Similarly, water entering a tank in
the process of draining is not recorded. To avoid undermeasurement, an automatic valve can
shut off the inflow during the drainage cycle (Stein Buer, California Dept. of Water
Resources, personal communication, 1983). Calibrating the measuring equipment at
different flow rates within the expected range may be necessary. Flow rates corresponding
to the range of values expected for the full range of conditions should be run through the
measuring apparatus. Lysimeter data from the Central Sierra Snow Laboratory indicate
maximum expected values of 15 mm per hour for clear weather melt outflow and 50 mm per
hour for transmission of rain. These values may need to be modified for other snow
climates. Specific correction factors may be needed for specific flux ranges, depending
on the instrumentation. With unenclosed lysimeters, an effective contributing area a few
times larger than the collector areaza is sometimes possible. Such ocourrences are
relatively rare with proper lysimeter design and installation and are usually obvious when
they happen. Calibrations for these unnaturally high flows can be done after the fact if
necessary, by estimating the areal depth of snowmelt (e.g., U. S Army Corps of Engineers,
1956) to approximate the contributing area.

The reliability of the measuring system must be carefully considered. Will the
tipping bucket mechanism from a precipitation gage hold up when it receives perhaps 1000
times more water over a season than it was designed for? Will the automatie tank drain
valve perform flawlessly over an entire season? The measurement system should be able to
handle the highest possible flows, including those from an oversized contributing area. A
compromise must often be made between resolution and capacity. Buer (Stein Buer,
California Dept. of Water Resources, personal communication, 1984) suggested a simple flow
splitting device in which low flows are routed through a small pipe to a small tipping
bucket and high flows fill the splitter container to where water overflows into a large
capacity tipping bucket.
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Construction and installation

Collection pans may be made of almost any impermeable material that is resistant to
moisture, cold, and pressure. Plastic sheeting is a low cost base material that has been
used successfully in several installations of large area collectors. All parts of the
installation, both exposed and buried, must be capable of withstanding the maximum
expected snow load. The collection pans must be properly bedded so that the drain is at
the lowest point and will remain there under a snow load. The drain should be screened to
prevent clogging of the plumbing with debris. During the snow-free season, the
installation should be inspected and cleaned.

The thermal regime of the site should be considered in the design of the lysimeter.
Soil freezing may be a potential source of damage. Freezing of water within the unit may
be minimized by initially charging the system with antifreeze, using large diameter pipes,
burying the outflow pipes under several centimeters of soil and at an adequate gradient to
minimize ponding, and using heat tape--which can be operated intermittently where
possible. Electric aquarium heaters have been used in collection tanks (Robert Davis,
University of California at Santa Barbara, Dept. of Geography, personal communication,
1983). A collector/snow interface with some artificial roughness elements several
centimeters high (rocks, for instance) may permit flow through a basal ice layer, should
one form above the interface.

Jesting

Before it is actually used, the lysimeter should be thoroughly checked out. In
addition to checks for leaks and proper equipment functioning, the system should be
calibrated with controlled applications of water to determine the lysimeter base storage,
pipe storage, meltwater travel times, instrument response, and undermeasurement of high
flows, The calibration procedure should be carefully documented so that it will be
understandable months later when data start cowming in. Detailed photographile
documentation is helpful for troubleshooting and repair when the lysimeter is buried under
sSnow.

SUMMARY

The need for information on snowpack outflow has led to the development of a few
dozen snowmelt lysimeters. While specific objectives must determine the final lysimeter
design, some generalities may be observed. The ground-based unenclosed lysimeter fits the
widest variety of needs. However, this design permits unobstructed lateral flow of
meltwater in the overlying snow column. Thus, the flow it samples near the snowpack base
may be quite different from the initial flux at the snow surface. Larger lysimeters
eliminate more of the inherent flow variability. A rim 10 to 15 cm high around the
collector/snow interface is essential to accurate monitoring of flux at the level of the
interface. An initial storage of 2 to 3 cm of water above the interface and some
additional detention in the plumbing must be satisfied before a zero-tension lysimeter is
at equilibrium and will begin to measure outflow. Enclosed lysimeters and tension
lysimeters are useful in precise and carefully controlled studies. Careful design,
construction, and installation of snowmelt lysimeters will permit the collection of
accurate snowpack outflow data for a variety of purposes.
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