Snow and Snowmelt

Owver much of the world's land arcas, a significant
portion of precipitation falls as snow and is stored
om the surface for periods of time ranging from
hours to months belore melting and continuing
through the land phase of the hydrologic cycle. (See
Figure 3-21.) In many of these areas, snowmell is
the main source of surface-water supply (Figure
3-26) and ground-water recharge and the main
cause of flooding.

"The goal of this chapter is to develop an under-
standing of the hvdrologically important aspects of
snow and snowmell. Following an examination of
the nature of snow as a material and of techniques
for the measurement of snow and snowmell, we
survey the distribution of snow at various scales
and the role of snow in the hydrologic cycle. We
then discuss the processes that control the melling
of snow (relying extensively on the physical princi-
ples discussed in Appendix D) and the ways in
which meltwater moves through the snowpack to
the ground surface. An understanding of these
processes is the basis for models used (o predict and
forecast snowmelt runoff and, next, we review ap-
proaches 1o and results of snowmelt modeling. The
chapter concludes with a brief discussion of water-
quality aspects of snowmelt.
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5.1 MATERIAL CHARACTERISTICS
OF SNOW

Snow Properties

5.1.1

Snow is a granular porous medium consisting of ice
and pore spaces, When the snow is cold (i.e., its tem-
perature is below the melting point of ice, 0 “C), the
pore spaces contain only air (including water
vapor). At the melting point, the pore spaces can
contain liquid water as well as air, and snow be-
comes a Lhree-phase system.

Consider a representative porlion of a snow-
pack of height (depth) k&, and area A (Figure 5-1).
Using the symbols M to designate mass, ¥ for val-
ume, A [or height, and p for mass density; and the
subscripts s for snow, § Tor ice, w lor liquid water,
for water substance (liquid water plusice), and a for
air; we can define quantities that are useful in char-
aclerizing a snowpack. The snow volume is

V.=V, +V,+V,=h-A (5-1)

The porosity, ¢ is delined as the ratio of pore
volume to total volume:
Vo + Vy
I,

(52)
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FIGURE 5-1

Dimensions of & representative portion of a snowpack, used in
defining snowpack properties. A is the area of the upper sur-
face; ;15 the snow depth.

therefore,
Vi=(1- ¢}V, (5-3)

The liguid-water content, &, is defined as the
ratio of the volume of liquid water in the snowpack
e the total volume of snow;

V.
f=—" (5-4)

Snow density, p,. is defined as the mass per unit vol-
ume of snow, so

_ Mt My o Vit oV,

5-5
v, v, (5-5)

a;
Combining Equations (5-2)—(5-5) allows us to re-
late density, liguid-water content, and poTosily #s

Ps = fl = l‘j};l " + Hr.l”w:l {s_ﬁ]

where p = 917 kgm™ and p, = 1000 kg m ™,

For the hydrologist, the most important proper-
Ly ol a snowpack is the amount of water substance it
containg, because this is the amount of waler that
will ultimately enter the land phase of the hydro-
logic cyele. This amount is called the water equiva-
lent of the snowpack, and it is cxpressed as the
depth of water that would result from the complete
melting of the snow in place, f,,. Thus

m {5-7}
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where V), is the volume of water tesulling from the
complete melting of the snow,

To relate the water equivalent to previously de-
fined quantities, we note that

7 ; o

Vo= Vy+ Ve ™. (5-8)
Substituting Equations (5-3) and (5-4) into Equa-
tion (5-8) vields

V. =6V, + (1 ;I::l'l"_,'%. (5-9)

5
We can now use Equations (5-1) and (5-7) to
rewrite Equation (5-9) as

b = 6+ h, + (1 — ef:)w‘z.;ji: (5-10)

p o1

='ﬂ+|:1—c.fﬂ-f‘]-h3. (5-11)
Finally, we see from Equation (5-6) that Equa-
tion {5-11) can be wrilten as

h,=<t.p (5-12)

In words, Equation (5-12) is often expressed as
“water cquivalent equals density times depth,”
where density i1s understood to mean relative densi-
ty (i.e., specific gravily). This relation is used in
snow-course measurements, (See Example 5-1.)

5.1.2 Snowpack Metamorphism

The density of new-fallen snow is determined by
the configuration of the snowflakes, which is largely
a lunction of air lemperature, the degree of super-
saturation in the precipitating cloud (Mellor 1964),
and the wind speed at the surface of deposition.
Higher wind speeds tend to break snowflakes that
formed in stellar or needle-like shapes and to pack
them together into denser layers. Observed relative
densitics (p/m,) of freshly fallen snow range from
(.004 to 0.34 (McKay 1970), with the lower values
oceurring under calm, very cold conditions and
higher values accompanying higher winds and high-
er temperatures. However, the usual range is 0,07 to
0.15 (Garstka 1964). Because of the difficulty of
measuring the density of new snow, an average rela-
tive density of (.1 is often assumed to apply when
converting snowfall observations to water equiva-
lents in the United States. The user of waler-equiva-
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lent data should be aware of the potential for signaf-
icant errors in estimates based on an assumed den-
sity (Goodison et al. 1981).

As soon as snow accumulates on the surface, it
begins a process of metamorphism that continues
until melting is complete. Four mechanisms arc
largely responsible for this process: (1) gravitational
settling, (2) destructive metamorphism, (3} construc-
tive metamorphism, and (4) melt metamorphism.

Gravitational scttling in a given snow layer
takes place at rates that increase with the weight of
the overlying snow and the temperature of the
layer and decrease with the density of the layer. Ac-
cording to relations given by Anderson (1976), one
could expect gravitational seltling to increase den-
sity at rates on the order of 2 to 50 kg m™ day ' in
shallow snowpacks. On glaciers, the pressure of
thick layers of accumulating snow is the principal
factor leading 1o the formation of solid ice.

Destruclive metamorphism occurs  because
vapor pressures are higher over convex surfaces
with smaller radn of curvature, so the points and
projections of snowflakes tend to evaporate, and
the vapor deposits on nearby less convex surfaces.
These events lead 1o the formation of larger, more
spherical snow grains with time. This process occurs
most rapidly in snowflakes that have recently fallen,
causing the density of a new-snow layer to increase
al about 1% per hour. The process ceases to be im-
portant when densities reach about 250 kg m™ (An-
derson 1976).

Consiructive metamorphism is the most impor-
tant pre-melt densification process in seasonal
snowpacks. Over short distances, this process occurs
by sintering, in which water molecules are deposited
in concavities where two snow grains touch, gradu-
ally building a “neck” between adjacent grains.
Owver longer distances, constructive metamorphism
can occur as a resull of vapor tramsfer within a
snowpack due to temperature gradients; sublima-
tion occurs in warmer portions of the snowpack,
and the water vapor moves toward colder portions
where condensation occurs. Very cold air overlying
a relatively shallow snowpack often produces a
strong upward-decreasing temperature gradient
within the smow, with a concomitant upward-de-
creasing vapor-pressure gradient. Under these con-
ditioms, snow near the base of the pack evaporates
al a high rate, often resulting in a basal layer of
characteristic large planar crystals with very low
density and strength called depth hoar.

Melt metamorphism occurs via two processes. In
the first, liquid water formed by melting at the sur-
face, or introduced as rain, [reczes within the cold
snowpack, This process results in densification and
may produce layers ol essentially solid ice that ex-
tend over long distances. The freezing at depth also
liberates latent heat, which contributes to the warm-
ing of the snowpack and the acceleration of vapor
transter, The second metamorphic process accom-
panying melt is the rapid disappearance of smaller
snow grains and growth of larger grains that occurs
in the presence of liquid water. Because of this phe-
nomenon, an actively melting snowpack is typically
an aggregation of rounded grains the size of coarse
sand (1 to 2 mm in diameter) (Colbeck 1978).

Except [or the temporary formation of depth
hoar, all the processes of metamorphism lead to a
progressive increase in density through the snow-
accumulation scason (Figure 5-2). Figures 5-3 and
5-4 depict the regional variation in average scason-
al snowpack density in North America and the for-
mer Soviet Union. Tt should be noted, however, Lhat
there is much year-to-vear variability in snowpack
characteristics and that both snowfall and the
processes causing metamorphism oceur at highly
variable rates over short distances, due largely to
differences in slope, aspect, and vegetative cover.

At the beginning of the melt season, the snow-
pack is typically vertically heterogencous as well,
with perhaps several layers of markedly contrasting
densities. During melt, density continues to increase
and the vertical inhomogeneities tend (o disappear.
During this period, density can fluctuate on an
hourly or daily time scale due to the formation and
drainage of melt water. Snowpacks that are at 0 °C
and well drained tend to have relative densitics
near (.35 (McKay 1970).

5.2 MEASUREMENT OF SNOW
AND SNOWMELT

Discussion of measurement of snow and spowmell
requires definition of several terms:

Precipitation is the depth of rainfall plus the watcf
equivalent of snow, sleet, and hail falling dur-
ing a given storm Of measurement period.

Snowfall is the incremental depth of snow and
other forms of solid precipitation that aceum”
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Seasanal variation in snowpack relative densities in various regions of North America. Modified from

Mekay (19707,

lates on the surface during a given slorm event
or measurement period,

Swowpack refers to the accumuolated snow on the
ground at a time of measurcment. The snow-
pack water equivalent and areal extent are of
particular hydrologic importance; information
on depth and density is also useful,

Snowmelt is the amount of liquid water produced
by melting that leaves the snowpack during a
given time period; it is usually expressed as a
depih,

Ablation is the total loss of water substance
(snowmelt plus evaporation/sublimation) from
the snowpack during a given time period; it is
usually expressed as a depth,

Water output is the total amount (depth) of liquid
water (rain plus snowmelt) leaving the snow-
pack during g piven time period.

snow drifting during storms can produce large
vitriations in snow depth and density over short dis-
lances, and variations in subsequent snow meta-
Morphism, melting, and evaporation due to local
Wind, temperature, radiation, and other microcli-
Matic conditions can further modify the distribu-
lon of these properties. Thus snow characteristics

will be highly variable in space, mainly because of
varlations in vegetative cover, slope, and aspect
(slope orientation); consequently, obtaining a rep-
resentative picture of the distribution of snow and
snow properties is important and usually difficult.
Remotely-sensed information that simply shows
arcas with and without snowcover within the region
of interest can be extremely valuable in assessing
the amount of waler present in the form of snow.
Feck (1997) has emphasized that particular care
must be taken in obtaining reliable hydrometeoro-
logical measurements in cold regions and has
stressed that a smaller number of high-quality
records may be more valuable than a larger number
ol records of questionable quality.

Approaches to measurement of each of the
quantities listed previously are discussed next and
summarized in Table 5-1.

5.2.1 Precipitation
Standard Gages

As discussed in Section 4.2.1, precipilation is mea-
sured by collecting gages in which the snow and ice
have melted or that weigh the total in-falling water
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FIGURE 5-3
fwerage seasonal snowpack relative densities {p./ p,,) for Narth America. From Bilello (1984).

substance, In most cases, the form of the precipita-
tion is not recorded.

We have seen thal measurements in such gages
arc subject to several sources of error, the most im-
portant of which is due to wind. Most network pre-
cipitation gages in the United States lack
windshiclds, and even those equipped with Alter-
type shields suffer from generally significant catch
deficiencies for snow |Figure 4-16; Equations (4-3)].
Studies in Canada indicate that a specially designed
gage with a Nipher windshield (Figure 5-3) main-
tains an adequate gage catch in winds up to about
55 m s, but as of 1980 only 14% of Canadian
gages were equipped with such shields (Goodison

et al. 1981). Gages used in the former Soviet Union
and most other northern countries also suffer from
wind-induced catch deficiencies, so that standard
network measurements musi be assessed with cau-
tion lor periods in which snow is an important com
ponent of precipitation (Legates and DeLiberty
1993; Yang ct al. 1998).

Universal Gage

Cox (1971) developed a “umiversal surface preci
pitation gage” that measures snowfall anel snow:
pack water equivalent by weight and collects and
measures water output, so that all of the guantitics
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FIGURE 5-4

Aueraqe seasonal snovepack relative densities (p./ ) far the former Soviet Union. From Bilello {1984).

TABLE 5-1

Methods of Measuring Depth, Water
Equivalent, and Aroal Extent of Pre-
tipitation, Snowfall, Snowpack and
Snovimelt-Water Output. Letters in
rarentheses indicate ground based
161, aircraft based (4), satellite
based (5.

Parameter Drepth Water Equivalent Areal Extent
Precipitation — Standard storage gages (3)  Gage networks ((3)
Universal gapge (G) Fadar (G}
Smowtall Ruler, hoard (3] Meli snow on board (G) Observation networks (G
Use estimated density (G} Radar ()
Universal gage ((3) Wisihle/Infrared (5)
Snow pillow ()
Soomprack Snow stake (G A) Universal gage () Snow surveys ((3)
Snow tube ((3) Snow tube (G) ¥izsibleTnlrared (5]
Aconstic gage (G} Snow pillow (G) Microwave/radar (A5
Artificial radioisulope page
(63
Matural gammea radiation
(GA)
Microwave/radar (A,5) Snow-pillow network (G}

Snowmelt and
Water Cutpul

Snow pillow (G)
Lysimeter ()
TUniversal gage (G)
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SNOW COLLECTOR
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Diagram of the universal gage, which can measure precipitation, snowfall, water equivalent, and water autput. From

\Waring and Jones {1880),

listed ini lable 5-1 are simultaneously determined
and recorded. Waring and Jones (1980) modified
Cox's design to make il more suitable or shallow
snowpacks (Figure 5-6). Clearly, these gages are
considerably more elaborate and expensive to in-
stall than are standard gages, and they are therefore
not widely used in observation networks,

Radar

As deseribed in Scction 4.3.5, radar observations
uin be used to determine the areal extent and type
of precipitation and to provide general information
on precipitation rates,

5.2.2  Snowfall
Standard Methods

Snowfall depth is usually measured simply by plac-
ing a ruler vertically om a1 board that had been set
on the surface of the previous snowpack. The water
Cquivalent of snowtall can be determined by melt-
ing the snow collecled on the be vard and measuring
its volume, although it is more common simply to

Slimate this value by assuming a density. usually
“:"I.l ]-._-:s i =

Universal Gage

The universal gage (Figure 5-6) measures snowfall
water equivalent by recording an increase in weight
on the collector in the absence of near-simuliane-
ous production of water output. Similarly, an in-
crease in Lhe weight recorded by a snow pillow (see
later) would usvally indicate a snowfall event, al-
though rainfall that stayed in the snowpack would
also cause a weight increase,

Radar

snowflakes reflect radar waves more strongly than
do raindrops, so radar images can distinguish be-
tween the two forms of precipitation and can be used
to delincate the areal extent of snowfall for 4 given
storm. However, radar measurement of snowkall
rates is even more difficult than of rainfall rates, be-
cause the various forms of snowflakes have greatly
differing radar reflectivities (Goodison et al, 1981).

5.2.3 Snowpack
Snow Stakes

The depth of snow can be observed simply by in-
serting a ruler or similar device through the snow to
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the ground surface, or by ohserving the height of
the snow surface against a fixed ruler, called a snow
stake, wilth 118 zero point at the ground surface. In
some remole areas, permanent snow stakes are de-
signed with large markings so that readings can be
made from aircraft.

Snow Sinveys

The most important snow information lor the hy-
drologist is the water equivalent ol the snowpack.
Network measurements of this quantity are most
commonly obtained via periodic snow surveys at
tixed locations, called snow courses, A snow course
is a path between two fixed end points over which a
series of measurements of snow depth and water
equivalent are made. The length of the path is typi-
cally 150 to 250 m, with measuremenls made at
aboul six points (more if snow conditions are highly
variable) spaced at a lixed interval of at least 30 m,
At each point, a coring tube equipped with a
toothed cutting rim, called a smow tube (Figure 5-7),
is inserted vertically to the surface. After the snow
depth is read againsl markings on the outside of the
tube, the tube is pushed a few centimeters into the
soil and twisted to secure a small plug of soil that
retaing the snow in the (ube. The tube is then ex-
tracted and weighed on a specially calibrated scale
that is pre-tared and reads directly in centimelers or
inches of water equivalent, Density at each point
can be calculated via Equation (5-12), and water

FIGURE 5-7

equivalent for the course is the average of the val
ues al (he measurement points.

EXAMPLE 5-1

Snow surveyors measured the snowpack depths and waler
equivalents given in the accompanying table using a snow fube
al five points alang & snow course in the Kootenai River Basin,
Mortana, on 27 February 1958, Compute the average depth,
water equivalent, and density for this localion.

Poirt 1 2 3 4 ]
Depth {cm) a8 108 102 109 105
Wiater Equiv. (cm) 27 a0 27 30 29

Solution The average depth and the water eguivalent are
found simply as the arithmetic averages of the five observa-
tions; 104 cm and 29 cm, respectively. The density at each point
is found via Equation (5-12), with p,, = 1000 kg m™:

Point 1 2 3 4 2
Density (kg m™) 280 280 260 280 200

Thus, the average density is 280 kg m™.

1y

(&) Snow tube showing cutter. (o) Determining water equivalent with a snow tube. Phato by authar,
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Several dilferent designs of snow tubes are
gvailable; the tubes may be made of aluminum or
jiberglass and range in diameter from 3.8 to 7.6 cm,
(omparisons of measurements laken by snow
ubes with measurements taken by carclully exca-
vating and weighing snow have shown thal most
snow tubes tend to overcstimate water equivalent
by up to 10% (Work et al. 1965; Goodison et al.
[981).

In shallow (i.e.,less than about 1 m) snowpacks,
depth and density have been found 1o be essentially
independent, and there is typically less temporal
and spatial variability in density than in depth
{Gioodison et al. 1981 ); this is clearly the case in Ex-
ample 5-1, Under these conditions, [ilile precision is
lost and considerable time may be gained by mak-
ing more depth measurements than water-equiva-
lent measurements. Rikhter (1954) suggested a
rough field guide 1o variations in density; Snow with
a relative density of .32 to 0.35 will support an
adult without skis; at 035 1o 0,38, an adult's fool
leaves only a shight impression: and above 0.4, the
fnot leaves no mark on the surface.

A snow-course network, like a precipitation-
gage network, should be designed to provide a rep-
rescntative picture of the snowpack in the region of
interest, However, since measurements arc labor
inlensive, smow courses are usually considerably
more widely spaced than gages and are usually read
al longer time intervals—e.g., every two weeks dur-
ing the snow season. Because snowpack conditions
are Iargely determined by local conditions, it is usu-
ally sound strategy to design the network to sample
representative  ranges of land use (vegetative
cover), slope, aspect, and elevation. Areal averages
may 1hen be estimated by extrapolating from these
measurements on the basis of the distribution of
the various conditions in the region of interest.
However, for operational purposes such as fore-
easting runoff, measurement agencies commonly
rely on only a few snow-course sites that have been
“calibrated” over a period of years to provide an
index, rather than a sample estimate, of the water-
shed snoweover.

Snow Fillows

e water equivalent of snowpack can also be mea-
Sured with snow pillows, which are circular or oc-
Migonal membranes made of rubber or flexible
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FIGURE 5-8

Asnow pillow (foreground) and a water-output lysimeter
{kackyground) installed at the U.S. National Weather snow-re-
search site at Danville, VT. Buried lings transmit the fluid pres-
sure from the pillow to a sensor, and the water relsased by the
sninpack to a measuring device, both of which are in an in-
strument shelter. The metal ring is electrically heated and is
melted down through the snowpack to isolate the cylinder af
snow ahove the hysimater, Photo by authar,

metal that contain a liquid with a low freezing point
(Figure 5-8). The weight of the snow on the pil-
low controls the pressure of the liguid, which is
recorded or monitored via a manometer or pres-
sure transducer.

‘Ihe diameter of snow pillows ranges from 1 to
4 m, with larger diameters recommended for deep-
er snowpacks (Barton 1974). Several factors influ-
ence the accuracy and continuity of readings,
including (1) leaks; (2) temperature variations that
affect the density of the liquid; (3) the formation
of ice layers within the snowpack, which can
support a portion of the snow and lead to under-
measurement of water equivalent (called “bridg-
ing”), (4) disruption of the contact between the
snow and the ground, which can distort the snow-
pack energy and water balances; and, in remote in-
stallations, (5) instability of power supply to sensors
and recorders, Detailed considerations for installa-
tion and maintenance of snow pillows were given
by Davis (1973) and Cox et al. (1978), and measure-
ment problems were discussed by McGurk and
Azuma (1992) and McGurk et al. (1993).

Snow pillows are well suited for remote instal-
lation, with pressure readings transmitted by
lelemetry. In Alaska and the 12 western states of
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the 1.5, mainland, the 178, Natural Resources Con-
servation Service (NRCS) operates the SNOTEL
network of 560 snow pillows, which provides
telemeterad dala on water equivalent with an accu-
racy of about 2.5 mm (Schaefer and Werner 1966).
If read frequently enough, snow pillows can be used
to measure the water cquivalent of individual
snowialls,

The wuniversal gage (Figure 5-0) mceasures
snowpack water equivalenl using the same basic
principle as that of the snow pillow.

Acoustic Gages

Chow (1992) described a system thal measures
snow depth ultrasonically. The system is commer-
cially available at relatively low cost and is well suit-
ed for installalion as part of an automatic weather
station.

Radioactive Gages

Several types of instruments exploiting the attenua-
tion of gamma rays or neutrons by water substance
can be used for nondestructive measurement of the
water equivalent of the snowpack. One version in-
volves an artificial gamma-ray source (*'Co or
(s) and a detector, one of which is at the ground
surface and the other suspended above the ground,
the readings from the delector are typically trans-
mitted by telemelry from a remote location to the
observer. Bland et al. (1997) reported 4 method by
which a portable gamma-ray source is inserted into
permanent structures in the field at the time of
measurement, and a hand-held detector 15 used Lo
make a nondestructive determination of water
couivalent with a precision of 3 mm.

For snowpacks with walter equivalents less than
about 40 cm, it is also possible to measure the atten-
uation by snow of natural gamma radiation emitted
from the soil surface using a detector cither fixed a
few meters above the surlace (Bissell and Peck
1973} or mounted on an aircraft (Loijens and
Grasty 1973). Use of an airborne detector requires
low-altitude (= 150 m) flights along a route over
which the snow-free gamma emission has been pre-
viously determined; corrections must then be made
to account for soil moisture and radioactive emis-
sioms from the air (Goodison et al. 1981; Foster
ct al. 1987). However, work by Grasty (1979) sug-
gested that a simpler, single-flight technique can
give results of high accuracy. Carroll and Voss

(1984) found good correlation belween water
equivalents determined from airborne gamma-radi-
ation sensors and snow tubes in forested regions of
the northern United States and of Canada (Figure
5-9a), as did Bergstrom and Brandi (1985) in Swe-
den. The 118, National Weather Service now rou-
tinely uses low-flying aircraft to estimate water
equivalents [rom natural gamma radiation {Carroll
and Carroll 1989).

Airhorne Microwave and Radar

Microwave radiation (wavelengths of 0.1 to 50 cm),
including radar, can be used to remotely measure
the water equivalent, areal extent, and other prop
erties of the snowpack, Airborne systems exploiting
these wavelengths have the advantage of being able
to “see through™ clouds: however, many variables
affect the observations, and methods lor interpret-
ing data are still being worked out.

The flux of microwave radiation emitted by a
snowpack depends on its temperature, grain size,
and the underlying soil conditions, as well as on ils
density. Thus comsiderable  information  about
ground condilions is required for translating “pas-
sive” microwave emissions to estimales of waicr
gquivalent, and research is currently underway to
provide reliable algorithms for interpretation (Fos
ter et al. 1987).

Radar observation involves directing a beam of
microwave radiation al the snowpack and measur-
ing the strength of the reflected energy. This radia-
tion can penctrate into the pack, so it can be used to
provide information aboul snowpack stratigraphy
and liquid-water content, as well as water equivi-
lent, if sufficient information about surface cover
and topography is available,

Salellitas

Satellite imagery using visible, infrared, and mi-
crowave wavelengths provides information on the
areal extent of snow cover for large areas, Although
careful inlerpretation is required to distinguish
snow [rom clouds and to identify snow in areas ol
forest and highly reflective land surfaces, the mos!
accurate maps of arcal snow cover to date hae
heen produced from visible-wavelenglh imags
These mmages have been the basis for weekly maf™
that have been produced since 1978 for norther™
hemisphere land, with a resolution of about 1.2 ki
{Robinson el al. 1993).
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More recently, algorithms have been developed
for mapping the distribution of snow cover over
wide areas by automated analysis ol satellite-borne
radiomeler data. These algorithms use reflected and
emitted energy in several visible and infrared wave-
lengths to differentiate between clouds and snow
and to correctly interpret variations produced by
[orest cover and shading. Rosenthal and Dozier
(1996} described an algorithm for mapping moun-
tain snow-cover extent from the Landsat Thematic
Mapper satellite, which has a resolution of aboul
800 m®. A new methodology for automated analysis
of visible and infrared radiation collected by the
AVHRR (Advanced Very High Resolution Ra-
diometer) satellite can separate clouds from snow
and clear land under most conditions, and the re-
sults can be used to produce daily continental-scale
maps of the areal extent of snow cover with a reso-
lution of 1.1 km? and 97% accuracy (Simpson et al.
1998).

Dverview

In spite of their slight tendency to over measure,
smow-survey observations are usually comsidered
the most accurate “routine™ measurements of water
equivalent. Howewver, they are labor intensive and
impractical for routine use in remote areas, Snow
pillows are accurate and are widely used in the
western United States for remote monitoring of
mountain snowpacks; however, they are subject to
bridging, temperature effects, and failures of instru-
ment components (Goodison et al. 1981; McGurk
et al. 1993).

Figure 5-9b compares water equivalents mea-
sured via snow tube, snow pillow, and a fixed ra-
divisotope gage over scveral days al one location.
MNatural radioactivity deposited with falling snow
caused false low readings by the gamma detector,
but this radioactivity was Tound to decay rapidly
and could readily be corrected for (Bissell and Peck
1973). Thus, all three methaods appear to give similar
results,

Goodison (1981) compared snow-survey and
snowlall data in Canada and found that compatible
estimates of regional water equivalents were possi-
ble only if (1) snow-survey data are weighted to ac-
count for the variability of water equivalent as a
function of land wse and (2} precipilation-gage
measurements of snowlall are corrected for gage-
catch deficiencies due to wind.

Remotely-sensed observations via aircrall or
salellile using active or passive microwave, infrared,
or visible wavelengths are becoming increasingly
relied on for information on the areal exlent of
snow cover, Maps of snow-cover cxtent in the
northern hemisphere derived from satellite obser-
vations, beginning in 1978, are available from the
1.5, National Oceanic and Atmospheric Adminis
tration (NOAA) as the NOAA-NESDIS Weekly
Northern Femisphere Snow Charts, and similar
maps based on newer satellite sensors and interpre-
tation algorithms are becoming available. Such ob-
servations ol the arcal extent of snow cover, along
wilh water-equivalent information developed from
telemetered remote snow pillows and airborne de-
tection of gamma radiation, are widely used for
waler-resource management decisions, especially in
the western United States.

Techniques involving spatial correlation, simi-
lar to those deseribed lor mapping of arcal precipi-
tatiom (Box 4-2), have been developed and are
routinely used for mapping the areal distribution ol
water equivalent in the United States (Carroll and
Cressic 1996).

5.2.4 Snowmelt, Ablation, and Water Output
Lysimeters

The most straightforward method [or measuring
water oulpul is via a lysimeter (Figure 5-8), which
collects the water draining from the overlying snow
and directs it to a device that measures and records
the flow. This instrument may be [lied with a circt-
lar metal ring that can be electrically heated and
lowered through the snow to isolate the cylinder ol
snow above the collecting surface; this method
avoids gaining or losing waler that might be moving
horizontally along ice layers in the snowpack.

Note that, as with snow pillows, snow condi-
tions above a lysimeter may differ from those in the
natural snowpack due to interruption of the spow-
ground connection.

Snow Pillows

Snow pillows detect ablation as a decrease M
weighl (assuming the water runs off the pillow): i_‘-‘
many cases, evaporation can be considered negligh
hle and the weight change can be attributed !¢
water outpul.
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Universal Gage

as noted previously, universal gages collect and
measure water oulput, Water outpul occurring at
(ke same time as a corresponding weight decrease
ndicates smowmelt; water oulput in the absence of
a weight decrease indicates rainfall; and a weight
decrease in the absence of water outpul indicates
pvaporation,

Fans

specific measurement of evaporation and sublima-
tion of the snowpack can be made using pans that
are periodically weighed., Slaughter (1966) re-
viewed studies that employed various tvpes of pans
and concluded that good measurements can be ob-
tnincd using pans thal are made of plastic or metal,
as long as the edge of the pan is flush with the snow
surface and the surface roughness of the snow in
the pan is the same as that of the surrounding snow-
pack. The pan should be at least 10 cm decp to
avoid absorplion of radiation by the bottom of the
pan and, if significant melt is occurring, should be
designed to allow meliwater to drain into a collec-
lor [oT separate measurement.

9.3 HYDROLOGIC IMPORTANCE
AND DISTRIBUTION OF SNOW

5.3.1 Water Inpui

Precipitation in the form of snow is usually stored
lor a significant period on the ground surface and
does not become an input to the land phase of the
hvdrologic cycle until it melts, Thus it is hydrologi-
cally useful to define water input as the sum of rain-
fall plus snowmell for a given time period. When a
showpack is present, water input equals the water
butpul from the snowpack.

In areas with a seasonal snowpack, the amount
and timing of surplus water input (water inpt
minus Evapotranspiration), rather than of surplus
Precipitation (precipitation minus evapolranspira-
lion), largely determines the amount and timing of
Streamflow and ground-water recharge (i gure
*10). However, in spite of the sirong relationship
belween water-input climate and hydrologic cli-

mate, there have been few studies characterizing
waler-nput climatology. Hendrick and DeAngelis
(1976) showed that water-input climatology in New
England is determined by latilude and clevation:
they developed a method for determining climatic
and synoptic patterns of water input from standard
network observations of lemperature and precipi-
tation. Further research along these lines would
clearly be useful for many hydrologic purposes, in-
cluding predicting the effects of climate change on
streamflow.

5.3.2 Distribution of Snow
Glohal

Virtually all the land above 40° N latitude has a sea-
sonal snow cover of significant duration (Figure
3-21); this amounts to about 42% of the land in the
northern hemisphere. Figure 5-11 shows the steep
latitudinal increase in the [raction of average annu-
al precipitation falling as snow m North America;
this fraction reaches about 0.65 on the north coast
of Alasks (Dingman et al. 1980). Location relative
to oceans and elevation also mfluences the portion
of precipitation occurring as snow.

Average dates of formation and disappearance
of snow cover are shown in Figure 5-12 for North
America and in Figure 3-13 for the former Soviet
Union, Figure 5-14 gives average seasonal maxi-
mum snow depths in the northern hemisphere. As
noted earlier, maps and statistics of weckly north-
ern hemisphere snow-cover cxlent since 1978 are
available and show that snow cover has been de-
clining over the last two decades (Robinson et al,
1893; Box 3-3).

Because of the lack of detmled knowledge of
runoll processes (Chapter 9), it is difficult to quan-
tify the fraction of runofl derived from snowmelt.
However, a smaller proportion of snowfall than of
raintall is evaporated and transpired, so it is clear
that snowfall contributes proportionally more to
runofl. L'vovich {1974) estimated thal more than
half the annual runoff is derived from snowmelt in
much of the northern hemisphere (Figure 5-15).

Elevational

Because of the general decrease of air temperature
with altitude (Figure D-2), the fraction of precipita-
lion falling as snow, and the water equivalent of
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snow, are usually strong funclions of elevation in a
region {Figurce 5-16). For mountain regions, as much
as 83% of the annual runoff may come [rom
snowmelt (Shafer and Dezman 1952},
Rates of increase of water equivalent with
elevation vary regionally and with local factors
such as aspect (i.e., north- or south-facing slopes)
and vary from year to year al a given location.
Meiman (1968) reviewed a number of studies on
the elevational distribution of snow in North
America and reported rates of increase of water
equivalent ranging from 5.8 to 220 mm per 100 m
elevation. Caine (1975) [lound that the vear-
to-year variability of water equivalent decreased
with elevation in the southern Rocky Mountains,

USA.

Local

As noted in Section 5.2, snow properties are highly

dependent on local site factors such as aspect (slope

orientation) and vegetation cover. In general, local
variahility will be greatest in regions where periods
of melting occur during the winter, where there arc
pronounced spatial changes in land cover and
topography, and where much of the heat input tv
the smow is from solar radiation,

The main effect of aspect is on energy inpuls
from solar radiation, resulting in faster densificatio®
and melting on south-facing slopes. Aspect may alsv
alfect the wind microclimate, which in furn affects
snow deposition and densification and enerty
exchanges of sensible and latent heats. These &
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Fraction of precipitation DCCUrTing as snow as a function
Todd {1870}; unidentified points are for cities east of the

ergy exchanges are discussed quantitatively in
Seclion 5.4,

The accumulation of precipitation on the
leaves and branches of vegetation is called Canopy
interception. Some intercepled snow eventually
falls to the ground either before or after melting
and is added to the snowpack: the rest evaporates
and is called canopy interception loss.' Clearly, de-
ciduous trees intercept less snow than do conifers,
and various conifer species differ in their capture of
snow. Schmidt and Gluns (1991) found thai (1) indi-
vidual conifer branches intercepted 11 to 80% of
Show (water equivalent) in 22 storms, (2) the frac-
lion intercepted was inversely related to snow den-
sity (p,/p,) and to total storm precipitation, and (3)
the maximum intercepied water equivalent was
about 7 mm. Thus in forests a large proportion of
snowfall is intercepted, but most studies have found
that it is of minor hydrologic importance (Hoover

.{",inﬁa]] interception and interception loss are discussed in de-
lail in Section 7.6,

of latituds in the United States. City data from
Rocky Mountains,

1971; Tennyson et al. 1974), because most in lercepi-
ed snow falls to the ground or melis rather than
evaporates,

Forest clearings and thinnings disrupt the typi-
cal upward-increasing wind velocities above
canopy (see Section D.6.3) and generally lead to in-
creased snow deposition. Many studies have shown
that snow accumulation is greater in small (e,
diameters less than 20-z, where zp 15 the height of
surrounding trees) forest clearings than in the sur-
rounding forest. The relative importance of wind re-
distribution and interception in producing these
differences changes [rom region to region. How-
ever, for clearings larger than 20z, the accumula-
lion pattemn tends to he reversed, because the wind
speed tends to be higher than in the forest; this re-
distributes snow into the surrounding forest and
causes higher evaporation in the clearing (Golding
and Swanson 1956),

Watershed-scale experiments have shown that
both selective and clear-cutting tree harvesting
tend to increase snowpack water equivalent and
snowmelt runoff (Schmidt and Troendle 1989). This
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Average date of snow cover (&) formation and (b} disappearance in North America. From McKay and Gray (1981).

increase is attributed to a reduction in the evapora-
tion of intercepted snow and increased snow depo-
sition into clearings and thinned forests, partially
offset by increased evaporation from the ground
snowpack.

Figure 3-17 shows the variability of seasonal
peak depth, density, and water equivalent on a
range of vegetation types in Ontario, Canada.
Crwerall, these observations are consistent with

those just deseribed for forest clearings: The high-
cst depths and water equivalenls were o an
open forest with shrub understory (Vegetation
Zone B), and the lowest values were in areas with-
out foresl cover, including grass (Zone A) and
marsh { Adams 1976). Density tended to vary little
with land-cover type. Note also that there was con-
siderable year-to-year variability in the relative
values,
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Un an even more local scale, Woo and Steer
(1986) presented data on variations of snow depth
dround individual trees in a subarctic spruce [orest
i northern Ontario. The dala were used, along
with information on tree spacing, o compute the
Iverage snow depth for the forest. As shown in
Figure 5-18, depth increases nonlinearly away
[rom the trunk and reaches the clearing value at
A distance of 2 to 4 m from the tree. Presuma bily,

this pattern is produced by snow interception and
by added heal inputs due 1o longwave radiation
from the tree trunk, which can accelerate the
processes that increase snow densily and produce
melt.

Donald et al. (1995) developed relations be-
tween land-cover types and water equivalent and
other snow properties in Ontario that are useful for
snowmell modeling,




FIGURE 5-13

Averags date of snow cover (a) formation and (b) disappearance in the former Saviet Union. From Wilson
(19569
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FIGURE 5-14

Average seasonal maximum snow depth {in.) for the northern hemisphere. Froni Bates and Bilsllo

[ 1966),

5.4 SNOWMELT PROCESSES?
3.41 Phases of Snowmelt

The period of general increase of snowpack water
equivalent prior to the melt period is called the ac-
cumulation period, During this period, the net in-
puts of energy arc generally negative and the
average snowpack temperature is decreasing; water

Much of our current understanding of snowmelt processes and
e forecasting of snowmell runoff s based on an intensive re
starch program conducted by the 128, Army Corps of Engineers
" e western Tnited States in the early 1950s, The results of this
eeareh are extensively summarized in Snow [Tydralogy (L5,
Aty Corps of Engineers 1936),

equivalent typically has an increasing trend during
this period. The melt period of 4 seasonal snowpack
begins when the net input of energy 1o il becomes
more or less continually positive, and it can usually
be separated into three phases:”

the warming phase, during which the average
snowpack temperature increases more or less
steadily until the snowpack is isothermal at
0°C;

? In some repions and during some vears, snow covers may form
and mell more than onee during the winter: in these cases, each
successive snowpack will po through an accumulation period
and the three phases of the melt period.
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the ripening phase, during which melting occurs,
but the meltwater is retained in the snowpack.
At the end of this phase, the snowpack is
isothermal at {0 °C, cannot retain any more lig-
wid water, and is said 10 be ripe; and

the ontput phase, during which further inputs of
energy produce water output,

In many sitvations, the snowpack does not
progress steadily through this sequence. Some melt-
ing usually occurs at the surface of a snowpack from
lime to fime prior to the ripening phase, when the
air temperature rises above 0 °C for periods of
hours or days, The meliwater thus produced perco-
lates into the cold snow al depth and refreezes,
releasing latent heat that raises the snow temp-
crature. Similarly, snow-surface temperatures may
fall below freezing during the melt period, and the
surface layer must warm agam beflore melting can
continue. Even where daytime temperatures arc
continupusly above freezing, temperatures com-
monly fall below 0 "C at night, and it may take sev-
eral hours for the snowpack to warm and resume
melting each day (Bengtsson 1982; Tseng et al,
1994), Nevertheless, the sequence of three phases
Provides a useful context for understanding the
melt process, As described next, the amounts of net
thergy mputs required for each of the mell phases
€n be readily computed.
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Warming Phase

The cold content, J_, of a snowpack is the amounl
of cnergy required to raise its average tempetrature
to the melting point, so

Qr.r. = Ei'pf.u'hm'{rr B Trv.':lﬂ.

where ¢ is the heat capacity of ice (2102 T kg'!
K')} T, is the average temperature of the snow-
pack, T, is the melting-point temperature (00 °C),
and the other symbols are as previously defined.
The cold content can be computed at any time prior
to the ripening phase, and the net energy input re-
quired to complete phase 1, &, equals the cold
content at the beginning of the melt period. Note
that Q.. has dimensions [E L7].

(5-13)

1

EXAMPLE 5-2

Given a snowpack with the average conditions computed in Ex-
ample 5-1 and an average temperature of -9 °C, what is its
cold content?

Solutign The constants in Equation 15-13) have the following
values: c,=2102 Jky™ K™, p, = 1000 kg m ®, and T,, = 0 °C.
From Example 5-1, fi, = 29 cm = 0.29 m and 7, = -9 °C. Sub-
stituting these values in Equation {5-13) yvields

.= —2102 kg 'K~
#1000 kgm™ = 0.29m
* (—9°C — 0°C) = 549MJm~°

as the net input of energy required to raise this snowpack to the
melting point.

Ripening Phase

Phase 2 of melting begins when the snowpack be-
comes isothermal at 0 “C. After this time, further
net inpuls of energy produce meltwater, which is
initially retained in the pore spaces by surface-ten-
sion forces (Figure 5-19). The liguid-water-relaining
capacity, i1, of a snowpack is given by

opes = 8,40 s, (5-14)

1 Since the Kelvin and Celsius temperature scales have identical
degres intervals and differ only in the location of the zero point,
units involving temperature intervals have identical values in
both scales; that is, 2102 The™ K70 = 2102 T ke * "%, {Sce Exam-
ple A-T)
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R e
FIGURE 5-19

An idealized thin section of snow showing snow graing, water
retained by surface tension, and continuaus pares filled with
air. After Colbeck {1971).

where £, 15 the maximum volumelne waler conlent
that the snow can retain against gravity.” 6, for ripe
snow can be estimated from empirical studies sum-
marized by Eagleson (1970) as

B = --U.D?-35-('”*j b (267 X 'LU"IP('E’-J..

i £’

(5-15)

where the densitics arc in kg m . This relation is
eraphed in Figure 5-20.

We can use previously derived expressions to
compute the proportion of pore spaces that are
filled with water when # = #,. Consider a typical
ripe snowpack with p, = 500 kg m™. Equation (5-15)
gives f.., = 0,03, Substituting these quantities into
Equation (5-6) allows us 1o compule the corre-
spomding porosity ¢ = 0,49, The ratio 4,,/¢ s the
proportion of pore spaces filled with water at the
end of phase 2 [see Equations (5-2) and (5-4)].
which Tor this case is 0.03/0.49 = 0081, Thus it is
clear that only aboul 6% of the pore spaces in a ripe

* 8., 15 dircetly analogous to the “field capacity™ of a soil, defined
in Section 6.4.1.

snowpack contain water, and such snowpacks are
far from being saturated.

The net energy input required to complete the
ripening phase, (., can be computed as

Qm? = 'e’ili.'u'.-: ;. .ﬂu: X '}"‘F = Igr:':r - h 0t In'u.' - 'a“ﬁ {s-lﬁ)

where A, is the latent heat of fusion (0.334 MJ kg™).

EXAMPLE 5-3

Assume that the snowpack considered in Examples 5-1 and
5-2 has become isothermal at the metting point and its density
has increased to 400 kg m™. How much energy is required to
bring it to a ripe condition?

Solution Assuming the water equivalent has not changed, the
current snow depth is 72.5 cm [Equation (5-12}). From Equation
(5-15), B = 0.013. With A,= 0.334 MJ kg™, we compule

0., = 0.013 X 0.725m % 1000 kg m™?
% 0.334MJ kg™ = 3.15MJ m~2

via Equation (5-186).

Oulput Phase

Umee the snowpack is ripe, further net energy in-
puts produce meltwater that cannot be held by sur-
face-tension forces against the pull of gravity, and
wiler beging to percolate downward, ultimately 1o
become water output. This flow is more fully de-
scribed in Section 5.4.3.

The net energy input required 1o complete the
outpul phase, ¢,.;, is the amount of energy needed
to melt the snow remaining at the end of the ripen-
ing phase:

Qﬂ!:‘i - {_hm - IF-l'.ﬂi:re'_'_:l 'ﬂ14."’:'"_|'- [5'!'?}

5.4.2 The Energy Balance

Consider again the representative element af a
snowpack shown in Figure 5-1. The energy balance
for this element is

At-§ = AQ, (5-18)
where § [E L™ T7'] is the net rate of energy €%
changes into this clement by all processes over il
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{ime period A7 [T], and AQ [E L7 is the change in
heatl energy absorbed by the snowpack durimg Ar,

The equations developed in this section pro-
vide a means of modeling the progress of snowmelt
based on information about the net rate of energy
input, 8, during successive time periods, This ap-
proach to modeling is explicitly explored in Section
5.5.1. The several components of § and the ways in
which their magnitudes can be estimated are dis-
cussed later in this section,

During the warming phase, AQ is rellected in
an increase in average temperature of the snow-
pack, AT,

AQ = ;- py - by e AT, (5-19)

|Compare Bquation (5-19) with Equation (5-13).]
Substitution of Lguation (5-19) into Tquation
(3-18) relates the temperature change to the net
rate of encrgy inputs:

Ate S
L (5-20)
ct it h

&
(5]

In the second and third phases, AQ is refllecled
in melting. During the ripening phase, this melting
causes an increase in the liquid water held in the

snowpack, so

AQ = pyApr AR, (5-21)
and
Ak, — :"j‘r (5-22)
During the output phase,
AQ = —p,- Az Ay, {5-23)
50
gy mm (524
and
Aw = —Al,, (5-15)
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where Aw is the increment of water output from the
snowpack.

EXAMPLE 5-4

Given a ripe snowpack, compute the amount of water output
produced on a day when the total net energy input, 5, is 5.11
MJ m 2,

Solution According to Equations (5-24) and (5-25),

1 day % 5.11 MJ m~ day ™"
1000 kg m™ = 0.334 Md kg '
0.0153 m = 15.3 mm.

Aw=

Energy-Exchange Processes

The energy exchanges that determine the progress
of snowmelt occur via the following processes (the
symbols will be used to represent the net rates of
energy input, or fluxes, [E L™ T, by each process):

shortwave (solar) radiation input, K;

longwave radiation cxchange, 1.;

turbulent exchange of sensible heat with the at
mosphere, H;

turbulent exchange of latent heat with the at-
mosphere, LF;

heat input by rain, R;

conductive exchange ol sensible heat with the
ground, (.

Thus,

S=K+L+H+LE+ R+ (526)

The basic physics of each of these components
of the energy budgel, and the approaches to deter-
mining their magnitudes, are discussed in the fol-
lowing sections.

Shortwave Radlation Input  As indicated in Figure 3-1,
the sun's energy is eleciromagnetic radiation with
wavelengths less than 4 pm; most of this energy is
concentrated between 0.4 and 0.7 pm wavelength,

K is the net flux of solar energy entering the
snowpack, so

K=K,-Ku=K, (1-a), (527

where K, is the flux of solar energy incident on the
snowpack surlace, K., is the reflected flux, and a is
the shortwave reflectance, or albedo (sce Table
D-2).°

K includes both the energy in the direct solar
beam and the dilfuse solar radiation due to scattes-
ing by atmospheric gases and acrosols (Scclion
E.1). The diffuse component makes up about 10%,
of total incident shortwave radiation under clear-
sky conditions, increasing to 100% when there is
complete overcast (ITay 1976). However, the dilluse
component is difficult to estimate, and since it scl-
dom accounts for more than a small fraction of the
total energy balance, we will nol treal il separately
in our development.

K can be measured with instruments called
pyramometers [described in lgbal (1983)], one fac-
ing upward to measure K, and onc downward 1o
measure K. in a representative location. TTowever,
pyranometers and the associated data loggers are
mstalled at only a few permanent locations (sec
Tigures E-1 and E-2) and research stations, so that
it 1s commeon to estimate K. To do this, we note that
K. represents the clear-sky shortwave radiatiom
Mux, K., adjusted for the slope and aspect (i.e., the
azimuth of a line running downslope) of the land
surface and reduced by cloud cover and shading by
vepetation:

Kin = Ko(A I} Fi(As Byoa) - F2(C) - F5(F)
{5-28)

Here, A is the latitude, S is the day of year (the num-
ber of days since the calendar year began), 3 is the
slope inclination angle, « is the slope azimuth angle
{measured clockwise from north), C is the fraclion
of sky covered with clouds, F is the fraction of sky
obscured by forest canopy, and fi, f, and f; are func-
tions expressing the effects of the quantities in
parentheses.

Combining Equations (5-27) and (5-28), we
have

*'Ihe albadao cquals the intearated reflectance for shortwave 120
diation, lor which the symbol p (A} is used in Section Tl [Equa-
tion ([-4)]. The symbol a is used for albedo throughous the Leal
tov avoid confusion with the symbol used for densitics.
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K = K.(A, H*rlrt B, o)
FAC) f{F)-(1—a).  (529)

yethods for estimating the quantities in Equation
(5-29) are outlined next.

Clear-Sky Shortwave Radiation The complete set
of equations and the algorithm for computing clear-
sy shortwave radiation on horizontal and sloping
surfaces without vegetative cover are given in Ap-
pendix E; only the general approach is described
here.

The total daily flux of clear-sky radiation falling
on a horizontal surface is a function of the latitude
(A) and the declination angle (&) of the sun, which
is a function of the time of year (J). At a given lali-
tude, this quantity varies approximately sinusoidal-
ly through the year (Figure 5-21).

" As anyone living in a region with seasonal snow
cover knows, there is a great difference between Lhe
pmounts of solar radiation received on north- and
south-facing slopes. This difference s illustrated by
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the data in Table 5-2, which compares the clear-sky
shortwave radiation inputs on north- and south-fac-
ing slopes at Danville, V"I, during the snowmelt sea-
son, The function (A, B @) is derived using the
concept of equivalent latitnde and is given in Sec-
tion E.2,

Effact of Cloud Cover The effect of cloud cover
can be estimated using empirical relations such as

fo(C) = 0335 + 068-{1 — C). {530}
This expression was used successtully by Croley
(1989) in predicting evaporalion [rom lakes; the
U5 Army Corps of Engineers (1956) suggested an
alternative relation involving cloud height:

fAC)=1-1(1—1¥)-C. (5-31)
In this equalion,

k, =018 + (79 X 109 -Z,,  (5-32)

g— {l\.{’i‘"?:’; i
";: 5 S :f’ s

‘ {\i.}.f
e B L, [
Ay 4;.,'}'5\1: % ~‘-'h;

'E ; 'Jl:”":.r
5 20— A o
= oy
2 T LA AL
3 e
.: M ._1#1’.":"‘\.
10—
0
FIGURE 5-21

Clear-sky (potential), K., and incident, K, solar radiation on a horizontal surface at West Thornton, MH, for 1980 through
1987, Each dot represents measured K, for a day. From Federer et &l, (1990).
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Morth-facing slope (e = 07) Sounth-facing slope (v = 1807

TABLE 5-2 :
Total Daily Incident Clear-Sky Solar ~ S\@pe Inclination Angle, B ()
Radiation Received on North- and )
South-Facing Slopes of Varying In- 5
clinations at Danville, VT (latitude n
44.5° Nj on 17 March {MJ m~?), 13

4

30

33

40

0.6 204
187 214
164 41
14.3 23.5
12100 268
0.3 274
0 287
43 293
1.9 T

where Z is height of the cloud base in meters.

A slightly different approach to estimating the
effect of cloud cover is based on the ratio of the
“percentage of possible sunshine,” which is the ra-
tio of the duration of bright sunshine during a day
to the length of time between sunrise and sunset. A
nomograph for this approach was developed by
Hamon et al, {1954).

However, manual observations of C are no
longer available in the United States because
human weather observers arc being replaced by au-
tomated stations. Because of this fact, Lindsey and
Farnsworth (1997) recommended that, where K, is
not directly measured, it is best determined from
gridded estimates of solar radiation developed
from Geostationary Operational Environmental
Satellite (GOES) imagery, Useful estimates of K,
can also be developed using daily maximum and
minimum temperature and precipitation  data
{Hunt et al. 1998).

Effsct of Forest Canopy  The value of F can be de-
termined as the ratio of the horizontally projected
area ol [orest canopy to the total area of interest
and is best determined from air photographs. Fig-
ure 5-22 shows values of fi(F) for four types of
conifer forest. No comparable data lor other forest
types seem to have been published, and because the
effect of vegetative cover in reducing incident
shortwave radiation depends on the type, height,
and spacing of the plants, these relations must be
applied with caution for other situations, The rela-
tionship for lodgepole pine can be approximated as

F3(F} = exp{—3.91-F). (5-33)

Albedo  Asshown in Table D-2, snowpack albe-
do ranges from about (.45 for old snow to about
(L85 for a fresh snow surface; thus this factor is an

important determinant of the nel input of energy to
the snowpack. Figure 5-23 shows the empirical rela
tion between albedo and the age of snow surface
for the melt and accumulation seasons as measured
by the ULS. Army Corps of Engineers (1956); these
curves are commaonly used in energy-halance mod-
els of snow melt.

Because of the porous nature of snow, solar ra-
diation is reflected not at the surface plane, but over
a finite depth. Studies have shown that there is little
penetration of solar radiation below about 10 cm,
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Ratio of incident solar radiation under various types of forest
canopies to that received in the open for four forest types: 8F
= balsam fir, JP = jack pine, LP = lodgepole ping, circles =
open boreal spruce forest. From Water in Environmental
Planning, by Thomas Dunne and Luna B. Leopold. Copyright
15978 by W.H. Freeman and Company. Reprinted with
permission.
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Albedo as & function of age of snow surface (i.e., time since last snowfall). From LS. Army Gorps of Engi-

neers (1956).

si Figore 5-23 applies only when &, = 10 em. For
shallower snowpacks, significant amounts of radia-
tiom are absorbed by the ground and may heal the
snow from below., Leonard and Hschner (1968)
[ound thal albedo measured for snow intercepted
on a conifer forest was considerably lower (a = (1.2)
than for a ground snowpack, resulting in more rapid
melting and greater evaporation for intercepted
SHOW,

Summary The following example shows how
net solar radiation fux (o a snowpack is typically es-
limated by use of the preceding relationships.

EXAMPLE 5-5

Compute the total daily net input of solar radiation, K, to a
snowpack in a conifer forest with a canopy closure of F= 0.8 on
il north-facing slope with an inclination of 20° on 17 March at
the latitude of Danville, ¥T. The cloud cover is 0.5, and the last
snow ztorm occurred on 12 March,

Solution The product of the first two terms in Equation (5-29)
tan be found in Table 5-2 as 14.3 MJ m? day™". (For other
tays, locetions, slopes, and aspects, we would use the relations

given in Appendix E.) We compute £(C) using Equation (5-30)
and f(F) using Equation (5-33);

L(C) = 0.355 + 0.63 = (1 — 0.5) = 0,695,

£(F) = exp(—3.91 x 0.8) = 0.044.
Since the snowpack age is 5 days, the albedo estimated from

Figure 5-23 is a = 0.55. Substituting all these values into Equa-
tion {5-29) gives

K= 143MJ m™ x 0.695
% 0,044 x (1 — 0.55) = 0.20 MJ m~* day™".

Longwave Radiation Exchange l.ongwave, or terres-
trial, radiation is clectromagnetic radiation with
wavelengths of 4 to 20 pm emitted by materials at
near-earth-surface temperatures. (See Figure 3-1
and Section 12.1.) The net input of longwave energy,
1., 15 the differcnee between the incident flux, L,
emitted by the atmosphere, clouds, and overlying
forest canopy and the outgoing radiation from the
snowpack, L.

L= 'r"J'.ll. - j‘r.lur' {5-34]

Longwave radiation can be measured dircetly
by means of pyrgeometers; alternatively, it can be
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found as the difference between all-wave radiation
measured by a radiometer and shortwave radiation
measured by a pyranometer. However, such in-
struments are scldom installed except at sites of
intensive research, and routine measurements of
longwave radiation are available at only a few loca-
tions. Thus, as with shortwave radiation, one is usu-
ally forced to estimale the longwave component of
the energy balance from more readily available me-
teorological information; this estimation is based on
the considerations described next.

The flux of cleciromagnetic radiation emitted
by a surface is given by the Stefan-Boltzmann equa-
tion [Equation (D-1)]. Hence we can write

Liy=gg o (T, + 2732, {5-35)
where £, is the integrated effective emissivity of the
atmosphere and canopy, o is the Stefan-Boltzmann
constant (v = 4.90 % 107 MJ m > day™' K™, and
T, 18 the effective radiating temperature of the at-
mosphere and canopy (*C). The outgoing flux is the
sum of the radiation emitted by the snow surface
and the portion of the incident radiation reflected
by the surface. Since the longwave reflectivity of a
surface equals one minus its longwave cmissivily,
we have

L

i

= By O [Ty + 2732V + (1 — g,) ' L,
(5-36)

where the subscript ss designates the values of
emissivity and lemperature for the snow surface,

Combining Equations (5-34), (5-35), and (5-36)
and expanding and simplilying gives

L = gty 0+ (T, + 2732)*

~ g0 - (T + 2732)% (5-3Tu)
however, since the emissivily of snow is very close
to 1 (Table D-1), Equation (3-37a) can be simplified
to

L=gy o (Ty+2732) — o (T, + 2713.2)"

: (5-3h)

The major problem in applying Equation {5-
37} is to tind expressions for &, and T, or, equiva-
lently, 1o cstimate the value of [, under various
conditions of cloudiness and forest cover. This
problem is addressed in the [ollowing sections.

Clear-Sky Longwave Radiation Lxpressions [or es-
timating L, arc usually developed by noting that
the most important absorbers and emitters of long-
wave Tadiation in the atmosphere are carbon diox-
ide and water vapor (Figure 3-1). Since the
concentration of carbon dioxide is quite constani
over time periods of interest to snowmelt modeling,
variations in the downward Mux of longwave radia-
tion under clear skies and no forest canopy are due
largely to fluctuations in humidity. Several empiri-
cal functions expressing this relation have been de-
veloped, we select one that was derived from
considering the vertical distribution of water vapar
in the atmosphere (Brulsaert 1975):

clear sky, no forest canopy

g, = 1.72 ( - (5-38)

e, 147
T+ 2?3.2) :

where e, is nearsurface (2-m height) atmospheric
vapor pressure (kPa) and 7, is 2-m air temperature
("C).

Effect of Cloud Cover Clouds are black bodies
emitting longwave radiation al a rate determined
by the temperature of the cloud base, and their
presence greatly increases the effective emissivity
of the atmosphere. Thus under cloudy conditions =,
will be determined by the depree of cloud cover,
an approximate empirical equation expressing this
relation was given by Kustas et al, (1994):

cloudy sky, no forest canopy

£,
£, = 172 (

17
%\ 4 022.C2) (5-39
T, + 2?3..2) el e

A

Effsct of Forest Canogy  As is the case with clouds,
frees are very nearly blackbodies with respect to
longwave radiation (Table D-1), and they can be
considered to be emitting radiant energy al a rate
determined by their temperature. Since their tem-
perature is close to the near-surface air tempera-
ture, their effect on the total integrated atmospheric
emissivity can be modeled as in Equation {5-40):

cloudy sky, forest canopy (general equation)

; €. A\
g = (1 - F,l'i-??'(.j. TE)

<+ 7
a e

‘(1+022:C* + F. (5-40
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Here, F is as defined for shortwave radiation. Note
(hat Equation (5-40) is general, it reduces to Equa-
dan (5-39) [or cloudy conditions with no forest
canopy and to Equation (5-38) for clear-sky condi-
tions with no canopy.

Longwave Radiation Emifted by Smow Surface The
second term on the right side of Equation (5-37) is
the radiation flux emitted by the snow surface.
Brubaker el al. (1996) showed that the averapge
daily snow-surface temperature is well approximat-
ed by

T, = min[(T, — 2.5), 0], (5-41)

where temperatures are in “C. During phases 2 and
3 of melling, the snow surface is at the freezing
point: £, =07C.

Swmmary  The foregoing discussion indicates
that, in practice, Ty, = T, and, when T, = 0°C, T, =0
“C and Equation (3-37h) becomes

L= gyro (T, +2732)" — 273, (542)

where the energy fluxes are in MJ m™ day™.

In most situations, £, < 1 and . is negative.
However, g, can be = 1 and L can be positive if the
air temperature and cloud cover or forest cover
have large values, Example 5-6 depicts a case in
which the latter siluation occurs,

EXAMPLE 5-6

Compute the net longwave radiation exchange, L, for the siua-
tion described in Example 5-5, assuming a ripe snowpack, an
air temperature, T, of 4 °C, and a relative humidity, W, of 0.80.

Solutlon We use Equation (5-40) to compute the almospheric
emissivity 2., To do this, we must first compute the vapor pres-
sure ¢, From Equation (D-7), we find that the saturation vapar
pressure, g, is

. ! 3w 4c
8; [].511 kp‘d X ﬂ}{Dt #?_?_'2'3? 3“'[:)

0.814 kPa,

and from Equation {D-10), we find that the actual vapor pres-
SUre ig

&, — D.BD = 0814 kPa = 0.651 kPa.
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Then

{0651 7
ea = (1-080) X 172X (4 2?32]‘

x (1 + 022 x 0.5%) + 0.80 = 0.953.

We now use this value in Eguation (5-42];
L = 0953 x 490 x 107" MJ m™ day~" K™
X [{4 + 273.2) K]* — 27.3 M) m* day !
=027 Mdm *day .

Turbulent Exchange of Senslble Heat with the Atmosphers
The physics of sensible-heat exchange near the
carth’s surface is developed in Section Du6, leading
to Equation (D-49) for neutral atmospheric
conditions:

H = —pyrea;

Here, p, is the demsity ol air, ¢, 1% the heat capacity
of air, &k = 0.4, z, is the zero-plane displacement
height, z; is the surface-roughness height, v, is the
windspeed, T, is the air temperature, 7, 15 the height
above the snow surlace al which v, and T, are mea-
surcd, and T, is the surface temperature.

To modify this equation for snow, we first drop
the minus sign, since we consider energy inputs as
positive. Seeond, we can assume that z, is negligibly
small. The roughness height, z, depends on the
irregularity of the snow surface and thus can be
highly variable from place to place and with time at
a given location. For example, Anderson (1976)
measured values between (LON01 and 0.038 m for
his research site in Vermont. However, his data
show a strong decrease in z, as the season pro-
pressed, and values during the melt scason did not
exceed (0L.005 m. In the absence of other informa-
tion, a value between (L0003 and 0.005 m may be se-
lected; however, it should be noted thal [or special
situations, such as vepelation projecting above the
snow surface or patchy snow, z; could be consider-
ably higher.

With the preceding modifications, and assum-
ing z, = 2.00 m, z, = 0.0015 m, ¢, = 0.00101 MJ kg™’
K™, and g, = 1.29 kg m™, Equation (1D-49) be-
comes

(D-49)
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H = (403 = 1075 vl T MI m=> H_l,
L ! \ a5

(5-43a)
or
H=0348-v,- (T, - T.,) MI m 2 day™, (5-43h)

where v, 1sin m s~ and temperatures are in °C.

There arc two additional considerations in the
application of Equation (5-43). First, those equa-
tions apply only to conditions of neutral atmos-
pheric stability—i.e., when the actual temperature
gradient in the air near the surface equals the adia-
batic lapse rate (Scction D.6.8). If the gradient is
sleeper than adiabatic, turbulent exchange will be
enhanced by buoyant forces (unstable conditions);
if it is less steep than adiabatic, turbulent exchange
will be suppressed (stable conditions). (See Figure
13-12.} Stable conditions are common over snow-
packs, with temperature not uncommonly increas-
ing with elevation (a “temperature inversion™). For
these conditions, Equation (5-43) is divided by sta-
bility-correction factors ®, and @, as in Equation
(D-54). These factors are computed via Equation
{I3-535) and Table 13-5,

The second consideration in applying Equation
(3-43) is that wind speeds arc virtually always mea-
sured in ficlds or clearings, and such messurements
must be adjusted for caleulating turbulent exchange
in forested areas. Few data are available on which
to base an adjustment factor; Dunne and Leopald
(1978) suggesied the following:

Vor = (1 — 08 F) -y, (5-44)
Here, # is the fractional [orest cover, and the sub-
seripts Fand € indicate wind speed inside and out-
side of the forest, respectivelv.

EXAMPLE 5-7

Calculate the average daily turbulent sensible-heat exchange
for the conditions given in Examples 5-5 and 5-6. The average
wind speed measured in the open, v, is 5.00 m s "; the mea-
surement height, z,, is 2.00 m.

Solution In the absence of ather information, we assume z,=
0.0013 m; thus Equation (5-43b) can be used directly. Since the
site of interest is forested with £ = 0.80, we apply Equation
[5-44) to adjust the wind speed:

Ve = (1 — 0.8 = 0.80) = 6.00ms
= 2i16ms .

Direct use of Equation (5-43b) yields

H= 0348 x 2.16ms™" x {4°C - 0°C)
= 3.01 MJm * day™",

To compute the stability-correction factors, we first caloulate
the Richardson number, Ri via Equation (D-55):

gt mAAX {2~ 0.0015) X {4 —.0) 0.061
T T (22 1 2732) x (216 -02

As expected, A7 = 0, reflecting a stable condition. From Table
-5, we calculate the stability-correction factors;
Py = Py =(1—-82x 00617 =147,

Dividing the original value of H by @, and I, then gives the
stability-adjusted valug;

3.0 I'I.I'I.J__n_'l'2 day !
AT 47

= 1.40 MJ m~2 day~".

Thus the stable atmospheric conditions significantly suppross
turbulent transfer.

Turbulent Exchange of Latent Heat with the Atmosphere
Latent-heat exchange with the atmosphere is
governed by the same turbulent process that
produces sensible-heat exchange; this process is
described in Section DD.6 and leads to Eguation
(12-42):;

0622-p, K
REER)
ln| =—=

gy =),

¥

LE = —A,

(D-42)

In this equation, A, is the latent heat of vaporiza-
tion, ¥ is the atmospheric pressure, e, is the air
vapor pressure, e, is the surface vapor pressure, and
the other symbols arc as given previously for Equa-
tion (1D-42).

If the vapor-pressure gradient is directed up-
ward (e, = e,), waler substance will move [rom the
snow to the air (evaporalion); if it is directed down-
ward (e, < g,), water substance will move from th_u
air to the snow (condensation). In applying this
equatiu‘rn L0y STICMW, huwaver, we note that fwo p]lﬂ:‘ib‘
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changes may be involved. For cold snowpacks (1, <
p ), evaporation and condensation involve the
solid—vapor or vapor-solid phase change (sublima-
tion); then the latent heat involved is the sum of the
latent heats of vaporization, k., and fusion, A, For
melting snowpacks (T, = 0 °C), no solid-liquid or
liquid- solid phase change occurs and only A, is in-
volved (Anderson 1968).

To put Equation (D-42) into a form directly ap-
plicable 1o the snow-surface energy balance, we
again drop the minus sign, so that energy inputs to
the snowpack are positive, and make assumptions
analogous to those used in developing Equation (5-
430 h, =247 MI kg A, =0334 MT kg Lk =04, z,
=200 m, z; = (L0015 m, £ = 101.1 kPa, and g, = 1.29
kg m . With these assumplions, we arrive at the fol-
lowing equations:

cold snow (T, <= 0°C)

LE = (6.86 %X 107%)-v," (e, — e, ) MIm™2 57",
(5-45a)
(5-45b)

LE =59-v, (e, — e,) MIm* day™;

melting snow (T, =0°C)

LE = (605 < 10°%)-v,- (g, — e, ) MIm s\,
(5-46a)

LE =522-v,~(e, — e, ) MI m~*day™. (5-46b)

In these equations, v, is in m s~! and vapor pressures
are in kPa,

As with the turbulent exchange of sensible
heat, Equation (5-44) may be appropriate for esti-
mating wind speeds in forests, and stability effects
may be accounted for by using the approach de-
seribed in Section ING.8 and Example 5-7.

EXAMPLE 5-8

Compute the turbulent exchange of latent heat for the condi-
tions given in Example 5-7.

Solutfon We first declde whether evaporation or condensation
i ecurring by comparing &, and &, The snow is at 0 °C, so &,
= 0611 kPa. In Example 5-6, we found that e, = 0.651 kPa;
since ¢, = e, we have condensation on melting snow and
Equation (5-46b) is applicable. The appropriate value of wind
speed iz as found in Example 5-7: 1, = 2.16 m s~ Thus

LE= 522 x 216ms™
* {0,651 kPa — DB kPa) = 0,451 MJ m~ day™.
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As in Example 5-7, this value must be adjusted by the stability
factors, giving

_ 0451 M) m™ day
147 X 147

LE = 0.210 MJ m~ day™".

Various studies have [ound significantly differ-
enl values for the “constants™ in the (orbulent-ex-
change equations, [See, for example, Male and Gray
{1981).] This variability may be due to differences
in (1) the periods over which measurements are av-
craged, (2) measurement heights, (3) roughness
heights, (4) the ways in which stability effects are
accounted for, or (5) the degree to which the as-
sumed wind profiles coincide with actual condi-
tions. Because of these factors, one must recognize
that encrgy-budget values calculated with these
equations are approximale.

In forests, snow evaporaliom occurs from the
snow inlercepted on the canopy, and evaporation
from the ground becomes important only after the
mtercepted snow has disappeared by ablation or
falling or blowing off (Lundberg and Halldin 1994).
There is evidence that evaporation of intercepted
snow may occur al tales of up to 3.3 mm day™ and
may be an important component of the snow ahla-
tion in [orests—perhaps amounting to 200 mm or
more per winter (Lundberg et al. 1997).

Heat Input by Rain  When rain falls on a snowpack
that is at the [reexing point (T, = T, ), the rainwater
15 cooled to the snow lemperature and the heat
given up by the water is uscd in melting, Thus for
this siluation, we can calculate the heat contributed
by rain, K, as

R=pycor (T.=T,), (547a)

where ¢, is heat capacity of water (4.19 x 10°° MJ
kg™ K™), 7 is the rainfall rate [L T, and 7, is the
temperature of the rain.

When rain lalls on snow that is below freezing,
it will first cool to the [reering point, giving up sen-
sible heat according to Equation (3-47a), and then
frecwe, liberating latent heat. In this case we have

R=pycy v (T, =Ty,) + puAper. (5-47h)

If humidity information as well as the wir tem-
peraturc is availuble, T, can be estimated as the
dew-point temperature, which is given by Equation
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{ID-11). However, since relative humidity usually is
close to 1 during rain, and since R is rarely a large
contributor to the energy balance, the usual prac-
tice is to assume T, =T .

EXAMPLE 5-9

Compute the heat coniributed by 25 mm of rain falling on the
snowpack considered in the previous examples.

Solutlon Since the snow is at 0 °C, Eguation {5-47a) is applic-
able. We assume that T, = T, and that interception loss on the
forest canopy is neqligible. (See Section 7.6.) Thus

R=1000kgm ™ x {419 x 103 MJkg "K' ")

# 0.025mday™ = {(4°C — 0°C)
= 0.419 MJ m 2 day ™.

Mote that B in this case is relatively large com-

pared with the other energy-balance components

computed in Examples 3-5-3-8. This unusual situa-

tion arises because the rainfall rate was high and be-

cause K, H, and L5 are severely reduced on a steeply

sloping north-facing slope with a dense forest cover.

Conductlve Exchange of Sensible Heat with the Ground
Temperatures in the soil under snowpacks usually
increase downward due to thermal energy stored
during the summer and geothermal heat. Thus, in
these circumstances, heat is conducted upward 1o
the base of the snowpack at a rate (& given by

. dl

G = kg ——,

dz

where k; is the thermal conductivity of the soil [E
L= T 8], T,; is the soil temperature, and 7 is the
distance below the ground surface.

Thermal conductivities of soils depend on soil
texture, soil density, and moisture content and vary
widely spatially and temporally, For example, the
LS Army Corps of Engineers (1956) reported a
more than tenfold increase in k; during the melt
season in the soil they studied, from 8.37 x 107~ to
0100 MJ m™ K™ day™", This variability, along with
the general lack of information about thermal con-
ductivity and ground-temperature gradients, usual-
ly precludes accurate computation of . This
uncertainty has little practical effect on energy-bal-
ance cstimates during the snowmell season, howey-
er, because (& is usually negligible compared with
other terms,

(5-48)

In spite of its generally negligible contribution
during the melt season, the energy conducted to the
snowpack from the ground during the accumuls-
tion season can be hydrologically signilicant. Stud-
ies [rom various localitics (Federer and Lash 1978;
Male and Gray 1981} indicate that this heat pro-
duces continual melting at the base of the snow-
pack, called groundmelt, at rates up to 2 mm day .
Groundmelt can add significantly to moisture in the
soil, increasing the percentage of snowmelt that will
run off during the snowmelt season and, in regions
like New England, groundmell may be the principal
source of Mow in upland streams during the winier,

Case Study of Snowmeli at Danvills, VT, USA

The accumulation and mell of a snowpack during a
typical winter (1972-1973) at the TI5. National
Weather Service-U.5. Agricultural Research Ser-
vice Snow Research Station in Danville, VT, are
traced in Figure 5-24. Although the average snow-
pack temperature was not measured, the begin-
nings and ends of the accumulation period and the
phases of the melt period can be approximated
rom the traces of depth, average snowpack density,
water equivalent, and average air temperature.

The air temperature was above 0 °C only occa-
siomally between mid-November and late February,
and the water equivalent of the pack increased more
or less continually during this period due to snow-
falls and minor rain. The maximum snow depth of 72
cm was reached in late February, The density was
initially about 100 to 150 kg m *, jumped to about
250 kg m™* in early December, and increased gradu-
ally thereafter to about 300 kg m™ when the melt
season began, Density increases were duc largely to
constructive metamorphism and occasionally to re-
freezing at depth of rain and surface melt.

The accumulation period ended when air tem-
perature began a final rise on 26 February; temper-
ature was above freezing from 4 to 17 March, and
water equivalent began to decline on 4 March. Sig-
nificant water output was measured in a snowmell
lysimeter from 9 through 18 March, Density
climbed from about 300 kg m™ to 400 kg m ¥ during
the first two phases of melt; it then fluctuated be-
tween 350 and 450 kg m™ and eventually reached
520 kg m™ just before melting was complete.

Table 5-3 gives the amounts of energy involicd
in cach of the components of the energy hudg'fl
during the accumulation and melt periods for 1%




f—— el period —F{

Warming
35 _’_I = Accumulation period ; J-I / P Ripezning [
m | | | Ll Clutput —F-I
e 20 A ™ | '
a- Water squivalent Water :
d- i 1541 ;:‘ [ mt;ut“\k:_.-"- |
B { oy |
o- £ 10
Wi ) I
-1 = A i iy
ill T o e — A |||| AU T
, B L] i P fAe . nirr VA
ms = g sl L] II A LA Ve a T P
; B | i [ | 1
vl g | '||I | | | | | | | I'l | I' |I |I || v | II | | | I| II l
i g —104 (1] NIRRT |y | | | | I AR
= | rﬁl VL, N L || | o4 Lo
4 15 - U | i - ! | ll [ | I| o
I il 0oLy
Y | | lf\-\ | | |II |
g4 20 II 4 ||| I I
: i I | feoif
| |
n-::ll I | ___.?‘hl i
Cr= —35 4 Y Temperalore ! | ]
are | .
YWe —:".!ﬂ_'J" T T = T T T T, T T
i 17 Maw 07 Dhe: 27 Dec 16 Jan 5 Feh 25 Feh 17 Mar 0o Apr
.|.|'|l.f' (] Lrut
ted
ALy, [—— Melt period —]
Warming
- L L iy 3 / Ripening |
aii ap el Accumulation period - f J/I :
s, | | I""_ [utput =
LIW'= 7 _.
72 [
wils
ol B0 1 ]
wdu-
nell =)
|}| 1¢) — o - LA -
y I 8 5
_,.':\ 40 -4 =
Lem- & g
=]
Iprer- 30 4 < '
and .3
Sig-
mell el o
nsity
.'II'i.I'IE. 100
1 bhe- : g
ched | |
':]q T T G, T T T 1 T 1 T L T 1 ]
SJved 17 Now 07 Dex: 27 Dec 16 Jun 03 Feb 23 Feb 17 Mar ¥ Apr
1dact o Dtz
i 5 FIGURE 5-24
] [a} Blnuwpach water equivalent, average air temperature, and cumulative water output: and (b} snowpack depth and
density at the Sleepers River Research Watershed in Danville, VT, USA, for 1972-1973, The accumulation period and

Ures phases of the melt period are shown; the boundary betw i ci i . .
i _ 1 10W; y betwesn the warming and ripening phases is uncertain. Data
-, 'rom Anderson et al. {1977). L

@: ok
Bl R




202 Chapter 5 = Snow and Snowmelt

TABLE 5-3

Energy-Balance Components (MJ m™2) for Six Seasons at the U.S, National Weather Service—1).S. Agricultural Research Service Snow Re-

zearch Station, Danville, VT, Data from Anderson (1976).

7374

[ 69-70 T-TL 71-72 7273 Average
Aveumulation Season
Met shorbwsve radialion, K 167.94 17150 14524 168,70 11514 19176 16855
et leongwave radiation, L. 264,49 239.64 —ZHEBT —23R.95 17438 -225.85 —241.03
Met radiation, K + L. 65,55 -B5.14 —§7.59 6025 50,25 -34.08 —72.44
Heal (rom rain, B (L0 .84 025 .38 0,71 L0 .34
Teal from ground, 7 3077 33,49 32224 25.00 26,29 29.73 32.99
K+sL4+R+(G —05.69 -33.41 —-55.10 -43.88 322 —3.35 —38.95
Turbulent exchange, sensible, H Ui, Té 84,37 112.02 52,48 &340 BLBG BE5T
Turbulent exchange, latent, L£ -11.97 —25. 54 -27.13 24,43 1608 -39 =05
H+ LE Ba,79 5549 as.7a 68,04 49,32 61.47 0798
Met heat input, § 1909 2508 3069 24,16 17.04 3812 29,04
Melt Season

Met shortwave radiation, K 191.97 129,00 16283 150,73 149,69 LiE.75 15583
Met longwave radiation, L —100.12 —G7.44 -T1.29 478 —92.43 —108.59 —57.1%
Met radiation, K + L 40,86 6151 2554 7345 57.24 2870 71.63
Heat from rain, & (.46 (L3 0.71 1.26 0n.a7 1.17 ikl
Heat from ground, O 523 3.56 5.07 4,27 955 0.3 6.6
K+L+R+0C .55 £5.60 91.32 #1485 6745 6025 78.62
Turbulent exchange, sensible, & f6.57 4313 67.12 03,56 5652 GLEN 39,94
Turbulent cxchange, latent, L5 -2835 ~-17.88 —23.60 —I8.85 -3540 3154 2761
H+ILE 3823 25.25 43.40 1 2151 2280 3234
Met heat inpul, § 134.78 9094 134,78 118.49 ART7A 9814 11094

seasoms al the Danville site. For all accumulation
seasons, L was negative and more than balanced K,
resulting in negative net radiation. H was positive
and LF negative in all accurnulation seasons, but
the magnitude of 7F was several times greater than
that of LE, so there was a net input of heat from
turbulent exchange. There was a very small contri-
bution from rain. The overall positive net input is
largely due to ground heat, which was sufficient to
produce about 87 mm of groundmelt.

In all melt seasons, the inpul from K was about
iwice the loss via L, resulting in a strongly positive
net radiation. Energy input was augmented slightly
by & and negligibly by K. Again, sensible-heat ex-
change was posilive, and latent-heat exchange was
negalive but of considerably smaller magnitude,
giving a net input from turbulent-exchange process-
es. The positive net heat input for mell seasons is
the energy used in melting.

Comparison of Energy Balances
in Different Environments

Kuusisto {1986) reviewed over 20 studies of melt-
period encrgy balances; his summary is given in
Table 5-4. The comparable information for Ander-

son's (1976) study (computed for the melt season
[rom Table 5-3) has also been added to Table 5-4.
Kuusisto (1986) made the following generalizations
based on his survey:

= Net radiation and turbulent exchange play a
major role in the energy balance, and heal
from rain and from the ground are small or
neglimble.

* Nt radiation and sensible-heat exchange are
positive during snowmelt in most locations.

= Latenl-hcat cxchange is positive in some
places, but negative in others.

= The net radiation is the most important com-
ponent in forests, probably due to the re-
duced wind speeds,

= On cloudy or rainy days, turbulent heai £%-
change dominates,

» Very high areal snowmelt rates are usually
caused by intense positive turbulent heat €3
change.

The last generalization has implications fof
forecasting conditions that can cause snowmelt
flooding: very warm. humid air and high winds
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TABLE 5-4
pelziive Contributions of Energy-Balance Components to Snowmelt in Different Environments®

Percent Coniribution from

z ; Study Site" Period* K+L g LE R g
i i Open field, CA, 37N T2 28 -18
N i i Crpen field, Canada, 45N Melar 59 {0.7) 75 25 =74
K} | (100 m)
H ! 3 Open field, AK, 67°N Mar-Apr 66 & 14 24
i 4 Open ficld in mis, CA, Apr-May 47-51 (daylime) 73 23 4
19 | ATN
15 | 5 Cipen field, ML, 46°N 23 Jan 6% (1.3) 17 47 36
i | § Forest opening, OO, 305N Tun 65 (5.00 36 4 -3 0
8 (3260 m)
b 7 Cpen field in mits,, France, Tul 68 {1.6) 85 15 -13
4 46°N (3550 m)
B Open field in mts., Spain, Apr T0{1.0) 100 11 —42
= 41°N (1860 m)
| ;J o Ohpen field, AR, 71°N Jun 71 10H} -14 =10 -2
e {10 m)
Hl_, N Open field in prairie, Melt season 74 (L8} 59 41 10 &
1% Canada, 51"
ﬁ_': 1L Open field in prairie, Melt season 75 (0.5) o5 3 =29 -1
9 Canada, 31°N
Al 12 Chpen field in prairie, Melt seazon 76 (0.3) 67 ] -14 —
W Canada, 51°N
s 13 Deciduous forest, Ontario, Apr TE (1.0} 10} i} 0
< 46°N
14 Open feld, Finland (60 m) Mell seasons 6573 (0.7) 46 53 — 1
I3 Open field in mis, Norway, Apr-May T9-80(1.2) ki 63 0
it 0N cloudy days (2.3) 0 54 26
id, clear days {0.7) 37 i3 24
s 16 Small basin, 23% foresl, Days with intense snowmelt,
Switzerland, 47N (800 m) TIE0{2.3) & 5 20 7
17 Open field, AK, 65°N Apr B0 (0.3) a7 33 —68 1]
v 14 Open ficld, Finland, 615N Davs with intense snowmell,
IL,‘HI 39-78 (L.4) 45 47 2 3
19 Open ficld, Finland, 67N Days with intense snowmell,
| or 50-78 (1.5) 58 40 23 2
20 Open tundra, MW T, Melt seasons GY4-70 100 an -77 —45
are Canada, 79N (200 m})
& 2l Crpen field in mts., New Chet—MNow 7680 A 57 13 <]
E Zealand, 4375 (1500 m) Rainy days 17 35 25 a3
me Days with grestest heat input 16 23 1
I Qpen field in mis., Mew Melt season 82 (3.1} 16 37 25 2
- Fealand, 43°5 (1430 m)
, 23 Open field, WT, 3 sites, Melt seasons 5364 -3 1400 B
s 43 45N
H Small basin, 2% lorest, Melt seasons T1-81 (0.5) i 14 13 <1
a%- Finland 64°N {120 m)
25 Open field, hilly area, VT, Melt seasons 69-74 (1.3) 52 43 -20 <1 4
AF (350 m)
ally —
| ex- |J“II'.-I. i the sum of all pustlive components. Data from Koussto {1986): see that paper for refersnces to individuzl studies Data from Anderson (16763
e as sludy 25
Number g parenthescs is site elevalion.
for Numher in parentheses is average melt in cm day™.
mell
s
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above a ripe snowpack. The potential Tor Nooding
under these conditions is ncreascd because this sit-
vation would typically exist generally over a water-
shed, whereas rapid melting due to solar radiation
is restricted largely to south-facing nomforesied
slopes. When rain accompanics warm winds, the
flooding potential may be further exacerbated by
the rain 1o produce a “rain-on-snow event,” such as
the one that generated the record Qoods of March
1936 in central New England, Note that the heat in-
troduced by the rain plays only a small role in gen-
erating melt; in some cases the rain itself, with little
melt, can produce floods (Singh et al. 1997).

5.4.3 Movement of Water through Snow
Percolation and Water-Oulgut Production

We saw earlier that a ripe snowpack Lypically re-
tains only a small fraction of its water equivalent as
liguid water, which is present as thin films held by
surface tension occupying less than 10% of the pore
space (Figures 5-19 and 5-200). As additional water is
produced during the last phase of melting, the
waler can no longer be held against gravity and
downward percolation begins. Natural snowpacks
are seldom homogeneous and wsually contain dis-
continucus layers of varying density that temporar-
ily store and horizontally divert the percolating
water (Marsh and Woo 1985; Conway and Benedict
1994}, However, ice layers disappear rapidly as melt
progresses, and melting snowpacks tend to become
fairly uniform assemblages of semi-spherical grains
of from 1 to 3 mm in diameter, Thus 1o gain a basic
understanding of the physical processes involved, it
is appropriate to treat melting snowpacks as homo-
geneous porous media, physically 1dentical 1o
coarse-grained soils.

As noted, the pores of snowpacks are only par-
tially filled with liquid water.” Thus the vertical per-
colation of water in the snowpack 1s a form of
unsaturated porous-media flow, which is discussed
in detail in Section 6.3 and Box 6-1. Colbeck (1978)
gave a delailed deseription and experimental vali-
dation of the application of these relations to
snowmelt percolation. He showed that capillary
forces in snow are usually negligible in relation to

" This discussion applies to snowpacks above any basal saturated
zone that may form where meliwater accumulates at an ice layer
or al the around surface.

pravitational forces, so lhe equation of motion
[Darcy's Law, Equation (6131-6)] can be simplified to

V.‘.' = Kﬁ[ﬁw:l: (.5'49}
where V- is the vertical flux rate (volume of water
per umil horizontal area) and Kj is the hydraulic
conductivity of the snow. As for soils, K, is a [unc-
tion of the liquid—water content, #,, which can be
represented as

. LBy =B ,
K. (0,) = K (u) : (5-50)

d:—{-}m

where K, is the hydraulic conductivity for com-
pletely saturated snow and ¢ is an empirical expo-
nent with a value ¢ = 3.5 K, in turn, is a function of
snow density:

K = 00602 -exp(—0.00957-p.}, (5-51)
where K isinms ' and p, is in kg m™ (Sommerfield
and Rocchio 1993).

Energy inpuls to the surface of a ripe snowpack
vary diurnally, usually approximating a sine curve
with a peak input in the early afternoon. This varia-
tion generates a daily wave of meltwater original-
ing mear the surface and percolating downward
(Figure 5-25). As discussed by Dunne et al. (1976)
and Colbeck (1978), the rate of travel, L/, of a waye
is related to the snow propertics and flux rate, V.
as

[N

— (5-52)
b — B

L'rz = % KI:“: p Vg::'—_,‘."r_

Because the speed of these melt waves increas-
es as the flux (melt) rale increases, water produced
during the period of peak melting near midday
overlakes water produced earlier in the day. Thus
the waves tend to accumulate water and develop @
sharp wave front, as in Figurcs 5-25 and 5-26.

Example 5-10 shows how Equation (5-52) cal
be used to estimate the time of travel of a mell
wave through a snowpack and how Hqual.[mb
(5-50) and (5-51) can be used to estimate the liguid-
water content of a melting snowpack.

¥ Eyualion (5-30) is analogous to Equation (6-130].
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FIGURE 5-25

Volume rates of flow at different depths in a homogengous snowpack produced by a day of intense fair-

weather melting. From Colbeck (1978},

EXAMPLE 5-10

Compute (4} the time lag of water output and (b} the liquid-
waler cantent for the snowpack considered in Examples 5-5—

3-8,
Sehution {a) If groundmelt is negligible, the total energy input
for the day considered, S, is
S=K+L+H+LE+R=019 1 0.27 + 1.40
+ 021 + 042 = 249MJm 2 day .

The melt rate is found via Equation (5-24) as

2 2.49 MJ m'z day™!

1000 kg MY % 0,334 MJ kg
= (.00746 mday™" = 7.5 mm day ™.

"'f'ﬁl_iﬂg Lo this result the 25-mm rain, the total water output is
925 mm day™ = 3.76 5 107 m s . This value is the flux rate

V... in Equations (5-49) and (5-52). Using the density p, = 400
ka m™, we find from Figure 5-20 that ¢ = 0.58 and ¢, = 0.013
and compute
Ky = 0.0602 - exp( —0.00957 - 400)
=131 X 10*msg™’

fram Equation {5-51), Inserting these values into Equation (5-
52) and taking ¢ = 3 yields

TR 3 2 3 14173

[ 058 — 0013 X (13 x10*'ms ")

X (376 X 107" ms ™) =302 X 107 ms!

=281 mday ' =011 mhr,

Ifthe snow depth is 0.725 m, It will take 6.7 br for the meltwa-

ter wave to travel through the snowpack,
(b} To find the water content associated with this melt wave,
note that Equations (5-49) and {5-50) can be combined and

solved for @;
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FIGURE 5-26
Comparison of timing of the rate of melting at the surface (the “input") and the rate of vertical unsaturated
flowr (water output) at the base of a 101-cm-deep tundra snowpack. From Dunne st al. (1976); used with per-
rmission of the American Geophysical Union.
: I{,-) I ©003 .k, .
f={d—-0-" + fe = 333+ 200 —expl ———— |, 5-530
@ =0-(j) + om “ o~ ah )
Thus where 1, is the time lag (hr), A, is the water equiv-

: (376 = 10 fms")”E
§ = {0.58 — 0.013) % L :
‘ P 1B X 1 me

+ 0.3 = 0.05.

Omne can caleulate that the peak of the wave in
Figure 5-25 moves at a velocity of 0.2 to 0.3 m hr !,
which is in the general range found in Example 5-10
and in other studies (Figure 5-27). Thus for most
seasonal snowpacks, the peak water output will
cceur within a few hours of the peak melt rate.

Anderson (1973) developed an empirical ex-
pression for the time lag of snow melt, 1., the
elapsed time between the beginning of daily melt
and the beginning of water output. This expression
was designed for use with a model using a 6-hr time

step and 1s given by

alent of the snowpack when melt begins (m), and
Ah,; is the amount of melt penerated i a 6-r

period {m}.

Snowmelt-Runoff Generation

Water arriving at the bottom of the snowpack infil-
trates into the soil and/or accumulates to form a sal-
urated zone at the base of the snowpack, moving
toward a surface-water body by one of the paths il-
lustrated in Figure 5-28. In case {a) of that figure
the water table is at depth, the ground surface 15 un”
saturated, and all of the water oulput infilirates and
moves streamward as subsurface flow. Tn case (D)
the surface cannot accept all the water output, and
a basal saturated zome develops within the spoW
pack through which water flows toward the streai
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Approximate time lag between the time of peak surface melt-
ing and the time of peak flow from the bottom of a snowpack
as & function of snow depth, From Anderson {1968); used
with permission of the American Geophysical Union,

In case (¢}, the ground conditions are similar to
those of case (a), but the water table has risen
above the ground surface on the lower parl of the
slope, so that water moves streamward by both sur-
face and subsurface routes.

The process of infiltration is discussed in detail
in Chapter 6, and runoff generation by processes
similar to those shown in Figure 5-28 is examined in
Section 92, For now, we explore aspects of
snowrmelt-runoflf peneration by the process shown
in Figure 5-28b. Assuming a constant snow depth,
the daily wave of water output arrives at the base of
the snowpack at the same time all along the slope.
Ihis input produces daily waves that travel down-
slope in the basal saturated zone at a velocily, U,
where
K

gt PN . S
LS ﬂ'.'i = Igw-_-

‘5 (5-54)
In thiy equation, K is the saturated hydraulic con-
ductivity, ¢ is the porosity of the basal snow laver,
ind 5, is the tangent of the slope angle.

As for percolation, K can be estimated from
he snow density via Equation (5-51); However, be-
fause of more rapid metamorphism in the saturated
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zone, the size of snow grains can be significantly
larger there than in the unsaturated zone. For ex-
ample, for a subarctic snowpack, Dunne et al
(1976) found d = 6 mm in the basal saturated zone
and & = 2 mm in the unsaturated zone. Thus, Equa-
tion (5-51) may significantly underestimate K, in
the basal saturated rone,

Using the wave velocity U, one can calculate
the average time of travel of water in the basal sat-
urated zone, {,, as

L

=, 55
S (5-55)

where L is the slope length. ¢, is typically on the
order of 1% of the travel time through the unsatu-
rated zone (Male and Gray 1981). Thus, where a
basal saturated zone forms, the lag time between
peak melt rates and peak inputs to small upland
streams is determined largely by the travel time as-
sociated with the vertical percolation through the
snowpack and is typically on the order of several
hours. In contrast, infiltrating snowmelt that perco-
lates through the soil to the ground water (Figure
5-28a) may not appear in streamflow for months
(Benpgtsson 1988).

Singh et al. (1997) developed a model for the
flow of water in a basal saturated zone; we will ex-
plore the phenomenon further in Section 9.2.3.

9.0 SNOWMELT MODELING
9.5.1 Snowmelt at a Point
Energy-Balance Approach

The energy-balance relations given by Equations
(5-18)-{5-48) form the basis for one class of models
of snowmelt at a point. These models are described
as “physically based,” because the energy balance is
a f[undamental physical principle (conservation of
energy) and because they use equations that de-
scribe the physics of processes in each component
of the encrgy balance. The general logic of a typical
energy-balance model is diagrammed in Figure
5-29,

Much of the discussion in this section is based
on the work of Anderson (1976), as this work ap-
pears to be the most thorough and extensive study
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FIGURE 5-28

Three modes of snowmelt-runoff
generation. (a} The top of the sat-
urated 2ang in the sail {water
table) is at depth; percolating
meltwater infiltratzs and perco-
lates to the saturated zone to
raise the water table and thereby
induce increased ground-water
flow to the stream. (k) The water
table is at the soil surface, or the
soil surface is impermeable (par-
haps due to solid soil frost); per-
calating maltwater accumulates
ta form a basal saturated zone
through which water drains to the
stream. {c) The lower portion of
the water table has risen above
the ground surface into the
snowpack; water in the upper
part of the slope moves as in {a),
and water in the lower part
moves as in (b). Modified after
Dunne and Leopold (1978).

Stream

and lesting of point snowmelt-modeling technigues.
Anderson's studies were conducted in a large clear-
ing at an elevation of 550 m in Danville, VT, over
a period of six vears. Energy-balance modeling
of smowmelt under a forest cover has not been care-
fully tested.

Time Step TIn order to develop a computer maodel
based on Equation (3-18), one must [irst decide on
the time step, Ar, to be wsed. Anderson (1976)

1'\\-\._._‘ Saturated | i

- ground-waler
| Flow

ﬁ&_ﬂ_wulur table

\
| l

compared results using 4¢ = 1,3, and 6 hr and found
only minor differences.

Time periods of up to 24 hr will probably giv
reasonably satisfactory results, because the encrgl-
balance components are linear or nearly linga!
functions of the meteorologic and other indepen-
dent variables [Equations {5-27)—(5-48)]. Linearil}
guarantees that

{5-50}

E{flx(n)]} = fIEA=(]],
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Flowehar! shawing how the
eneray balance iz used in modsl-
ing snowmelt. The subscript {is
the counter for successive time
perinds of length AL
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where E,| } indicales a time average, (| | is a linear
[unction, and «({} represents one or more indepen-
dent variables that are functions of time.

Potential exceptions to this near linearity are
in the turbulent-exchange equations, where wind
speed is multiplied by another variable; distortions
due to time averaging for these equations will occur
in proportion to the degree of independent varia-
tion of the vanables involved. Even though Equa-
tion (5-37) appears highly nonlinear, the relation is
nearly linear over the range ol temperatures en-
countered.

Layer Thickness Waler and enerezy move vertically
in a snowpack, so development of a snowmelt
model also requires a decision about the thickness
of the layers within the snowpack Lo be represented
in the model. Anderson (1976) compared results
using thicknesses of 1, 2.5, 5, and 10 cm, and found
that the predicted water equivalent al a given time
increased as the thickness increased because the
thicker layers introduced distortions in the diurmnal
warming—cooling cycles. Although there is little
further evidence on which to base definitive
guidelines, one could probably expect significant
distortions to appear in energy-balance models
using thicknesses exceeding 50 to 100 cm. However,
many models, including the BROOK90 model
introduced in Section 2.9.5, treat the snowpack as a
single layer of varving depth.

Data Reguirements Clearly, use of the encrgy-
balance approach requires measurement of a large
number of vanables, including at least air tempera-
ture, humidity, wind speed, cloud cover, precipitation,
snow-surface temperature, and, ideally, incident and
outgoing short- and longwave radiation. Measure-
ments of these variables must be made at represen-
tative locations and with sufficient frequency lo
calculate at-least-daily averages.

Validation The soundness of any model must be
established by “validation”—that is, by comparing
its forecasts with actual evenis that were not used
in developing the model. (See Section 2.9.4.)
Anderson (1976) compared snowmelt and waler
equivalent estimated by the energy-balance model
with those measured at the intensively instru-
mented Danville sitc. These comparisons  are
presented following discussion of the temperature-

index approach to snowmelt modeling in the next
section.

Temperature-index Approach

Becauss of the difficulty and expense of fulfilling
the data requirements of the energy-balance ap-
proach—and, in fact, the virtual impossibility of cal-
lecting such data at enough locations to be spatially
representative of even a moderate-sized water-
shed—the cmpirical temperature-index approach is
mcorporated in most models used o predict or
forecast snowmelt runofl. This approach estimates
snowmelt, Aw, for a daily or longer time period as a
linear function of average air temperature:

Aw=M(T,-T,), T,=T,

A = “; Ta = T.IFJ' {5'5?]

MHere, M is called 3 melt coefficient, melt factor, or
degree-day factor.

The logic of this approach 1s clear when one
recognizes that, during melting, the snow-surface
temperature is al or near () °C, that energy inpuls
from longwave radiation and turbulent exchange
arc approximately linear functions of air tempera-
ture, and that there is a general correlation between
solar radiation and air temperature. Figure 5-30
shows that a relation like Equation (5-57) reason-
ably approximates daily melt at the Danville snow-
research site—although there is considerable
scatter. The value of M that best fits these data is M
= 3.6 mm day’ °C”', and the intercept value, 1.4
mm day ', is not significantly different from 0.

However, the value of M varies with latitude.
elevation, slope inclination and aspect, forest cover,
and time of year and ideally should be empirically
estimated for a given watershed. Male and Gray
{1981) cited a study suggesting that, in the absence
of site-specific data, M can be estimated as

M =40-(1 ~ a) exp(—4-F)+f,. (558

where M is in mm day " °C ', a is albedo (see Figure
5-23), F is the fraction of forest cover, and f; 1s 1he
slope factor, ie., the ratio of solar radiation e
ceived on the site of interest to that on a horizontd!
surface [Equation (E-27), a function of latitude, day
of year, slope inclination, and slope aspect]. Feder!
and Lash (1978) expressed the melt factor for
forests in the eastern United States as
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FIGURE 5-30

Daily snowmelt, Aw, as a function of daily average air temperature, 7, at Danville, VT, in March 1973, The
line is the best-fit linear relation between the two variables for days when 7, » 0 *C. Data from Andarson et

al. (1977).

M=Ffp (07 +00088-7)-f,, J<I183, (5-59)

where fris a vegetative-cover factor equal to 30.0
lor open areas, 17.5 for hardwood forests, and 10.0
for conifer forests, and the other symbols are as in
Equation (5-58).

Kuusisto (1980) recommended relating M to
density, which generally increases during the melt
season. For the forest,

s

Py

M=104-— - 0T, (5-6ia)

n the open,

M=196-2 _ 2139

ur

(5-00h)

In both equations, M is in mm day ™ °C *.

Further adjustments in M must be made to ac-
tount for differences in the value of air temperature
it the measurement site and the value applicable to
the area being modeled.

Hybrid Approach

The variability in melt factor as a function of time
ol year, land cover, and slope factor largely reflecis
the importance of solar radiation on snowmelt. To
reduce this variability and improve prediction accu-
racy while retaining practical data requirements,
Kustas et al. (1994) and Brubaker ct al. (1996) eval-
uated an approach that computes daily snowmelt,
Aw, asg

K+ L

Aw = '+ M,-T,,

Pemry {5-01)

where M, is a “restricted” melt factor with a con-
stant value of 2.0 mm day™' °C™% In this method,
the radiation terms are measured or evaluated via
Equations (5-29)-(5-42), and M, accounts for the
turbulent-cxchange processes. Brubaker ¢t al
(1996) showed thai the value of M, = 2.0 mm day !
*C"" can be derived from the basic equations for
those processes [Equations (D-46) and (1)-47}].




212

Chapter 5 = Snow and Snowmelt

Evaluation of Point Snowmelf Models

The report by Anderson (1976) covering six snow
seasons at Danville, VT, is the most thorough com-
parison of point energy-balance and temperalure-
index modeling with actual data. Anderson's
complete model included simulation of snowpack
settling and compaction as well as the snowpack en-
ergy balance and was nsed for both accumulalion
and mell scasons. The temperature-index model,
calibrated for the Danville site, is applicable only
for the output phase ol the melt seasons.

Figure 5-31 compares snOW-COUTSe MEHsure-
ments of snowpack water equivalent and density
with values simulated by Anderson's complete en-
ergy-balance maodel lor the accumulation season
and the warming and ripening phases of the melt
season in 1972-1973, Figure 5-32 shows the same
comparison for the output phase and includes the
predictions of the temperature-index model. Com-
puted daily water output is compared with values
measured in a lysimeter in Figure 5-33.

Clearly, both models perform very well in sim-
ulating density and water equivalent for the

19721973 snow season; this is also the case for
1971-1972, In three of the other melt seasons exam-
ined, the encrgy-halance model gave somewhat bet-
ler results, while the temperature-index model was
slightly better during onc season. Except for two of
the highest oulput days, predictions of waler aulput
were also good.

Figure 5-34 compares  |ysimeter-measured
snowmelt with mell estimated via a complete ener-
ey-balance approach, the temperature-index ap-
proach with seasonally increasing melt coefficient,
and the hybrid approach with radiation terms esti-
mated as in Equations (5-29)-(3-42). The accuracy
of the hybrid approach was almost identical to that
of the complete energy-balance approach, and both
methods performed considerably better than the
temperature-index approach.

These results lead to the following conclusions:

* Our understanding of snowpack processes at
a point as reflected in Equations (3-26)-
(5-48) is sound, and these equations can be
used to simulate point snowmelt to a high de-
gree of precision, given careful measurcments

FIGURE 5-31 4
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FIGURE 5-32

Gomparison of observed and simulated (energy-balance and temperature-index models) snowpack water
equivalent and density for the output phase of the 1973 melt season at Danville, VT, Observed values are

snow-course ohservations. From Andarson {1976),

FIGURE 5-33 5

Obzerved vs. simulated (energy-

balance model) daily water output 2
for March and April at Danville,
VT, From Andersan {1976).
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FIGURE 5-34 7
Daily snowmelt measurad by -B- Lysimeter
lysimeter and simulated by the : —¢— Energy Balance

temperature-index approach, the
hybrid approach, and the energy-
balance approach at Weiss-
fluhjoch, Switzerland, far the
1985 melt season. Fram Kustas
gt al. {1994); used with permis-
sion af the American Geaphysical
Linion.

-&— Hyhrid

Simulated & acmal snowmelt fem day ™1

—#— Temperaure—ndex

of the meteorological inputs at the point of
interest.

* The temperature-index approach can pro-
vide useful estimates of daily snowmelt, but
the value of the melt coefficient should re-
flect local conditions and seasonal changes.

* The hybrid approach appears to predict daily
snowmelt with precision equivalent to that of
the complete energy-balance approach and,
since good cstimales of the radiation compo-
nents of the energy balance can usually be
made with commonly available data via
Equations (5-29)—(5-42), this approach will
often be attractive [or modeling,

5.5.2 Watershed Snowmelt Modeling

As discussed in Section 5.3.2, snowmelt is a signifi-
cant contributor to runoff over much of the north-
ern hemisphere, and changes in snowmell runoff
will be one of the most pronounced hydrologic re-
sponses to global warming. Many agencies in the
couniries of that region have developed models for
forecasting the water supply and/or floods generat-
ed by snowmell. The models are specifically de-
signed for the regions of interest and the purposcs
ol the forecasts, and hence differ in many respects.
However, they all attempt to simulate the melt
processes discussed in this chapter on the basis of
meteorological data; (o account for the typically
wide tange of topography, land use, and weather

il

Draws since stact of snowmell season

over watersheds; and to integrate the processes of
water transmission over hillslopes and in stream
channels.

Because of the wide variability of conditions,
the usual sparseness of meteorological data, and the
need to provide operational lorecasts at relatively
short time intervals (typically from 6 1o 24 hr), these
models make exlensive use of empirical and semi-
empirical relations rather than rigorous physically
based models of melt and water movement. In par-
ticular, most watershed-scale models use some form
of temperature-index model or hybrid approach to
predict melt.

Important considerations in modeling snow-
melt over large areas include the following:

L. Successfully accounting for the form of pre-
cipitation. As noted in Section 4.1.4,
weather stations typically measure and re-
port the water equivalent of precipitation
without specifying whether the precipita-
tion is in the form of rain or snow, (See Fig-
ure 4-14.} Incorrect specification of the type
of precipitation will cause major errors to
be made in predicting runoff and the areal
extent of snow cover. This problem is exac-
erhated in watersheds that have a wide
range of clevation,

successfully accounting for the ivpically
large range of variations in topography, el
vation, and land use, This is usually accont

L
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plished by making adjustments in the melt
factor. [See the discussion of Equations
(5-59) and (5-60).]

3. Successfully accounting for spatial and tem-
poral variations in the arcal extent of snow
cover. As mell proceeds, the arca with snow
cover decreases; over- or under-estimalion
of water output will be proportional to
over- or under-estimation of this area. In-
creasingly, satellite imagery is used (o up-
date information on areal snow cover in
snowmell models,

4. Successfully accounting for the movement
of water output to the watershed outlet.
Various empirical and semi-empirical tech-
nigues, some of which are discussed in Sec-
tion 9.6, are used for this accounting.

Dunne and Leopoeld (1978) summarized the
cquations developed by the US. Army Corps of En-
pineers for forecasting watershed snowmelt, and
Anderson (1973) and Morris (1986) also examined
this subject in detail. Anderson (1976) concluded
that in heavily forested watersheds, a temperature-
index model that includes a way to account for de-
creases in areal snow cover during melt should give
resudts similar to those of an energy-balance model.
However, an energy-balance model should perform
better than a temperature-index model when ap-
plicd 1o a relatively open (unforested) watershed
where there is considerable variability in mete-
urological conditions, and in watersheds with con-
siderable physiographic and climatic variability.
Anderson found that the minimal data require-
ments for use of an energy-balance model are an
accurate and representative estimate of incoming
solar radiation, plus measurements of air tempera-
lure, vapor pressure, and wind speed.

Figure 5-35 compares streamflow from a small
{8.42-km”) watershed at the Sleepers River, VT, re-
search site with low predicted with a model called
the Snowmelt Runofl Model (SRM) (Brubaker et
al. 1996) Tor six seasons, Two versions of the SRM
dre compared, one with melt predicted by the
Seasonally varying temperature-index approach
\Equation (5-61)] and the other with the hybrid ap-
Proach [Equation (5-62)]. The hybrid approach pre-
dicted daily runoff better in only two of the six
Years, but predicted total runoff volume significant-
v better in all six yeHTs,
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The most comprehensive survey of operational
snowmell-runoff models was made by the World
Meteorological Organization {1986), which com-
pared 11 temperature-index maodels using common
data scts for six dillerent watersheds. Rango and
Martinee (1994) further compared the predictions
of seven of these models for a large Canadian
watershed. Blischl et al. (19%1a; 1991b) compar-
ed the performance of spatially-distributed and
lumped models (see Box 2-5) in predicling snow-
mell runoff from 4 small Austrian watershed.

Other recent studies that develop promising
approaches to snowmelt that would be especially
useful in predicting the effects of global warming on
snow and snowmelt runoff include (1) a model of
the arcal depletion of snow cover in a forested
catchment (Buttle and McDonnell 1987), (2) a
model that simulates the growth and disappearance
of the seasonal snow cover from daily air-tempera-
ture and precipitation data (Motoyama 1990), and
(3) a model that uses areally averaged versions of
the basic energy-balance relations to predict areal
snow cover and snowmelt runoff (Home and Kay-
vas 1997,

Box 5-1 summarizes the treatment of snow and
snowmelt in the BROOK) model introduced in
Section 2.9.5.

9.6 WATER-QUALITY ASPECTS®

As described in Section 4.5, precipitation quality is
determined first by the material that forms the nu-
cleus of each raindrop or snowlake—usually sea
salt, terrestrial or meleoric dust, volcanic debris,
smoke particles, or various pollutants. The solubility
ol gases in ice is much lower than in liquid water, so
gases have little effect on the guality of snowfall,
However, snowflakes have large surface-to-volume
ratios, and their surfaces can form hydrogen bonds
with compounds in the atmosphere and are thus ef-
ficient scavengers of natural and anthropogenic at-
mospheric constituents as they fall,

Snowpacks In remole mountainous regions typ-
ically have pH = 5.2 and low concentrations of dis-

“Material in this section is based largely on the review by Hormn-
beck (1456); other papers on the subject can be found in Morris
{1986).
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1969-1974 snowmelt runoff hydrographs at Sleepers River Research Watershed, VT. Open circles = measured; dashed line =
termperature-indax approach; salid line = hybrid approach. From Brubaker et al. {1996); used with permission.

solved ions, while those in areas allected by anthro-
pogenic emissions have pH as low as 3.8 and ionic
strengths 10 to 25 times greater. Regional variations
in the relative concentration of various constituents
in snow depend on storm patterns and distance
from sources of contaminalion; on a local scale,
composition can vary depending on whether the
snow passed through a forest canopy or fell in the
open.

After snow falls, its chemistry is further altered
by natural and anthropogenic particulates thal ac
cumulate on the surface (a process called dry depi
sition) and are buried by successive snowfalls, and
by rain. The percolation of rain and meltwater and
their refreezing at depth further alter the distaibu-
tion of chemicals in the snowpack.

At the microscopic level, the processes
freeze—thaw and vapor migration during metama’™

|_'I|.
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BOX 5-1.

R

Snow and Snowmelt in the BROOK90 Model

Al snow guantities are expressed as water equivalents
imm), and we assume a daily time step, with the day
pounter indicated by fwhere necessary, The snow water
equivalent on the ground at the end of day /is SNOW,
and the overall computations are

i

SNOW () = SNOW (i — 1) +| STHR(N — GROMLT(J)

Ao | = Fagmack ()13 i l\'&.m.'n'uu'.u'n.'h'u' — Gronzime!
— SNUP(J) — SMLT() + RSNO (i) ) iday.  (5B1-1)
- S emiporalin - Swowemel T+ Hanan s J

These guantities are determined as follows:;

1. Daily precipitation (PRECY is input to the model,
Snowfall {SFAL} is computed as

SFAL = SNOFRC- PREC, {5B1-2)

where the algorithm for determining the fraction of
precipitation that is snow (SNOFRC) is described in
Box 4-1.

2. Snow throughfall {STHA) is found as

STHR = SFAL — SINT. {381-3)

The snowfall interception rate, SINT, is determined
by two input parameters that describe the canopy
density: the leal-area index, LA, (one-sided surface
area of leaves divided by ground area) and the
stemn-area index, S4Y, (projected cylindrical surface
area of stems and branches divided by ground
ared). (See Section 7.5.2.) The relation is

SINT = (FSINTL - LAl + FSINTS - 54/
- SRAL, {581-4)

with default values FSINTL = 0.04 and FSINTS = 0.04.
Interception continues af this rate until the canopy-
slorage capacity, WTSMX is reached where

INTSMX = CGINTSL- LAl
1 CINTSS - SAL (5B1-5)

Default values are CINTSL = 0.6 and CINTSS = 0.6,

3. The groundmelt rate GROMLT is a parameter with a
default value of 0.35 mm day™.

4. Snow evaporation/condensation (SNIP) is comput-
od from the latent-heat exchange relation [Equa-
tlons (5-46) and (D-42], with roughness and
zaro-plane displacement heights determined by the
veqetation height and density.

3. Snowmelt is computed by a temperature-index ap-
proach that accounts for slope, aspect, and vegeta-

tive density, If air temperature T4 = 0 °C, the energy
available for mafting, SMIEN (MJ m” day ), is

SNOEN = MELFAC- 2- DAYLEN
- SLFDAY- TA~ exp( LAMLT - LA/
I SAIMLT- SA), (5B1-6)

where MELFAC is a melt factor for a 12-hr day on &
horizontal surface with no plant cover, with a default
value of 1.5 MJ m™2 day™" K™, DAYLEN is the frac-
tion of the day the sun is above the horizon, which Is
calculated from relations given in Section E.2.2, and
SLFDAY is the ratio of extraterrestrial solar radiation
on the sloping watershed to that on a horizontal
plane {the “slope faclor,” £ discussed in Section
E.2.4). The last two terms are empirical adjustments
for vegetation density, where SAWLT = —0.5 and
LAIMLT = —0.2 are the default values. Partitioning of
SNOEN s discussed in Step 8.

6. If some of the precipitation is rain, the rain through-
fall ATHA is added to the snowpack. If T4 < 0 °C,
some of the rain is refrozen and warms the snow-
pack. Any remaining liquid wafer is used to increase
the liguid-water content SNOWLJ up to 8 maximum
value MAXLA (= ¢.4, which has a default valug of
0.05; this quantity = RSN, The remaining water in-
filtrates into the soil.

7. After STHA is added to the snowpack, if T4 < 0°C,
the cold content, CC, of the new snowpack is com-
puted as

Coi) = Co(i -~ 1)

— TA- CVICE- STHR- 1 day,  (5B1-7)

where CWICE is the volumetric heat capacity of ice.

After GROMLY and SNVP are removed, the energy
available to produce a temperature change or melt,
EQEN, is computed as

EQEN = { SNOEN + RTHR
- BMAX[TA, @)+ CVLA)ALF,

oo

{581-8)

where ALAN TA.0) is the rain temperature ithe maxi-
murm of T4 and 0 *C) and CVLQ is the heat capacity
and LF the lalent heat of freezing of water, If EQEN
< {0, the energy i5 used to refreeze any liquid water
and then increase CC If EQEN = 0, the energy is used
first to reduce CC and then to produce melt, SMLT.




