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ABSTRACT

Harr, R.D., 1981. Some characteristics and consequences of snowmelt during rainfall in
western Oregon. J. Hydrol., 53: 277—304.

Hydrometeorological data for two watersheds in western Oregon indicate snowmelt
during rainfall has been a dominant hydrologic process which is responsible for erosion
within headwater areas and for downstream flooding. The majority of the larger peak
flows in both watersheds result from snowmelt during rainfall. In a stream draining a
60-ha watershed in the zone of transient shallow snowpacks, a major peak flow of 101/s
per ha is five times more likely to result from rain-on-snow than from rain alone. In a
62.4-km? watershed, largely within the transient snowpack zone, 856% of all landslides
which could be accurately dated were associated with snowmelt during rainfall. By
increasing melt caused by condensation and convective heat transfer, clearcut logging,
especially on southwestern-facing slopes, may be increasing water input to soil up to 25%
during infrequent combinations of shallow snowpacks, heavy rains, relatively warm air
and wind. Under more frequent combinations, increases in water input still could be 10%.
Limitations in present knowledge are discussed.

INTRODUCTION

Although the major part of precipitation in western Oregon falls as rain,
snowmelt concurrent with prolonged rainfall has been a dominant factor in
the geomorphology of both headwater and downstream regions. Rainfall
combined with nearly complete melting of shallow snowpacks often causes
deep saturated zones in forest soils on steep slopes, and the positive pore-
water pressures which develop in these saturated zones can reduce the effec-
tive strength of soil masses sufficiently to cause landslides (Swanston, 1974).
Not only is the headwater landscape altered by landslides (Dyrness, 1967;
Rothacher and Glazebrook, 1968), but also large amounts of sediment and
organic debris may be deposited in streams (Fredriksen, 1965; Swanson et
al., 1976). During periods of high streamflow, streams may alter their chan-
nels by undercutting banks, downcutting beds, and redistributing sediment
and large organic debris. Much of the alluvial material in the Willamette
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Valley and in flood plains of other rivers in western Oregon was deposited
during flooding by sediment-laden water of rain-on-snow floods.

The rain-on-snow phenomenon has also affected man’s activities in western
Oregon. Farmland, homes and cities on flood plains of rivers and streams
have been flooded, and transportation systems disrupted numerous times
since the region was settled in the middle 1800’s. Before the construction of
flood-control dams on the Willamette River and its tributaries, the average
annual instantaneous peak flow at Salem, Oregon, was estimated to have
flooded ~10,800 ha of the Willamette Valley (Brands, 1947). Even with the
flood-control system in operation, rain-on-snow runoff of January 1974
caused damage of US $47 million in downstream areas of the Willamette
River basin and an additional $19 million in other river basins in western
Oregon (U.S.A.C.E., 1975). Similarly, rain-on-snow runoff of December
1964 and January 1965 caused $65 million damage in the Willamette basin
and $53 million in the remainder of western Oregon (Waananen et al., 1971).

Some snowmelt during rainfall has occurred nearly every year, but pub-

lished accounts of rain-on-snow runoff in western Oregon have been re-
stricted to the largest events most damaging to cities, farmland and transpor-
tation systems in lowlands (e.g., Brands, 1947; Hoffman and Rantz, 1963;
Waananen et al., 1971; U.S.A.C.E., 1975). In many years, erosional damage
in headwater regions goes almost unnoticed because such damage often oc-
curs independently of the more publicized downstream flooding.
- Throughout the Pacific Northwest, land managers of the U.S.D.A. Forest
Service and certain other organizations are attempting to schedule timber
harvest operations such that soil and water resources are protected. Success
of such harvest scheduling may ultimately depend heavily on our ability
to predict the effects of harvest on snowmelt from shallow packs during
rainfall.

Concern about the potential effects of clearcut logging on erosion caused
by snowmelt during rainfall in headwater areas and the general lack of re-
search information on rain-on-snow runoff led to this paper. The purposes of
this paper are to describe the importance of snowmelt during rainfall in
certain erosional processes in western Oregon, to discuss potential effects of
clearcutting on the rate of this snowmelt, and to stimulate research activity
in rain-on-snow hydrology.

SNOWMELT PROCESSES

Snowmelt was studied extensively in Oregon at the Willamette Basin Snow
Laboratory (Fig. 1) in the Blue River watershed from 1947 to 1952. Sum-
marized by U.S.A.C.E. (1956), data from this study site, the Central Sierra
Snow Laboratory in California, and the Upper Columbia Snow Laboratory
in Montana have been supplemented by subsequent studies by the U.S.D.A.
Forest Service at the Central Sierra Snow Laboratory (Smith and Halverson,
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1969; Smith, 1974). Little snow hydrology research has been conducted in
western Oregon since the early 1950°s. Some of the more recent research
done at the Central Sierra Snow Laboratory, in the Sierra Nevada, however,
does appear applicable to western Oregon.

Snowpacks in western Oregon, like those in the Sierra Nevada, are “warm”
in contrast to the “cold” snowpacks of the central Rocky Mountains and the
northeastern U.S.A. (Smith, 1974). A warm snowpack is one whose interior
temperatures remain at or near 0°C during the pack’s existence. This temper-
ature is hydrologically important because relatively little energy is required
to initiate melting. Unlike a cold snowpack which must absorb considerable
amounts of water before it ripens (i.e. becomes isothermal at 0°C with its
capacity for free water satisfied), a warm pack, because it is always nearly
isothermal, can yield water quickly during a period of high air temperature,
rainfall, or both if the pack’s storage capacity for liquid water has been satis-
fied. In many instances, the snowpacks at lower elevations in the mountains
of western Oregon are shallow enough to be melted completely during rain-
storms so that temporary storage of water by the snowpacks and subsequent
routing appear to be less important than where packs are deeper.

Several heat-transfer processes melt snow, and the relative importance of
each varies with geography and season. Components of melt may be com-
bined to form a general equation for total melt. Total melt M, is expressed
by the relationship:

M, = My + M, + My + M, + M, (1)

where M,; = melt from absorbed short-wave radiation, M, = melt from
ground heat, M, = melt from absorbed long-wave radiation, M. = melt
from convection and condensation, and M, = melt caused by the transfer of
heat from rain to the snowpack. Details of melt processes are given by
U.S.A.C.E. (19586).

Snowmelt during rainfall is a special situation for which certain simpli-
fying assumptions can be made in eq. 1 so that melt may be computed using
several indices (U.S.A.C.E., 1960). First, because of cloudiness during rain-
fall, melt M,, from absorbed short-wave radiation is relatively unimportant;
for a forested area it is less than 0.18 cm/day. Also, melt M, from ground
heat is relatively unimportant and less than 0.05cm/day. Long-wave radi-
ation exchange between forest vegetation or low clouds and the snowpack
may be indexed linearly by air temperature such that melt M, from long-
wave radiation is given by:

M, = 0.133T, | | (2)

where T, = daily mean air temperature in °C (average temperature for a
24-hr. period). If air is assumed to be saturated during rainfall, air tempera-
ture may be used also to index both convection and condensation melt. For
the ranges of vapor pressure or dew point normally experienced in western
Oregon, a linear expression of convection and condensation melt may be
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used which is a function of air temperature and wind. Thus, for an open area,
convection—condensation melt M., can be computed by:

M, = 0.086VT, (3)

where V is wind speed in meters per second 15 m above the snow surface. In
heavily forested areas, wind is so reduced beneath the canopy of undisturbed
forests that an average wind speed of 2.4 m/s is assumed, thereby eliminating
the wind variable in the melt equation. As a result, convection—condensation
snowmelt becomes:

M.. = 0.206T, 4)
Snowmelt M, caused by transfer of heat from rain may be expressed by:
M, = 0.0126P,T, (5)

where P, = daily precipitation in centimeters. Thus, for a forested area, total
snowmelt M, in centimeters per day can be estimated by:

M, = T,(0.339 + 0.0126P,) + 0.23 ‘ (6)
Details of snowmelt indices and their derivation are given by U.S.A.C.E.
(1956).

The resulting relationships among total snowmelt, rainfall and air temper-
ature are shown graphically in Fig. 2. According to the snowmelt indices on
which this figure is based, total snowmelt would be slightly more than 6 cm/
day when P, = 20cm/day and T, = 10°C. These climatic conditions, how-
ever, occur only rarely in western Oregon. For example, a P, of 20 cm/day
has an estimated return period of ~ 35 yr. in the H.J. Andrews Experimental
Forest 72 km east of Eugene, Oregon, and 50—100 yr in other mountainous
areas of western Oregon (Miller et al., 1973). According to air temperature
records for the H.J. Andrews Experimental Forest, T, = 10°C during winter
months has coincided with rainfall only four times in 19 yr. of temperature
records but never when a snowpack existed. The highest T, that has oc-
curred with a snowpack present was 7.2°C on December 21—22, 1964. This
temperature, which was only partially synchronized with high rainfall, was
partly responsible for the extreme runoff that caused severe damage in head-
water areas and considerable flooding of lowlands. At lower, more common
T,-values of 4—5°C and P,-values of less than 12 cm/day, M, = 2.5 cm/day
should be equaled or exceeded on the average about once every 5 yr.

The relative importances of melt caused by various heat-transfer processes
as computed by snowmelt indices are shown graphically in Fig. 3. When
T, = 2°C and P, = 10 cm/day (rainfall with a return period of ~1yr.), the
heat transfer from rain accounts for less snowmelt, M,, than do heat ex-
changes from either net long-wave radiation or convection—condensation.
Although- the phrase ‘“rain-on-snow” implies snow is melted by warm rain,
hydrologists have long recognized that this is not entirely the case. Some
snow is melted directly by rain, but the heat transferred to the snowpack
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Fig. 2. Relationships among total snowmelt, air temperature, and rainfall rate at a point
under forest (adapted from U.S.A.C.E., 1960).

during condensation of water vapor on the snowpack surface appears the
greatest single source of heat for snowmelt and comprises ~80% of convec-
tion—condensation melt when P, is less than 13 cm/day (U.S.A.C.E., 1956).
Only when P, is greater than 17 cm/day does the heat supplied by the rain
itself surpass combined convection and condensation as a source of heat for
snowmelt,

The relative effect of snowmelt on water delivery to soil during rainfall is
greatest during periods of low rainfall (Fig. 4). For example, in the case de-
scribed above in which M, = 6 cm/day (with P, = 20cm/day and T, = =10°C)
snowmelt would increase the daily rate of water delivery to the soil surface
by ~30% over that which would occur during rainfall in the absence of a
snowpack. But, if P, = 2.5cm/day and T, = = 10°C, the melt rate would
increase the amount of water delivered to the soil by ~150%. Peak flows
that result from such low values of P,, however, are small and of little
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